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Symbols and abbreviations

AdV Advanced Virgo

ATR-FTIR Attenuated Total Re”ection Fourier Transform Infrared

DAC Diamond Anvil Cell

D1, D2 Defects bands in Silica Raman spectra

DWP Double Well Potential

EXAFS Extended X-ray absorption “ne structure

FP Fabry-Pérot cavity

GC Grand Coater deposition chamber

GeNS Gentle Nodal Suspension system

GW Gravitational Wave

HWHM Half Width at Half Maximum

IBS Ion Beam Sputtering

LIGO Laser Interferometer Gravitational-wave Observatory

MB Main Band

PVD Physical Vapor Deposition

RBS Rutherford Backscattering

TLS Two-Level System

VDOS Vibrational Density of States

XANES X-ray absorption near edge structure

a Crystalline cell parameter

c, cn Speed of light in vacuum and in a material

C11,C44 Elastic coe� cients

D Dilution factor

dp penetration depth

� Energy di� erence between the two minima of a DWP

e Layers thickness

E, E0 Electric “eld and its amplitude

Ei Energy

F Finesse of a Fabry-Pérot cavity

g(� ) Vibrational density of states

h = 2� � Planck constant
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Symbols and abbreviations

I(� ) Scattering intensity

k Wave-vector

kB Boltzmann constant

� Wavelength

M Molar Mass

mi , Mi Masses

µ reduced mass

NA Numerical Aperture

NA Avogadro•s number

n Refractive index

N Atoms number

n(� ) Bose-Einstein factor

� k Resonant frequency of a disk shaped resonator

� Angular frequency

� Phonon angular frequency

p Pressure

P Polarizability

q Phonon wave-vector

� Loss angle (mechanical losses)

Q Quality factor

R Re”ectivity

	 Density

Sxx Thermal noise power spectral density

t Time

T Transmission

Tf us Melting temperature

Tg Glass-transition temperature

Ta Annealing temperature


 Characteristic time of evolution

� Scattering angle

V Height of the barrier in an asymmetric double well potential

VL/T Longitudinal and Transverse speed of sound

Vi Particle•s velocity

� Dielectric susceptibility tensor

Y Young modulus
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Introduction

Einstein predicted the existence of gravitational waves in 1916, as solutions to the “eld

equations of the general relativity [Einstein, 1916,Einstein, 1918] .

Following the theory of General Relativity, the space-time becomes a deformable me-

dia: mass (or energy) can alter the metric of the space-time, a� ecting then the trajec-

tories of massive particles, as well as massless ones, like photons. In this media, per-

turbations respect the classical equation of waves where the speed is equal to the speed

of light. These propagating perturbations of space-time are called Gravitational Waves

(GW). GW of su� cient amplitude to be detected may come from coalescence of compact

binaries, like neutron stars and black holes, asymmetric explosion of supernovae, pul-

sars instabilities and cosmic GW background created during the in”ation epoch. The

detection of GW represents the ultimate test of General Relativity and the beginning

of a new type of astronomy based on the GW probe, that will be complementary of the

traditional electromagnetic one. Indeed, each gravitational wave contains information

on the event it originates from, added to information on the nature of gravity.

The indirect proof of the existence of GW was found by [Hulse and Taylor, 1975,

Taylor and Weisberg, 1982], with the discovery of a binary pulsar which is the exact

kind of system supposed to emit gravitational waves. Via the measurements of the

period of the stars orbits which changes over time, they found that they were getting

closer, exactly as predicted by Einstein•s theory of general relativity, which indirectly

proved the existence of GW.

One hundred years after the predictions of Einstein, the LIGO collaboration associ-

ated with the VIRGO collaboration announced the “rst direct detection of a GW. On

September 14, 2015, the two LIGO detectors observed the passing of a gravitational

wave corresponding to the merging of two black holes, approximately 1.3 billion light-

years away [Abbott et al., 2016b]. Two more signals were detected later, originating from

smaller mass binaries, the last one being further away than the two initial detections.

The three signals are presented on “gure 0.1.

Di � erent kinds of GW detectors have been proposed: pulsar timing arrays is oper-

ating in the extremely low frequency band; space-based detectors like LISA are still in

the phase of development; and ground based interferometers using laser interferome-

try, which are the ones that detected the signals. In “gure 0.2, the sensitivity curves of

3



Symbols and abbreviations

Figure 0.1 … Gravitational Wave signals detected so far. At left the “rst ever detected

signal GW150914. In the upper plot the signals detected from the two

LIGO detectors at Hanford and Livingston are shown. For the second sig-

nal GW151226, at center, only the signal from Hanford is represented

.The right plot corresponds to the last signal detected, GW170104, with

both Handford and Livington signals represented. In the lower plots one

can see how the energy of the signal is distributed on frequency for each

detection.

the di � erent type of detectors are represented as a function of frequency. The detectors

we are interested in are the ground based interferometers, operating between 101 Hz

and 104 Hz. In this band, GW signals come from the merging phase of compact objects

binaries, core collapse of supernovae and pulsars. These detectors cannot measure low

frequency signals as there is too much noise on Earth (seismic noise and gravity gradient

noise).

The interferometric detectors design was “rst proposed in the 1960s and 1970s [Gert-

senshtein and Pustovoit, 1963, Moss et al., 1971]. The actual detectors, such as ad-

vanced LIGO and advanced Virgo, rely on a modi“ed Michelson interferometer setup.

As a gravitational wave pass through them, it creates a di � erence in length of the two

orthogonal arms which can be detected.

Figure 0.3 presents a schematic view of the advanced Virgo (AdV) detector. Each arm

is 3 km long, with test mass mirrors at each end creating a resonant optical cavity in

which the light travels approximately 100 km before exiting. Cavities are illuminated

by a Nd:YAG laser operating at 1064 nm, and a power-recycling mirror at the input

allows to reach 4.9 kW on the beam splitter and 650 kW in the cavities (assuming 125 W

of input power).

At present, as shown on “gure 0.4, one of the major sensitivity limitation of the GW

detectors comes from the coating Brownian noise of the test-mass mirrors, in the 30-500

Hz region, which is the most sensitive band of the interferometers. This thermal noise is

directly linked to the mechanical losses (the internal friction, Q Š1) via the ”uctuation-

4



Figure 0.2 … Di� erent gravitational wave detectors frequency range of detection with

the events we expect to see at these frequencies [Moore et al., 2015].

At low frequency, the International Pulsar Timing Array (IPTA) can de-

tect super-massive binaries and the stochastic background. The LISA

path“nder project aims the detection of massive events, like extreme

mass ratio inspirals, massive binaries during merging, or any compact

objects binaries far from the merging phase. The advanced Virgo and

LIGO collaborations detect higher frequencies, i.e. smaller events like

GW150914, the merging of two black holes detected by the LIGO inter-

ferometers in september 2015 [Abbott et al., 2016b].

dissipation theorem [Saulson, 1990]. Thermal noise is also one of the ultimate limiting

factors to improve technologies such as quantum computing [Martinis et al., 2005], op-

tomechanics [Kippenberg and Vahala, 2007], or frequency standards [Notcutt et al.,

2006].

The mirrors forming the Fabry-Perot cavities are Bragg mirrors composed of alternat-

ing thin “lms made of amorphous SiO 2 as low-index material, and TiO 2-doped Ta2O5

as high-index material. These coatings are deposited by Ion Beam Sputtering (IBS) on a

fused silica substrate and the oxides were chosen mainly for their low absorption prop-

erties at 1064 nm and thermal noise level [Beauville et al., 2004,Harry et al., 2007]. After

the deposition process, the mirrors are annealed to release the stress induced by the IBS

process, lower the absorption and decrease the thermal noise [Granata et al., 2016].

Thermal noise arises from random relaxation processes that distribute the thermal

5
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Figure 0.3 … Optical layout of Advanced Virgo. In order to increase the sensitivity to

displacements, the traditional Michelson interferometer has been modi-

“ed installing two Fabry-Perot cavities along the arms, with “nesse around

440. The two input mirrors, WI and NI for the West and North arm respec-

tively, and the end mirrors, WE and NE, form the set of test masses that

sense the passage of a GW signals. Details of the interferometer can be

found in [Acernese et al., 2015].

energy of the atoms over all frequencies. In non-crystalline materials, the features

of these unknown relaxations processes are fairly well explained by two-level systems

(TLS), with transitions thermally activated at ambient temperature [Gilroy and Phillips,

1981]. However, no model explains why fused silica presents losse about four order of

magnitude lower than any other non-crystalline materials at room temperature, or why

amorphous Silicon evaporated by e-beam on a high temperature substrate (400 � C) has

mechanical losses approximately three orders of magnitude lower than other materials

at cryogenic temperatures (represented on “gure 0.5). The required maximum limit

for the thermal noise of the future Gravitational Wave Detectors corresponds to the

green dashed line, the TiO2-doped Ta2O5 and IBS-Silica composing the mirrors being at

present higher than this limit.

In order to understand the structural origin of the losses in the optical coatings, we

carried out an extensive study of the layers structures probed by vibrational spectro-

scopies, looking for possible correlations between energy dissipation and structures.

6



Figure 0.4 … Sensitivity limits for the AdV detector with noise sources [Acernese et al.,

2015].

The “rst Chapter will present the structure and fabrication processes of non-crystalline

solids. Along this presentation of the material at stake, the di � erent parameters of inter-

est and analysis techniques used will be described. In a second Chapter, the structure

of the silica coatings will be discussed compared to fused silica. Then, the e� ect of the

deposition technique and of the post-deposition annealing of this structure will be in-

vestigated. Besides the SiO2 measurements, a similar study on Ta2O5 will be presented

in the third Chapter with the e � ect of annealing. To pursue the characterization of this

oxide, an analysis of the structural evolution of its structure under isotropic pressure

was conducted. The e� ects of the titanium oxide doping on the structure of the Ta 2O5

will also be discussed.
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Figure 0.5 … Mechanical losse angle of di� erent amorphous materials measured over

a wide range of temperature and from a few kHz to a few MHz [Topp and

Cahill, 1996]. The amorphous silicon mechanical losses were added for

comparison, the temperatures corresponding to the substrate tempera-

ture during deposition. The values corresponding to the mirrors coatings

are in red for the TiO 2-doped Ta2O5 and in blue for silica layers. The

pink lines are the Einstein Telescope requirements, corresponding to the

maximum losses limit required for the next gravitational wave detectors

generation.
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Chapter 1

Theory and Experiments

The mirrors of the gravitational wave detectors are composed of non-crystalline oxide

thin layers deposited on fused silica. This chapter will “rst present the properties and

structures of non-crystalline solids, before describing the samples and their fabrication

process. Then, the link between the mechanical losses and the thermal noise will be

investigated along the experimental techniques to measure this parameter. The vibra-

tional spectroscopic theory and experimental setup will be described, as well as how

high pressure measurements can be done to explore the structure under extreme con-

ditions. Finally, Rutherford Backscattering spectroscopy will be presented, as it allows

the quantitative estimation of the elements present in thin layers.

1.1 Non-crystalline solids

1.1.1 De“nition

Solids with no periodicity and symmetry in their structure (no long-range order) are

de“ned as non-crystalline solids. They can be divided in two categories : glasses and

amorphous solids, as described as follows [Zarzycki, 1982,Zachariasen, 1932].

Glasses

Zarzycki de“ned a glass as a non-crystalline solid presenting the glass transition tem-

perature phenomenon [Zarzycki, 1982]. When a liquid is cooled, a phase transition

happens at the solidi“cation temperature from the liquid state to the crystalline state.

This transition is characterized by a discontinuity in the speci“c volume of the material.

To reach a glassy state, crystallization, which is thermodynamically favored, should be

avoided. For certain liquids with an initial temperature higher than the melting tem-

perature (Tf us), if the cooling rate is high enough, crystallization can be bypassed; this

process is called quenching. During cooling, below the melting temperature, the viscos-

ity of the liquid is continuously increasing. The stable liquid then becomes a metastable
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Chapter 1 Theory and Experiments

super-cooled liquid down to the glass transition temperature. At this point, the vis-

cosity reaches 1013 Pa.s, corresponding to the glass transition temperature (T g) area,

characteristic of the composition of the sample. Below T g, the material is a solid while

keeping the structure of the liquid. Depending on the cooling rate di � erent structures

can be obtained for the same composition. To characterize these structures, the “ctive

temperature can be de“ned, associating the structure of the glass to the extrapolated

super-cooled liquid state as shown on “gure 1.1. A high cooling rate corresponds to a

high “ctive temperature.
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Figure 1.1 … Schematic view of the glass transition for one composition : volume (or

enthalpy) as a function of the temperature. Glasses 1 and 2 present two

di� erent “ctive temperatures depending on their cooling rates. T m corre-

sponds to the melting point.

Di � erent kinds of chemical elements can form glasses : inorganic oxides (silicon,

boron... oxides), halides, chalcogenides, metallic glasses or organic glasses. Most usual

glasses are composed of silica (SiO2) as it is the most commonly found around us.

The formation of a glass depends on its composition and on its cooling rate. Usually,

for oxides, the glass components can be divided in three groups : forming, modi“er

and intermediate glasses. Forming oxides can form glasses by themselves through the

melt/quench fabrication process. They present a structure of corner-shared structural

motifs based on triangles or tetrahedra. From [Zachariasen, 1932], any oxide forming a

glass should satisfy the following rules :

€ The number of oxygen atoms surrounding a cation should be small (3 or 4);
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1.1 Non-crystalline solids

€ No oxygen can be linked to more than two cations;

€ Polyhedra can share apex, but never share edges or faces;

€ At least three apex of each polyhedra should be shared with other polyhedra.

Network modi“ers don•t form a glass under classic conditions, but can be introduced in

multi-component systems to modify their properties. They can depolymerize the net-

work. Intermediate oxides, depending on the structure around them and the propor-

tion of the di � erent components of the glass, act either as forming oxide or modi“ers.

However, with the technological progresses of the last few years, this de“nition can be

nuanced as glasses with only intermediate and modi“ers oxides were successfully pro-

cessed [Neuville et al., 2010]. Glasses can also be obtained through other fabrication

processes, but they need to present the glass transition temperature phenomenon to be

called glasses.

Amorphous solids

By opposition to glasses, an amorphous solid does not present the glass transition phe-

nomenon [Zarzycki, 1982]. The amorphous structure is not as stable as a glass. One

way to di � erentiate an amorphous solid from a glass is to heat it. When heated, the

structure of a glass is slowly softening towards a more liquid state. On the opposite,

an amorphous solid, when heated, crystallizes before reaching the melting temperature

due to a less stable structure compared to glass.

Structures

As previously stated, non-crystalline solids lack long-range order. However, their struc-

ture presents a short and medium range order which can be characterized. At short

range (from 1 to 5 Å), corresponding to the basic structural units of the material, the

structure is composed of polyhedra de“ned by their coordination number, their bond

lengths, and angles inside these polyhedra. The medium range order (from 5 Å to 20 Å)

corresponds to the arrangement of the polyhedra between themselves and can be de-

composed in three ranges [Elliott, 1992]. Around 5 Å, this order is characterized by the

inter-polyhedral angles. In the case of glasses, polyhedra are only linked by their ver-

tex, but they can be linked by edges or faces in the case of amorphous solids. Between

5 and 8 Å, polyhedra can organize themselves in bigger items to form cycles for exam-

ple. At longer range, between 5 Å and 20 Å, polyhedra can form chain-like structures,

or repeated structural motifs.
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1.1.2 Fabrication processes

The most common way to produce a glass is by the melt-quench process. The com-

pounds are heated up to a temperature higher than the melting point, then quenching

allows the freezing of the structure of the liquid.

Certain fabrication processes allow the production of thin layers, like vapor deposi-

tion processes or sol-gel techniques. In the chemical vapor deposition (CVD) processes,

the substrate is exposed to gaseous precursors which react or decompose to obtain a thin

“lm. Physical vapor deposition corresponds to the vacuum deposition on a substrate

of a ”ux of atoms (or molecules). This ”ux can correspond for example to sputtered

particles extracted from a target by an ion beam (Ion Beam Sputtering), an intense laser

beam (Pulsed Laser Ablation), evaporated atoms (Molecular Beam Epitaxy) or vaporized

atoms by a strong courant (Arc-PVD). These techniques usually process highly stressed

materials [Pauleau, 2001,Obraztsov et al., 2007,Ager III and Drory, 1993].

The sol-gel fabrication process allows the fabrication of dense “lms or ceramics, ce-

ramic “bers, xerogel or aerogel. A solution is prepared from precursors (chemical

reagents) and contains colloidal particles. An hydrolysis drives a reaction and allows

the formation of a gel, i.e. a 3D solid network containing the solvant molecules in pores.

Then, di � erent kinds of heat treatments favor the evacuation of the solvant with a re-

duction of the volume sample (densi“cation). Bulk materials can be obtained but the

sol-gel process is essentially used to get thin “lms.

After most of the fabrication processes, glasses are usually annealed. The aim of this

thermal treatment is to lower the stresses generated. For example, after the quenching of

a glass, high temperature gradients induce stresses in the structures. Annealing allows

to release these stresses with a slow controled cooling and increases the sturdiness of

the medium. In the case of thin layers deposited by PVD, as for the VIRGO and LIGO

mirrors, an annealing step can reduce the absorption properties as well as the thermal

noise of the layers [Li et al., 2014].

The de“nition of non-crystalline solids was presented and the di� erent fabrication processes

were quickly overviewed. In the next part, the non-crystalline samples studied in this work

and the way they were processed will be described in details.

1.2 Deposition process

The mirrors used in Gravitational Wave detectors are made of a superposition of thin

amorphous oxide layers deposited by Ion Beam Sputtering on a fused silica substrate.

These layers are composed of non-crystalline silica and titania-doped tantalum oxide.

To get a better understanding of the multi-layer properties, a layer by layer analysis was

16
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chosen. Each composition, either silica, tantalum oxide alone or titania-doped tantalum

oxide, was deposited individually on di � erent substrates. Then, the annealing is done

at Ta = 500 � C during 10 hours. The temperature cannot be increased as the amorphous

TiO2-doped Ta2O5 layers crystallize easily, deteriorating the optical properties needed

for the mirrors.

To measure the mechanical losses, layers were deposited on a fused silica disk-shaped

mechanical resonator (Corning 7980), 3 inches diameter and 1 mm thick. The disks are

annealed during 10 hours at 900 � C before any coating deposition, to relax any residual

stress due to the fabrication process. For other characterizations, coatings are deposited

on fused silica tablets as shown on “gure 1.2, 1 inch in diameter and 6 mm thick. These

coatings are polished (� /10 ”atness, roughness < 0.5 nm rms) to reach as closely as pos-

sible the speci“cations of the substrates used for the gravitational wave detectors mir-

rors. For silica samples, a 100 nm thick metallic Tantalum layer is deposited prior to the

oxide coating on the substrate. As metallic Tantalum has no active Raman vibrational

mode, this layer allows the study of the coating only without any post-measurement

processing to discriminate the substrate and the coating signals. No metallic Tantalum

layers are deposited below the Tantalum pentoxide amorphous layers as annealing in-

duces a reaction between the two layers. Indeed, a di� erence in their thermal expansion

coe� cient induces a reaction during annealing and the formation of crystalline Ta 2O5.

Fused silica
tablet

IBS layer

Metallic Ta

Figure 1.2 … Schematic view of a sample with the IBS-coating on top of a metallic Tan-

talum layer, both deposited on a fused silica substrate. The metallic Ta

layer is deposited only in the case of a silica coating.

The deposited layers are composed of SiO2, Ta2O5 or TiO 2-doped Ta2O5. They are

between 500 nm and 3 µm thick and are deposited by Ion Beam Sputtering (IBS) at the

Laboratoire des Matériaux Avancés (LMA).

A schematic view of an Ion Beam Deposition chamber is represented on “gure 1.3.

Argon Ions are extracted and accelerated from a plasma by molybdenum grids. The

voltage applied on the grids allows to tune the energy of the ions, and the intensity

allows a control of the deposition rate. The plume exiting from the ion source strikes

a target (SiO2, metallic Ta or metallic Ti in our case), where atoms are ejected and de-

posited onto a substrate. An additional electron ”ux between the ion source and the

targets neutralizes the ion beam to avoid a charge accumulation on the target and in the

coating chamber. An oxygen source in the chamber allows stoechiometry to be reached
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during the deposition process. Uniformity masks protect certain areas to improve the

uniformity on the substrate, while the substrates rotate up to 300 turns/min. A quartz

oscillator controls the thickness of the deposited material. The residual pressure in the

chamber is 10× 10Š7 mbar before deposition, and 2.4 × 10Š4 mbar when Argon (Ar) and

oxygen (O2) gases are fed into the chamber. The temperature of the substrate during the

deposition process is approximately 80 � C.

PPllaassmmaa
Ion source

Targets

Sub
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r

Vacuum chamber

Oxygen flux

Figure 1.3 … Schematic view of an Ion Beam Sputtering coater.

The LMA possesses two coating chambers : the Grand Coater (GC) with a chamber

volume around 10 m 3, and a Veeco SPECTOR dual-IBS chamber (V = 0.5m3) (“gure

1.4). Samples studied in this work are all deposited in the Spector except if speci“ed

otherwise.

Figure 1.4 … Photos of the two coating chambers at the LMA, the Grand Coater on the

left and the Spector on the right [Fresillon, 2016].
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1.3 Mechanical losses

1.3.1 Theory

One of the fundamental limitations for a wide number of precision experiments comes

from thermal noise in amorphous dielectric materials. This kind of noise is a limit for

experiments such as interferometric gravitational wave detectors [Adhikari, 2014], op-

tomechanical resonators [Aspelmeyer et al., 2014], laser frequency standards [Kessler

et al., 2012], quantum super computers [Martinis et al., 2005] and atomic clocks [Lud-

low et al., 2015].

Thermal energy is distributed over all the degrees of freedom following the equipar-

tition theorem. In a solid, the degrees of freedom correspond to the normal modes of

vibration, and so, each of them vibrates with an energy of k BT, kB being the Boltzmann

constant and T the temperature. Although the surface of a solid, like the re”ecting one

on the test masses of a GW detector, vibrates due to the thermal energy, we cannot talk

of thermal noise yet because the spectrum of motion is discrete, i.e. it is limited to the

normal mode frequencies. A solid like that is ideal. In a real solid, the elastic moduli

”uctuate randomly in space and in time, and this process breaks the displacement cor-

relation between di � erent atoms of the solid. The result is that normal modes no longer

exist and the thermal energy is distributed all over the frequencies. In this case, we are

in the presence of thermal noise. In a linear system, at the thermal equilibrium, the

processes of ”uctuations and dissipation of any observable of the system are correlated,

as stated by the so called Fluctuation-Dissipation Theorem [Callen and Welton, 1951].

The work of P. R. Saulson gives a useful introduction to the problem of thermal noise

in mechanical experiments, and in particular for the GW detectors [Saulson, 1990]. As

demonstrated in the work of [Harry et al., 2002], the power spectral density of thermal

noise sensed by the laser beam on a free mirror is :

Sxx(� ) =
4kBT

�
1

Stif f ness
[� sub + D · � coat] (1.1)

where the Sti� ness is proportional to the substrate Young•s modulus and the laser beam

diameter, � is the loss angle of the materials (in our case the substrate and coating

materials). D is the so called dilution factor which represents the fraction of strain

energy stored in the coating, with respect to the total strain energy of the mirror. D is

proportional to the ratio of coating thickness to the laser beam diameter. Far below the

“rst resonance that is around 5 kHz, the Sti � ness and the dilution factor are constant

on frequency. For a coating stack, we can assume here that the total loss angle is the

linear combination of the loss angles of the two used materials where the coe � cients

are the fractions in thickness. The existence of a boundary e� ect between layers is still
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controversial [Granata et al., 2016]. The loss angle, or more precisely the trigonometric

tangent of it, is the ratio between the imaginary and the real parts of the material Young•s

modulus. It can be demonstrated that in an harmonic oscillation the loss angle is related

to the dissipated energy in one cycle, through the following relation :

Edis = 2� · Emax · � (1.2)

where Emax is the maximum elastic energy. Considering that the fused silica substrate

has a loss angle of about 10Š8 [Penn et al., 2006] and the typical coating thickness of

5.9 µm, the laser beam diameter of about 12 cm and the loss angle of the coating of

2.1× 10Š4, the coating contribution to the mirror noise (equation 1.1) is about 100 times

larger than the substrate one. The thermal noise of coatings is the dominant source of

noise in the GW detectors in the frequency band where the detector is most sensitive.

The origin of energy dissipation (and hence of thermal noise) remains unexplained,

coming from unknown relaxation mechanisms in the structure. In the amorphous

structures, the characteristics of these thermally activated relaxations are fairly well

explained by the asymmetric double-well-potential model [Gilroy and Phillips, 1981].

Amorphous materials present a random potential energy landscape. Structural relax-

ations, causing the dissipation phenomena, correspond to local structural changes be-

tween two metastable states separated by a barrier of height V (“gure 1.5), with a typical

relaxation time 
 proportional to exp(V /kBT).

V

Figure 1.5 … Shape of an asymmetric double well potential. � is the Energy di� erence

between the two minima, V the height of the barrier.

Thermal noise originates from unknown relaxation mechanisms in the structure. The main

goal of this work is to look for the micro-structural origin of the thermal noise, by studying the

structure of the coatings of the test mass mirrors used in the Gravitational Wave Detectors.

In order to get an evaluation of the thermal noise level, the mechanical losses of the samples

are measured through the method described below.
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1.3.2 Mechanical losses measurements

The coatings mechanical losses are measured at the LMA using the resonance method.

As stated earlier, to measure the mechanical losses, the coatings are deposited on a silica

disk resonator. Part of the setup is shown on “gure 1.6. The resonator is suspended from

the center using a Gentle Nodal Suspension system (GeNS [Cesarini et al., 2009]). In this

method, the disk (1.6-(a)) is supported by a sphere (1.6-(c)) allowing a minimal surface

of contact and providing a mechanically stable support. The GeNS system requires

no clamping, meaning there are no additional sources of damping, allowing a good

reproducibility of the measurements. The resonator is excited at the frequency of its

vibrational modes � k. To that end, a comb-shape capacitor (1.6-(b)), placed at some

distance from the sample avoiding any contact, applies an AC voltage on the substrate

(from 0.2 to 3 kVpp [Cadez and Abramovici, 1988]).

(b)

(a)

(c)

Figure 1.6 … Photo of a Gentle Nodal Suspension system [Granata et al., 2016] with

a silica resonator (a) on it. The disk, placed on a spherical surface (c), is

excited at the frequency � 0 with the comb-shaped capacitor (b).

All the vibrational modes k of the resonator are excited one by one. When the excita-

tion is turned o � , the resonator is free to ring-down. The amplitude of the vibrations is

read through an optical-lever system (more details in [Granata et al., 2016]). The optical

signal undergoes then a fast Fourier Transform and is “ltered (1Hz band pass centered

on � 0). The exponential “t of the envelope A( t ) = A0 exp(Št/ 
 k) of the free decay ampli-

tude of the “ltered signal is computed, allowing the extraction of the ring-down time


 k. From the measurement of 
 k for each vibrational mode, the loss angle is calculated :

� k = QŠ1
k = (�
 k� k)Š1 (1.3)

with Q the quality factor and � k the resonant frequency of the vibrational mode consid-

ered.

The measurements are done in vacuum at p � 10Š6 mbar to avoid any residual gas

damping. The modes measured on the disks are typically in the 10 2 Š104 Hz band.
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For each sample before and after the deposition of a coating stack, the ring-down time


 k is measured for several vibrational modes, such that the loss angle � k can be averaged

to provide the measured losses� � k� with their standard deviation.

The measured mechanical losses are the ones of the entire sample, coating and sub-

strate. To discriminate the losses of the substrate and of the coating, the dilution factor

D is needed. This dilution factor can either be computed by the Finite Element Analysis

(FEA) numerical method, or measured using the frequency shift of the resonator caused

by the deposition of the coating (resonant method) [Li et al., 2014]. In the case of a disk

resonator [Granata et al., 2015] :

D = 1 Š

�
� u

� c

� 2 µsub

µcoat + µsub
(1.4)

with µ the surface mass densities (kg/m2) of the substrate (sub) and the coating (coat).

� u and � c are the resonant frequencies of the un-coated and coated resonator.

From the dilution factor, the losses from the coating can be discriminated from the

one of the substrate alone [Granata et al., 2015]:

� res = D� coat + (1 ŠD)� sub (1.5)

with � res the total resonator losses.

The resonance method used with the GeNS system allows a characterization of the layers by

their mechanical losses, hence thermal noise. To characterize the structure of the samples and

look at a possible link with the thermal noise, Infrared, Raman and Brillouin spectroscopies

were used.
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1.4 Vibrational Spectroscopies

Di � erent spectroscopic techniques were used in this work to analyze the amorphous

coatings. Raman and Infrared spectroscopies probe matter at a molecular scale, while

Brillouin spectroscopy gives insight on the elastic properties of the material under in-

vestigation. The physical principles behind these three types of spectroscopies, and the

di � erent spectrometers used for the measurements, will be presented.

1.4.1 Physical principles

Di � erent types of interactions exist between light and matter : absorption, scattering

and emission. Light can be represented as photons with an energy h� or as an electro-

magnetic wave with an electric “eld E :

E = E0 cos(� t Škx) (1.6)

where E0 is the amplitude of the electric “eld, � the angular frequency ( � = 2�� with

� the frequency), k the wave-vector (k = 2� / � with � the wavelength). Matter can be

described in quantum mechanics as a set of discrete energy levels coming from di� erent

contributions (electronic, vibrational and rotational). Then for any light and matter

interaction to happen, the energy of the incident (or emitted) light must match one of

the energy level di � erence of the considered matter:

h� = � E (1.7)

with � E corresponding to the energy di � erence between two levels of energy.

Absorption The absorption of a photon happens when the incident light energy cor-

responds to the di� erence of two distinct energy levels of the molecules, which excites

the molecule encountered (equation 1.7). The transmitted light presents then a lower

intensity than the incident light at this speci“c wavelength. Infrared (IR) spectroscopy

is based on this process.

Emission The emission of a photon happens when a molecule in a higher energy state

converts to a lower one, like ”uorescence or luminescence.

Scattering Scattering corresponds to a change in direction when the light interacts

with a material. In scattering processes, when a molecule is excited by a ligth wave,

it can re-emit a photon of the same energy, i.e. same wavelength, corresponding to

elastic scattering (such as Rayleigh scattering). The incident photon can also exchange
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energy with the medium in the case of inelastic scattering (such as Raman and Brillouin

scattering). The incident and emitted photons will therefore have di � erent wavelengths.

To respect the energy conservation law, in the case of an exchange of energy, the ex-

cess (or lack) of energy is transferred towards (from) the molecule with the emission

(annihilation) of a phonon. A phonon is a quasi-particle which can be associated with

an elementary vibrational quantum of energy.

As sketched on “gure 1.7, Stokes scattering corresponds to the case where a phonon

is emitted, and the scattered photon is therefore less energetic. On the contrary, when

the scattered photon is more energetic, the process is called Anti-Stokes scattering and

a phonon is annihilated.

Incident
photon

Scattered
photon

Emitted
phonon

Annihilated
phonon

Incident
photon

Incident
photon

Scattered
photon

Scattered
photon

Energy Stokes
scattering

Anti-Stokes
scattering

Rayleigh
scattering

Virtual
state

Electronic
state

Ground
state

1st vibrational
state

Figure 1.7 … Schematic view of the energy levels involved int he inelastic scattering

(Stokes and Anti Stokes) and the elastic scattering (Rayleigh).

These processes can be described through quantum mechanic. During scattering,

the energy � � and the wave-vector k are preserved. For an incident photon of wave-

vector k0 and angular frequency � 0 (“gure 1.8) interacting with a material, leading to a

scattered photon (k , � ) and to the creation - plus sign - (or annihilation - minus sign) of

a phonon (q, � ), we can write :

� 0 = � ± � (1.8)

k0 = k ± q (1.9)

If we focus on the Stokes e� ect (plus sign) to ease the reading, the transferred wave-

vector q can be expressed as :

q2 = k2
0 + k2 Š2k0kcos(� ) (1.10)
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Figure 1.8 … Schematic view of the Stokes (left) with the creation of a phonon, and

Anti-Stokes (right) with the annihilation of a phonon, inelastic scattering

processes.

With � the angle between the incident photon and the emitted one. Considering the case

where the wave-number dependency on the refractive index corresponds to k0 = n� 0/c

and k = n� /c, we get :

q2c2 = n2� 2
0 + n2(� 0 Š� )2 Š2n2� 0(� 0 Š� )cos� (1.11)

Equivalent to :

q2c2

n2� 2
0

=
� 2

� 2
0

+ 4

�

1 Š
�
� 0

�

sin
� �
2

� 2
(1.12)

In the case of inelastic scattering, the energy exchange is very small compared to the

incident energy, leading to � � � 0 ((GHz - THz) � 1015Hz). In this case, the equation

1.12 can be simpli“ed in :
qc

n� 0
= 2sin

� �
2

�
(1.13)

Which, by introducing the incident wavelength � 0, leads to :

q = 2k0 sin
�
2

=
4� n
� 0

sin
�
2

(1.14)

The equation 1.14 links the wavenumber q of the phonon, to the incident wavelength

� 0 and scattering angle � .

A simpli“ed dispersion curve for a crystal of cell parameter a is represented on “gure

1.9, allowing a general view of the two kinds of scattering used in this work. Raman and

Brillouin scattering both result from the scattering of phonons, with small wavenum-

ber q, compared to the limit of the Brillouin zone at � /a (a the cell parameter). The

frequency related to Raman scattering corresponds to optical phonons. The slope of

the dispersion curve of the optical phonons in the Raman frequency area is close to

zero, leading to a trivial dependency on � , i.e. non-dispersive phonons in the area of

interest for Raman scattering. In the case of Brillouin scattering, the frequencies of

the considered phonons correspond to acoustic phonons. The linear dependency of the
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wavenumber with the frequency has a non-zero slope, which implies dispersive acoustic

phonons. Hence, the frequency of the Brillouin scattering will depend on the scattering

geometry (i.e. on the angle � ).

Figure 1.9 … Schematic dispersion curves in a crystal with cell parameter a. Raman

(blue zone) and Brillouin (orange zone) result from the scattering of the

phonons of zone center, with the Raman scattering corresponding to op-

tical phonons and the Brillouin scattering to acoustic phonons.

The equations driving Raman scattering will be presented along the setup used for the

measurement, then Brillouin scattering will be also developed.

1.4.2 Raman spectroscopy

Raman spectroscopy is a non-destructive method which probes the structure at short

and medium range order [Coussa-Simon, 2008, Deschamps, 2009, Mermet, 1996, Fer-

raro, 2003,Schrader, 1995]. It is based on the inelastic scattering of an incident monochro-

matic wave which can probe the vibrational energy levels of the sample, by annihilation

or creation of an optical phonon. Raman scattering was predicted in 1923 by A. Smekal

and was “rst observed by Indian physicists [Raman and Krishnan, 1928], in parallel to

G. Landsberg and L. Mandelstam. Raman spectroscopy considerably developed with

the apparition of lasers, introducing more powerful light sources, thus generating a

more intense Raman signal. As it probes the vibrations of the structure, this type of

spectroscopy is particularly well-suited to study glass structures compared to X-ray

di � raction which needs a periodic network. Raman spectroscopy also proved to be a

useful tool to follow in situ evolution of glasses under thermodynamic changes (Pres-

sure, Temperature).

In Raman spectroscopy the sample is illuminated by a monochromatic laser light

(usually in the visible range). Using a classical approach, Raman scattering originates in
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the ”uctuation of the polarizability of the material, due to the interaction with the elec-

tric “eld of the incident light. When light and matter interact, we can consider that only

the electrons in the material oscillate with the frequency � 0 of the incident electromag-

netic wave, inducing ”uctuations of the polarizability at every point r of the material.

In a medium, the polarizability by a volume unit P(r,t) is de“ned as :

P(r,t) = � (r,t)E(r,t) (1.15)

with � (r,t) the dielectric susceptibility tensor and E(r,t) the electric “eld.

The polarizability oscillations produce, in turn, a new electric “eld. From the Maxwell

equations and in a volume d 3r around r, this scattered electric “eld at a point R can be

expressed as :

dE(R,t) =
1

4 0c2� � R Šr �

�
� 2P(r,t � )

� t �2 	 u

�

	 u � d3r � (1.16)

with t � = tŠ � R Šr � /cn corresponding to the retarded time (where cn is the light

speed in the material) and u is the unit vector colinear to ( R-r). This equation 1.16

indicates that the intensity of the scattered wave comes from the time dependence of

the polarizability. From equation 1.15, two origins can explain this time dependency :

the oscillations of the incident electric “eld E(r,t) or the oscillations of � (r,t).

As the dielectric susceptibility can be decomposed as a constant value � 0 and a ”uc-

tuating one �� (r,t) :

� (r ,t) = � 0 + �� (r ,t) (1.17)

the polarizability can be expressed as :

P(r,t) = [ � 0 + �� (r ,t � )]E0 expi (k0.r Š� 0t � ) (1.18)

In our case, the frequency of the incident electromagnetic wave is much larger than

the characteristic frequency variation of the dielectric susceptibility, � � � 0, such that

we can write :
� 2P(r,t)

� 2t2 
 Š � 2
0 (1.19)

The scattered electric “eld can then be written as:

E(R,t) � � 0

�
[� 0 + �� (r ,t � )]exp i ((k0 ·R Š� 0t) · r)expi ((k0 Šk) · r)d3r (1.20)

In the case where there is no susceptibility ”uctuations, the scattered “eld is null ex-

cept when k=k0. The � 0 term indicates that the incident light wave propagates through

the medium with a frequency � = � 0 in the incident direction k=k0. When there is

no susceptibility ”uctuations ( �� j (r ,t � ) = �� (r)), only elastic scattering occurs (Rayleigh

scattering), and no new frequencies are generated. The inelastic scattering originates
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from the spatiotemporal ”uctuations of the dielectric susceptibility, induced by the vi-

brational waves.

In this case, the dielectric susceptibility ”uctuation for a vibration mode j is written

as:

�� j (r ,t � ) = �� j (q)expi (q.r ± � j (q)t � ) (1.21)

The corresponding electric “eld induced by these ”uctuations is therefore :

Ej (R,t) � expi (k .R Š(� 0 ± � j (q))t )
�

�� j (q)E0 expi [(k0 Šk + q).r]d3r (1.22)

The scattering is non-zero only for q = k Šk0 � 0, giving a scattered wave frequency

� = � 0±� j (q). In the case of Raman spectroscopy, the incident wavelength is usually be-

tween 400 nm and 800 nm. For the highest q possible, i.e. taking the two limit values for

k and k0, the phonon wavenumber is around q = 8 × 10Š3 nm. Compared to the typical

Brillouin zone in crystals ( 
 � /a with a the crystallographic cell size), this wavenumber

is very small. The only phonons detected by inelastic light scattering are then those

with a wavenumber q close to zero (or equal to zero for � = 0).

Considering Raman scattering, the phonons with a wavenumber close to zero are op-

tical phonons ( � > 1cmŠ1), corresponding to non propagative vibrational modes. On the

other hand, acoustic phonons near the Brillouin zone center ( � < 1cmŠ1) correspond to

propagative modes. Hence, the typical frequencies corresponding to Raman scattering

cover the range from a few cmŠ1 to 4000 cmŠ1.

The optical phonon distribution at thermal equilibrium obeys the Bose-Einstein statis-

tic. As the ground state is the most populated state and the Stokes/Anti-Stokes intensity

ratio depends on the thermal population factor, the Stokes Raman scattering is the most

intense. The Stokes scattering intensity can be expressed as :

I( � ) � (n(� ) + 1)
g(� )C(� )

�
(1.23)

with C a coupling coe � cient, g(� ) the vibrational density of states, and n(� ) the Bose-

Einstein factor :

n(� ) =
1

exp(� � /kT) Š1
(1.24)

Raman experimental setup

Raman spectra were recorded with a micro-Raman spectrometer LabRAM HR Evolution

(“gure 1.10), with an excitation wavelength at 532 nm emitted by a YAG:Nd 3+ laser.

From “gure 1.10, the monochromatic light emitted by the laser goes through a polar-

izer (P1), a “lter (F) and di � erent lenses (L1 and L2) focusing the beam with a confocal

hole (H1). The “rst super-notch “lter (SNF) totally re”ects the incident light towards a
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confocal microscope. The light di � used by the sample then goes through the SNF and

towards the spectrograph. The LabRAM spectrometer presents three super-notch “lters

(Volume Holographic Bragg Gratting VHBG - Optigrade) allowing to measure low fre-

quencies down to only 5-10 cm Š1 around the Rayleigh line. A polarizer (P2) allows to

analyze the scattered signal. At this point, in the spectrograph, a grating (G) disperses

the signal onto a Peltier cooled charge-coupled system (CCD).

Laser

CCD

M1

M2 M3

M4 M5

M8

M7

M6

P1

F

L1

H1

SNF

L2

H2 H3L4 L5

L3

Microscope

P2

G

Figure 1.10 … Schematic view of the LabRAM spectrometer. M correspond to Mirrors,

F to “lters, L to Lenses, H to holes, P to Polarizers, G to the grating and

SNF to the super-notch “lter.

In the case of thin layers, the depth of “eld is an important parameter to be sure we are

probing only the material of interest and not its substrate. The depth of “eld depends

on the incident laser wavelength � , on the refractive index of the medium where the

light travels ( n = 1) and on the numerical aperture (NA = nsin � with � the maximal

half-angle of the cone of light that can enter or exit the lens) :

� z = n
4�

NA2 (1.25)

The objectives used in this work were OLYMPUS x100, one MPlanN with NA = 0.90

and the other SLMPlan (NA=0.60) corresponding to � zMPlan = 2.6µm and � zSMLPlan =

5.9µm respectively.
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1.4.3 Brillouin spectroscopy

Brillouin scattering was predicted in 1922 by Léon Brillouin [Brillouin, 1922], and

was experimentally observed in 1930 [Gross, 1930]. Brillouin spectroscopy probes the

acoustic vibration modes in matter and can give access to its macroscopic properties:

elastic constants, Young modulus, Bulk modulus... [Sonneville et al., 2012,Girard, 2016]

For � � � 0 (“gure 1.8), phonons are close to the center of the Brillouin zone (lin-

ear q dependency in “rst approximation). The dispersion relation can be written as

� = VL/Tq where VL/T are the longitudinal and transverse speeds of sound, respectively.

Transverse phonons are polarized perpendicularly to their propagation direction while

longitudinal phonons are polarized alongside their propagation direction.

The Brillouin frequency, corresponding to the phonon frequency, can be expressed

from 1.14 :

� B =
�
2�

=
2nVL/T

� 0
sin

� �
2

�
(1.26)

As Brillouin measurements are often done in the back-scattering disposition ( � =

180°), the Brillouin frequency can then be simpli“ed as :

� B =
2nVL/T

� 0
(1.27)

For an isotropic medium, the Brillouin frequency allows to compute the longitudinal

and transverse acoustic speed :

VL =

�
C11

	
(1.28)

VT =

�
C44

	
(1.29)

C11 and C44 correspond to the elastic coe� cients representing the deformation across

the applied stress. From the two elastic coe� cients C11 and C44, the Young modulus Y

can be deduced :

Y =
C44(3C11 Š4C44)

C11 ŠC44
(1.30)

The Brillouin spectrum of a material presents a peak with a certain Full Width at Half

Maximum (FWHM), usually larger than the apparatus resolution. In general, for bulk

homogeneous materials, the broadening of the Brillouin band comes from sound atten-

uation. However for smaller volumes, like thin “lms, an additional component due to

sample thickness produces a larger broadening e� ect [Vacher et al., 2006]. For example,

for silica glass, the additional broadening of the signal in the case of a 100 µm thick

layer is around 50 MHz while the same e � ect is approximately 500 MHz for a 10 µm

thick layer [Vacher et al., 2006]. This e � ect prevents any analysis of the broadening of

30



1.4 Vibrational Spectroscopies

the Brillouin line in the case of thinner “lms, the induced broadening being of the order

of 2 GHz for 3 µm thick samples as the one we studied.

Brillouin experimental setup

Brillouin spectroscopy probes much lower frequencies than Raman spectroscopy, typi-

cally around 1 cm Š1 � 30 GHz. The intensity of the Brillouin signal is also much lower,

around 10Š10 to 10Š12 of the Rayleigh line intensity. A usual Raman spectrometer can-

not reach these frequencies, as they are too close to the Rayleigh line for a super Notch

“lter to be spectrally resolved enough. Hence, another setup is needed to approach

these frequencies. J.R. Sandercock developed a tandem Fabry-Pérot interferometer, al-

lowing the measurement of frequency shifts between 3 GHz and � 500 GHz (equivalent

to 0.1 cmŠ1 to � 15 cmŠ1). The spectrometer is based on the association of two Fabry-

Pérot interferometers “ltering the elastic scattering, coupled with a microscope to study

microscopic samples in the backscattering geometry.

Fabry-Pérot interferometer A Fabry-Perot interferometer consists of two plane mir-

rors mounted in parallel one to the other, with a distance L 1 between them [Sandercock.,

1999]. This optical spacing determines the only possible transmitted wavelengths � , as

expressed by :

T =

 0

1 + (4F2/ � 2)sin2(2� L1/ � )
(1.31)

with T the transmission function of the interferometer, 0 < 
 0 < 1 the maximum possi-

ble transmission determined by losses in the system, and F the “nesse. The “nesse F

characterizes the energy losses of the cavity and depends on the mirror re”ectivity and

”atness. This characteristic of the Fabry-Perot interferometer can be expressed as :

F =
��
��

=
�


R

1 ŠR
(1.32)

with �� the free spectral range (spacing between two consecutive transmitted wave-

lengths), �� the width of a peak, and R the re”ectivity. When the “nesse is high enough,

the cavity only transmits wavelengths � that verify the following relation :

L1 = p� /2 (1.33)

where p is an integer, which can also be expressed as :

� =
pc

2L1
(1.34)

On “gure 1.11.B, an example of two Fabry-Pérot cavities and three orders passing

through the cavities are presented.
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The contrast of the cavity, corresponding to the ratio between the intensity of one

transmission peak to the minimum intensity can be expressed for n round trips in the

cavity as :

C =
� 1 + R
1 ŠR

	 2n
(1.35)

One limitation of using a single Fabry-Pérot cavity is the mixing of higher orders. To

avoid this mixing of p and (p + 1) orders, J.R. Sandercock developed a setup using two

Fabry-Pérot cavities.

Figure 1.11 … Transmitted intensity by both cavities FP1 and FP2 and by the tandem

(A). Schematic view of a Fabry-Pérot tandem with the two cavities (B) [Gi-

rard, 2016].

Tandem Fabry-Pérot A Brillouin spectrometer consists of two coupled Fabry-Pérot

cavities where the second is spaced with a slightly di � erent direction from the “rst one.

Di � erent optical paths are obtained with the geometry presented on “gure 1.11.B, with

L2 = L1 cos� . With these two di � erent lengths, the transmitted light is reduced to the

coinciding signals as shown on 1.11.A. The remaining intensity of superior orders can,

under certain circumstances, generate a peak with a really low intensity on the Brillouin

spectra called "ghost".

Figure 1.12 presents the light path in a Brillouin spectrometer such as the one used

in this work. Part of the beam is removed as a reference signal. The laser beam is

going through the microscope holding the sample, and the backscattered light is focused

by two lenses via a beam splitter in the spectrometer itself. The mirrors M1 and M2

send the light through the “rst Fabry-Pérot (FP1) cavity, another mirror M3 de”ects it

through the second cavity (FP2). A 90° prism sends the light back on the same path,

and the mirror M4 allows a third crossing of the FP1 and FP2. Then, a mirror M5 sends

the light on a 60° prism, a last re”ection happens on M6 and the light travels towards

the photomultiplier after a hole and focusing lens. The spectrometer used in this work

has an incident light at � =532 nm.
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PM

BS

M4

M1

M2 M3

M5

M6
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BS
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L
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LH H

H

Laser

Figure 1.12 … Schematic view of the Brillouin spectrometer. M corresponds to Mirrors,

BS to Beam-Splitters, L to Lenses, H to holes and FP1 and 2 to the two

Fabry-Pérot cavities.

1.4.4 Infrared spectroscopy

Infrared spectroscopy is based on the absorption of some wavelengths of the incident

light by matter, in the 700 nm and 1000 nm range. This spectroscopic technique is

mainly used to characterize chemical components. One way to describe the process

is to use classical mechanics with the model of a harmonic oscillator.

Model of a harmonic oscillator

A simple way of describing a vibrating molecule is to consider two masses mA and mB at

a distancer from each other, connected by a spring of force constant k (“gure 1.13), and

vibrating at a given frequency � . The distance between the two atoms at equilibrium is

req.

Applying Newton•s law while considering the center of mass of the two atoms, we can

write :

µ
d2(r Šreq)

dt2 = Šk(r Šreq) (1.36)

with µ = mAmB/(mA + mB), the reduced mass.

The solution of the second order di � erential equation is r (t ) = r0.cos(� t + � ) with �
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A B
k

r

Figure 1.13 … Model of a harmonic oscillator with two atoms A and B of masses mA and

mB respectively, connected by a spring of constant k and at a distance r

from each other.

the phase,r0 the amplitude (both determined by the initial conditions) and � :

� =

�
k
µ

= 2�� (1.37)

Consequently, we get :

� =
1

2�

�
k
µ

(1.38)

The equation describes the frequency of the vibration of a diatomic molecule, depending

on µ and on k the force constant of the spring which characterizes the bond between the

two atoms.

Hence, if an incident electromagnetic wave encounters the spring with a frequency � ,

the bond vibrates.

Active vibrations

These phenomenons can also be described by Quantum mechanic. The absorption of a

photon corresponds to a change of the energy levels of a molecule, implying selection

rules. These selection rules determine if an incident photon will be absorbed or not

by a sample, allowing -or not- a transition between di � erent vibrational states. With

Infrared techniques, a vibration can be detected if it induces a variation of the molecule

dipole moment.

When a molecule vibrates, the dipole moment can oscillate. According to classical

theory of the electromagnetic radiation, for a given frequency of oscillation, a dipole can

emit or absorb an electromagnetic wave having the same frequency. It is then needed

that a vibration drives a dipole moment oscillation at a frequency � 0 to get light ab-

sorption at the same frequency � 0. When the incident light encounters the molecules,

the electric “eld pulls away the centers of mass of the positive and negative charges

inducing an oscillation of the dipole moment at the same frequency � 0.

For illustration purposes, we will focus on the CO 2 molecule, which presents a planar

and linear geometry, and has three vibrational modes (as shown on “gure 1.14). The

carbon atoms electronegativity is lower than the one of the oxygen atoms, but due to the
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molecule geometry, the dipole moment at equilibrium is non-existent. For symmetric

stretching, the center of mass does not evolve with the vibrations such that the dipole

moment of the molecule remains non-existent. However, for asymmetric stretching and

bending, the center of mass evolves with the vibrations inducing dipole moment vari-

ations. Hence, these two vibrations modes can be analyzed with Infrared spectroscopy,

in contrast with the symmetric stretching case.

At equilibrium

Symmetric
stretching

Antisymmetric
stretching

Bending

Figure 1.14 … Vibration modes of a CO2 molecule.

Attenuated Total Re”ection Fourier Transform Infrared (ATR-FTIR) Techniques

As seen previously in section 1.2, samples studied in this work are thin layers deposited

on a thick fused silica substrate. The geometry of our samples prevents an analysis via

transmission Infrared spectroscopy, which measures directly the absorption through the

sample. Hence, spectra in this work were all acquired by Attenuated Total Re”ection

Fourier Transform Infrared spectroscopy (ATR-FTIR).

ATR-FTIR spectroscopy allows the characterization of solids or liquids with no prepa-

ration beforehand, and can easily be used when only the surface of a sample needs to be

analyzed, as it probes only a few microns depth. This is therefore a perfect technique for

opaque samples, thin “lms or samples too thick to be transparent enough with trans-

mission.

By illuminating with a given angle a crystal with high refractive index, the incident

infrared light can be coupled inside this crystal, thus generating an evanescent wave at

the surface of the crystal (“gure 1.15). In our case, the crystal is a Germanium crystal

with a refractive index n = 4 at the considered wavelengths. The angle of incidence on

the sample is de“ned by the geometry of the setup (45° in our case), and spectra are

really close to these acquired by transmission. If the sample is placed along the surface,

the electric “eld of the evanescent wave can interact with the vibrational modes, and be
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absorbed by the sample. The re”ectance R (percentage of re”ected light) is given by :

R =
IR

I0
(1.39)

with I R the re”ected light by the sample and I 0 the re”ected light by a non-absorbent

medium taken as reference. For each acquisition, the spectrum of the crystal alone is

subtracted to the signal of the sample.

Interferometer Detector

Sample

Ge Cristal

Mirrors

Figure 1.15 … Diagram of the ATR sample holder. The light coming from the inferferom-

eter is re”ected towards the Germanium crystal, with a 45° angle. The

light is coupled inside the crystal which is in contact with the sample.

Then, after emerging from the crystal, the light carries out the informa-

tion towards the detector via a last mirror.

The depth of penetration into the sample corresponds to the distance at which the

electric “eld decays to eŠ1 of its initial value and usually corresponds to 1/5 to 1/20

of the incident wavelength � . The depth of penetration also depends on the incidence

angle � , the refractive index of the crystal n1 and of the sample n2 [Schrader, 1995]

dp =
� 1

[2� (sin2� Šn2
2/n2

1)1/2]
(1.40)

with � 1 = � /n1 the e� ective wavelength in the crystal.

IR spectrometer

The ATR-FTIR setup used in this work is an Infrared Perkin-Elmer Fourier Transform

GXFT-IR, whose schematic description is given on “gure 1.16. The light source of the

IR-spectrometer is a Tungsten “lament with a quartz cover. First, the incident light

beam goes through two apertures : the “eld stop is a beam spreading aperture which

“xes the size of the beam going through the spectrometer. The second is an aperture

stop, a Jacquinot aperture, limiting the divergence and controlling the resolution of the

spectrometer. The light is re”ected into a Michelson interferometer (Dynascan interfer-

ometer) with a KBr beam splitter allowing to scan the entire spectrum in a very short

time. Another mirror sends the beam through the sample, or the ATR-FTIR setup in our

case, and the signal is then detected by a Media Infrared Triglycine Sulfate (MIRDTGS)

detector.
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Figure 1.16 … Diagram of the FTIR spectrometer (E. Guillaud, ILM). The ATR-FTIR setup

is placed in the sample area during acquisitions.

1.4.5 Conclusion

The three vibrational spectroscopies used in this work to characterize the non-crystalline

layers were presented and are based on absorption and scattering phenomena. Infrared

and Raman spectroscopies probe the vibrations at a molecular scale with di � erent se-

lection rules while Brillouin spectroscopy probes the elastic properties of the materials,

at a macroscopic level.

Infrared spectroscopy originates from changes in the dipole moments, Raman scatter-

ing is sensitive to polarizability ”uctuations while Brillouin scattering derives from the

dielectric susceptibility of the material.

All of these techniques are non destructive and allow the characterization of small sam-

ples (
 µm2). In situ characterizations following the structural evolution with pressure

or temperature of the vibrational spectra of the samples are also possible.
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1.5 High pressure measurements

The diamond anvil cell (DAC) allows to study microscopic samples subjected to pres-

sures up to a few tens of GPa. The advantage of this device comes from its size allowing

in situ spectroscopic measurements as the diamonds are transparent on a large spectral

band from Infrared to gamma rays. This device is essential in the fundamental physics

and chemistry of condensed matter. Indeed, inducing changes due to pressure in the

molecular structure and elastic properties enables a better understanding of the sys-

tem. Moreover, high pressure measurements are also used in geology to reproduce the

extreme conditions found in the Earth mantle.

The cell used in this work is composed of two identical cut diamonds (type IA, 4 mm,

0.4 mm, 1.8 mm) whose two cylindrical planes are facing each other (“gure 1.17). A

metallic seal (stainless steal) is caught in vice by the two diamonds, the hole drilled in

the seal by electrical discharge machining is de“ning the experimental volume. High

pressure can be reached thanks to the conical cut of the diamonds, insuring an impor-

tant ratio between the surfaces of the two parallel sides of the diamonds.

Force

Diamond

Diamond

Seal

Ruby

Sample

50 ��m

1 mm

200��m

500��m

Figure 1.17 … Schematic view of a Diamond Anvil Cell. The sample and a ruby chip are

placed inside a drilled seal with a transmitting medium. The pressure

is applied via an annular membrane allowing an isotropic distribution of

the force on the diamonds.

The lower diamond is set in a cylinder in which a piston is sliding, with the upper
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diamond set in it. The cell used for the experiments presented in this thesis, is the one

developed by [Chervin et al., 1995]. The pressure is applied via an annular metallic

membrane, allowing an isotropic distribution of the force on the piston, which is de-

formed by the insertion of an inert gas. By this way, the pressure can be checked at any

time without moving the cell (opposed to the screwed cells). In our setup, pressure up

to 30-50 GPa can be reached, the “nal pressure depending on the size of the hole in the

seal and the size of the culets. The typical size of the hole in the seal for our experi-

ments was between 100 µm and 200 µm, with a thickness of the metallic tablet between

the diamonds close to 50 µm.

A transmitting media is then added to transform the uni-axial constraint from the dia-

monds into an hydrostatic or quasi-hydrostatic constraint. The transmitting media used

in our experiments are either a methanol/ethanol/water (16/3/1) mix or argon. Argon

is quasi-hydrostatic for pressures up to 19 GPa, while the methanol/ethanol/water mix

is hydrostatic only up to 10.5 GPa [Klotz et al., 2009].

The ruby chip (Al 2O3:Cr3+) deposited in the experimental volume allows to measure

the pressure inside the cell via its luminescence spectrum. Indeed, Cr 3+ luminescence

spectrum presents two intense bands R1 and R2 (2E � 4 A2) with an emitting wave-

length depending on the pressure. The empirical relationship between the wavelength

� (nm) and the pressure p (GPa) in our setup is the following [Mao et al., 1978]:

p = 380.8 �



�����

�
�
� 0

� 5

Š1


����� (1.41)

with � 0 the emitting wavelength of R1 at ambient pressure and � its emitting wave-

length at the pressure p. The equation 1.41 allows to precisely determine the pressure

inside the experimental volume by following the R1 luminescence band for a ruby ex-

cited by a laser of smaller wavelength (532 nm in our case).
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1.6 Rutherford Backscattering Spectroscopy

As previously explained, the gravitational wave detectors mirrors are composed of SiO 2

and TiO2-doped Ta2O5 layers. To analyze the latter, we need to know the concentra-

tions of TiO 2 and Ta2O5 in the thin “lms. For this purpose, Rutherford Backscattering

Spectromectric(RBS) measurements were conducted. The RBS technique allows a quan-

titative analysis of the concentrations of di � erent elements in a structure. This elastic

scattering of particles (usually high energy ions) by the nucleus of the target atoms was

“rst observed and explained by [Rutherford, 1911, Geiger and Marsden, 1909]. Later

on, the RBS was described as a method for material analysis by Rubin et al., 1957.

RBS is based on the detection of the energy of scattered particles by a target. As

schematized on “gure 1.18, an incident particle of mass m1 and velocity V1 hits a tar-

get, i.e. the nucleus of an atom of mass M2. After the impact, the incident particle is

scattered with an angle � and presents a new velocity V�
1. The nucleus, initially motion-

less (V2 = 0), is moving at V�
2 after the collision.

Figure 1.18 … Schematic view of the scattering process observed by RBS. A particle of

mass m1 with an initial velocity V1 is scattered with an angle � after an

encounter with a particle of mass M2. Both particles present non-zero

velocity V�
1 and V�

2, respectively, after the scattering process.

As the nucleus has no initial velocity, i.e. no initial energy, and the energy E =

(1/2)mV2, we can write the energy conservation law :

1
2

m1V1 =
1
2

m1V�
1 +

1
2

M2V�
2 (1.42)

From this, the energy E of the scattered particle after the interaction with the target

can be developed as :

E = k2E0 (1.43)
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1.6 Rutherford Backscattering Spectroscopy

with E 0 the energy of the incident particle before hitting the target and k a kinematic

factor expressed as :

k =
m1.cos� + (M 2

2 Šm2
1.sin2 � )1/2

m1 + M 1
(1.44)

where � stands for the scattered angle, m1 the mass of the incident particle and M 2 the

mass of the target atom. From these equations, the maximum sensitivity is obtained in

the backscattering geometry.

The selectivity of the technique, i.e. the di � erentiation of the target atoms by their

mass, depends on two main parameters : the mass of the incident particles m1 and their

energy E0. Indeed, the heavier the incident particle is, the better the selectivity. More-

over, the equation 1.43 implies that the selectivity will be better for higher energies.

The sensitivity of the technique, i.e. the number of atoms encountered during the

measurements, also depends on the energy and the nature of the incident particles. The

number of backscattered particles N is given by :

N = N i .Nc.
d�
d�

.�� (1.45)

with N i the number of incident particles, and N c the number nucleus by surface units

(at.cmŠ2). The di� erential cross section over the solid angle �� , can be expressed by :

d�
d�

=

�
Z1Z2e2

8� 0E0

� 2

�

cos� +
�

1 Š
�

m1
M2

sin �
� 2

�

sin4 �
�

1 Š
�

m1
M2

sin �
� 2

(1.46)

where e = 1.6 × 10Š19 C is the elementary charge. From the cross-section, the more the

energy of the incident particle increases, the more the sensitivity decreases. Moreover,

if the size of the incident particles or target atoms increases, then, according to the

dependency on (Z1Z2)2 of the cross-section, the sensitivity increases.

Therefore, to get the best sensibility and sensitivity, a compromise must be found

between the energy and the nature of the incident particles. In our case, Helium ions

(He+) were accelerated up to an energy of 2.50 MeV and 3.00 MeV using the particle

accelerator at the Institut de Physique Nucléaire at Lyon (IPNL). The detector is a silicon

diode oriented at 172° from the incident beam.

Figure 1.19 presents a typical RBS spectrum for a thin layer composed of heavy ele-

ments b deposited on a thick substrate, composed of an element a of atomic number Z a

lower than Z b. The high energy band (blue) corresponds to the layer, whose width de-

pends on its thickness. The highest energy part of the band is linked to the surface of the

layer. The band at lower energy (orange) corresponds to the substrate. As the substrate

is composed of lighter elements, its energy is lower than the one of the layers. An addi-

tional shift of the beginning of the step is due to the depth that the incident ions have
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to cross before interacting with the substrate. The energy of the step for the substrate

can be expressed as E�a = k2El , with E l the energy of the incident particles after going

through the thin layer of thickness l . The SIMNRA software developed by [Mayer et al.,

1999], allows to extract compositions and surface density (at.cm Š2) of the compounds

analyzed from the spectrum recorded on the instrument.

Figure 1.19 … Typical spectrum for a thin layer composed of a heavy element b on a

thick substrate a with Za < Zb. The energy E�
a = k2.El , with El the energy

of the incident particles after going through the thin layer of thickness l .

From the simulated surface density of the layer � (given in at.cm Š2) and its composi-

tion, the density can be extracted via :

� =
NA.N.

M
	 .e (1.47)

with NA the Avogadro•s number, N the number of atoms, M the molar mass (g.mol Š1), 	

the density (g.cmŠ3) and e the thickness of the layers (cm).

To summarize, the energy of the backscattered particles depends on the mass and depth of

the encountered atoms. The number of scattered particles at a given energy depends on the

number of scattering atoms in the target and allows to get the concentration of an element

depending on the depth in the target. The main advantage of the Rutherford Backscattering

technique is its sensitivity to heavy elements, but the mass resolution is decreasing when Z

is increasing. The best case is when we have a heavy element in light surroundings, which

makes the technique perfect to analyze the concentration in Ti and Ta atoms surrounded by

oxygen atoms.
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1.7 Conclusion

1.7 Conclusion

The GWD mirrors are thin non-crystalline layers deposited by Ion Beam Sputtering.

In this work, the samples studied will be separate layers composed of SiO 2, Ta2O5 and

TiO2-doped Ta2O5, deposited by Ion Beam Sputtering on fused silica substrates. The

mechanical losses are measured via the resonant method with a GeNS setup at the Lab-

oratoire des Matériaux Avancés. To characterize the structure and look for a micro-

structural origin of the thermal noise, Raman, Brillouin and ATR-FTIR spectroscopic

techniques will be use. The vibrational spectroscopies probe the structure at short and

medium range order with Raman and ATR-FTIR method, and the elastic properties of

the material with the Brillouin scattering. The in situ high pressure experimental setup

used later on was also presented.

In the next part, characterization of the low index material composing the mirrors,

SiO2 coatings, will be explored, followed in the last chapter by the characterization of

the high-index material, namely Ta 2O5 and TiO2-doped Ta2O5. To estimate the TiO2

dopant concentrations, Rutherford Backscattering spectroscopic measurements will be

introduced.
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Chapter 2

Silica glass

As we have seen earlier, the low refractive-index material used for the current Gravita-

tional Wave detectors mirrors is Ion Beam Sputtered Silica glass (IBS-silica). At ambient

temperature, fused silica presents mechanical losses of� 
 5 × 10Š9, i.e. four orders of

magnitude lower than any other non crystalline oxide [Topp and Cahill, 1996]. Yet, if

amorphous silica is processed by Ion Beam Sputtering, the losses are much higher, up

to � 
 5 × 10Š4 [Principe et al., 2015] [Granata et al., 2016]. Even though silica glass is

widely studied, the micro-structural origin and the mechanisms responsible for these

di � erences in the dissipation mechanisms are still unknown. Therefore, the aim of this

part is to explore a possible connection between the structure of silica thin “lms and the

mechanical losses.

In this chapter, the IBS-silica structure will be presented and compared to the fused

silica structure. Then, the evolution through di � erent fabrication and annealing param-

eters will allow us to exhibit structural parameters linked with the mechanical losses of

this material.

2.1 Silica Glass structure

Fused silica glass has been widely studied over the past 50 years, and the basic aspects of

its structure are well de“ned. The molecular structure of fused silica glass in connection

with its Raman spectrum will be presented here, and then compared to the structure of

IBS-silica and densi“ed fused silica.

2.1.1 Molecular structure

Even though the glasses have no long-range order, a structure can be de“ned for the

“rst neighbours at short (1-5 Å) and medium range order (5-20 Å).

At short range order, silica glass is organized as SiO4 tetrahedra. These basic units

are de“ned by their intra-atomic length l Si-O = 1.62 Å and dihedral angles �O ŠSiŠO,
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� = 109.5° [Rino et al., 1993,Jin et al., 1994].

�P

�B

Si
O

Figure 2.1 … Schematic molecular structure of silica glass and of the basic unit SiO 4

[T. Damart, ILM].

At medium range order, tetrahedra are r andomly arranged in rings from 3 to 9 SiO 4

units with the distribution centered on 6-membered rings as shown on “gure 2.2 [Jin

et al., 1994]. The inter-tetrahedral angles are included between 120° and 180°, with the

mean �SiŠO ŠSi angle in fused silica at � = 149° ± 11° [Weigel et al., 2016].
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Figure 2.2 … Ring statistics for fused silica as derived from simulation [Jin et al., 1994].

The Raman spectrum of melt-quenched pure silica glass can be seen on the following

“gure 2.3. As seen earlier in Chapter 1.4.2, the Raman scattering intensity is linked

with the vibrational density of states of the studied sample.

The spectroscopic features, seen on the Raman spectra, correspond to speci“c vibra-

tions, giving information on the structure at short and medium range order. For silica
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Figure 2.3 … Raman spectrum of fused silica glass (Suprasil 300).

glass, the spectrum on “gure 2.3 presents a band at low frequency centered at 60 cmŠ1.

An asymmetric band exists around 440 cm Š1 and is adjoined by two narrower bands at

490 cmŠ1 and 600 cmŠ1. At higher frequencies, three larger bands of smaller intensities

are present around 800 cmŠ1, 1060 cmŠ1 and 1200 cmŠ1.

The history of the band attribution for silica glass, summarized by McMillan, 1984, will

not be discussed here. Only the mainly accepted attributions will be presented. The

band around 440 cmŠ1 is called the main band (MB), corresponding to the Si-O-Si angle

bending mode [Hehlen, 2010]. Using the central force model, the main band position

can be linked to the mean value of the �SiŠO ŠSi angle distribution [Sen and Thorpe,

1977] by :

� 2
MB =

� SiŠO

MO
× (1 + cos� SiŠOŠSi) (2.1)

With � Si-O the central force constant, for a fused silica glass at ambient pressure with a
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density of 2.2 g cmŠ3, � Si-O is equal to 1.622× 10Š7 g molŠ1 cmŠ2 [Sen and Thorpe, 1977].

MO is the Oxygen atom mass,� MB the position of the main band (cm Š1) and � Si-O-Si the

inter-tetrahedral angle.

The bands at 490 cmŠ1 and 605 cmŠ1 are called "defect bands", D1 and D2. These

bands have long been described as attributed to the breathing modes of 4 and 3-membered

rings respectively [Galeener and Mikkelsen, 1981].

On “gure 2.3, the blue arrow indicates the measurement of the Half Width at Half

Maximum of the Main band. The D 2 band area measured along this work corresponds

to the hatched area normalized to the main band, D 1 and D2 total area. The details of

the signatures characterization are detailed in the appendix.

The quite large spectroscopic feature around 800 cmŠ1 is still a subject of controversy.

Following McMillan, 1984, this band is attributed either to Si-O stretching or O-Si-O

symmetric stretching. The two bands at 1060 cm Š1 and 1200 cmŠ1 are attributed to LO-

TO asymmetric Si-O stretching modes of the Si-O-Si bond [Sato and McMillan, 1987].

The low frequency band, centered at 60 cmŠ1, is called the boson peak. This charac-

teristic of disordered materials corresponds to an excess of vibrational density of states

compared to the Debye theory. This excess was observed from speci“c heat measure-

ments [Pohl, 1981] and low temperature thermal conductivity [Anderson, 1981, Zeller

and Pohl, 1971], before being also evidenced by neutron - or light - inelastic scatter-

ing [Buchenau et al., 1984].

The origin of this anomaly is still on debate and di � erent models were proposed to

explain the excess of vibrational density of states in the amorphous solids [Karpov et al.,

1983,Galperin et al., 1987,Buchenau et al., 1992,Elliott, 1992,Monaco et al., 2006].

In this thesis, the interpretation of the Boson peak will be based on the empirical

model developed by Eugène Duval, based on the concept of a disrupted elastic network

Duval et al., 1990. The Boson peak would have a structural origin linked to the presence

of elastic inhomogeneities (approximately a few nanometer in size) in the amorphous

structure (“gure 2.4). In a few words, the vibrational modes of these inhomogeneities,

corresponding to the intrinsic vibration frequency of these nanodomains, lead to a mode

accumulation, then to a density of states excess, called the Boson peak. According to

this model, the intensity of the Boson peak would be linked to the contrast between the

cohesive domains and their surroundings: the higher the intensity of the Boson peak,

the higher the contrast.
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2.1 Silica Glass structure

Figure 2.4 … Schematic illustration of a disrupted elastic network according to the

model of Duval et al., 1990. Darker area correspond to nanometric in-

homogeneities with higher elastic constants.

2.1.2 Comparison between fused silica and Ion-Beam sputtered thin

layers

The amorphous silica of interest in this work is deposited by Ion Beam Sputtering (IBS),

and its structure shows some drastic di � erences with the structure of fused silica.

Spectra of two fused silica and one sputtered silica are presented on “gure 2.5. The

second fused silica (in grey) is a recovered densi“ed fused silica from hydrostatic cold

compression up to 14 GPa, with a density of 2.46 g cmŠ3. The comparison shows that

the synthesis process has a strong impact on the glass structure, the IBS-silica featuring

some similarities with densi“ed fused silica.

The main band of sputtered silica is narrower and shifted towards higher frequencies

than fused silica. Indeed, the main band for sputtered silica is centered at 477 ± 1 cmŠ1

with a half width at half maximum (HWHM), measured on the low frequency side of

this band, about 69 ± 5 cmŠ1 compared to fused silica with a HWHM about 120 ± 5 cmŠ1

and centered at 434.7± 0.5 cmŠ1.

The Main Band HWHM and position of the sputtered layer are closer to the one

of densi“ed by cold compression silica ( 	 = 2.46gcmŠ3), which presents a HWHM of

60 ± 4 cmŠ1 and a position centered at 486 ± 1 cmŠ1. As shown by equation (2.1), the

Main Band position of IBS-silica corresponds to an intertetrahedral angle �SiŠO ŠSi �

= 140.7°, lower than the 144° of fused pristine silica. Martinet et al., 2015 found a sim-

ilar angle value for bulk silica densi“ed through hot compression (5 GPa, 750 � C), with

a 2.5 g cmŠ3 density. These two signatures, Main Band position and HWHM, are con-

sistent with a denser structure of the deposited thin “lms. Indeed, the density of the

layers can be deduced from the Main Band HWHM using the curve on “gure 2.6 [Mar-

tinet et al., 2015]. The density was evaluated at 	 = 2.37 ± 0.02gcmŠ3 via this method,

in agreement with the values directly estimated at 	 = 2.33 ± 0.04gcmŠ3 through mea-

surements of the coating mass via a balance, and of the thickness (with a J. A. Woollam
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Figure 2.5 … Raman spectra of fused silica glass [2.20 g cmŠ3](blue), densi“ed fused

silica [2.46 g cm Š3] (grey) and silica deposited by ion beam sputtering

[2.33 g cmŠ3](red).

VASE spectro-ellipsometer).

All of these spectroscopic indications, added to the direct measurement of the density, high-

light the fabrication of dense silica structures by Ion Beam Sputtering compared to the melt-

quenched silica.

The IBS silica glass also shows a strong overlap of the main band and of the D1 band,

and more intense defect bands which are also shifted towards higher frequencies com-

pare to fused silica. As seen on “gure 2.2, the ring statistics of fused silica is peaked

on 6-membered rings. The normalized D 2 area of sputtered silica, with respect to the

Raman spectrum area from 230 cmŠ1 to 700 cmŠ1, is about 6 times larger than in fused

silica, and also larger than the one of densi“ed fused silica. The normalized D 2 area was

shown by [Pasquarello and Car, 1998,Burgin et al., 2008] to be linked to the 3-membered

ring population. A large area of this band indicates a less relaxed structure than in fused

silica [Jin et al., 1994, Dávila et al., 2003]. Martinet et al., 2015 showed that for silica

densi“ed by hot compression, the D 2 band remains very small, while for densi“cation

via cold compression the area gets larger. Opposed to cold compression, the hot com-

pression process allows the glass structure to relax during the augmentation of pressure.

Then, the structure obtained through cold compression would be more stressed than the
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Figure 2.6 … HWHM of the Main Band for fused silica permanently densi“ed via cold

compression compared to their density from Martinet et al., 2015. The

Main Band HWHM of the sputtered silica is highlighted in red. By refer-

ring to this curve, the density of the sputtered layers should be between

2.35 g cmŠ3 and 2.40 g cmŠ3

one retrieved after hot compression and the D 2 band area was explained as a signature

of this stress. Moreover, simulations show that shear stress implies a transformation of

large rings into smaller ones [Shcheblanov et al., 2015]. This is particularly visible with

an increase of the three-membered ring population, highlighted in Raman spectroscopy

by an increase of the D2 band area. This large relative area of the sputtered silica D 2

band then indicates over-stressed layers (internal stress as de“ned by Johari, 2014).

The D2 band corresponding to the breathing mode of 3-membered rings, the Sen and

Thorpe model (see equation 2.1) can also be applied to calculate the �SiŠO ŠSi angle

with the position of the band [Hehlen, 2010]. Using this method, the shift of 6.4 cm Š1

towards higher frequencies indicates a threefold ring puckering, related with a 0 .5° de-

crease of the �SiŠO ŠSi mean angle.

Spectroscopic measurements point to a sputtered layer structure denser and over-stressed com-

pared to fused silica. These results are consistent with previous studies showing that Ion Beam

Sputtering deposition produces highly densi“ed silica coatings [Hirose et al., 2006] [Weiss

et al., 1996] [Martin et al., 1983] [Sainty et al., 1984]. The �Si ŠO ŠSi angle distribution is

narrower and the corresponding average angle is smaller, the structure is closer to densi“ed

fused silica glass. The high intensity of the D2 band seems also to be an important signature

of the deposited silica, highlighting stressed layers.

As the mechanical losses of fused silica are four orders of magnitude lower than the one of sput-
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tered silica [Topp and Cahill, 1996], a sputtered layer with a structure as close as possible to

fused silica is desirable. In order to investigate how to reduce the stress and the density of the

layers, a detailed analysis of the deposition parameter, thickness and annealing parameters,

was conducted.
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2.2 E� ects of the processing method

2.2 E� ects of the processing method

2.2.1 Interaction between substrates and silica layers

The Ion-Beam sputtered silica of interest is deposited on a metallic tantalum tablet (“g-

ure 2.7), in order to eliminate any interfering silica substrate Raman signal as metallic

tantalum has no active modes in Raman spectroscopy. In order to rule out any possible

interpretation of future results in terms of interface e � ect, spectroscopic measurements

were conducted on the same silica sample deposited on two di� erent substrates : fused

silica and metallic Tantalum.

Fused silica 
tablet

IBS layer

Metallic Ta

Figure 2.7 … Schematic view of a typical sample : an Ion Beam Sputtered layer is de-

posited on top of a fused silica tablet with an interfacial metallic Tantalum

layer. The arrows indicate the two areas analyzed for comparison: layer

on fused SiO2 (red) or on metallic Ta (blue).

The limited thickness of the layers (between 1 and 3 µm) prevents an e � ective analysis

of Raman spectra for the sputtered silica deposited on a fused silica substrate. The

Raman spectra seen on “gure 2.8 are obtained with the LabRAM HR spectrometer with

a � = 532 nm wavelength, a x100 OLYMPUS lens and a confocal hole set up at 75 µm.

As shown by the di � erences between the spectra on “gure 2.8, the Raman response

of the layer cannot be clearly separated from the signal from the fused silica tablet.

The Raman spectrum of IBS-silica deposited on fused silica does not correspond to the

spectrum of the layer deposited on metallic Tantalum. The main band contribution

from the substrate deforms the main band of the layer and prevents further analysis.

To check any substrate e� ect on the deposited glass, samples were then analyzed

by ATR-FTIR spectroscopy allowing only the “rst micrometer to be probed compared

to the 3 µm thick coating. Figure 2.9 displays infrared measurements conducted on

the same sample, either deposited on a metallic tantalum tablet or a fused silica sub-

strate. Following Zhang et al., 2015, the band at 800 cm Š1 corresponds to the bend-

ing vibration of Si-O-Si bridges. The two superposed spectroscopic features around

1030 cmŠ1 and 1130 cmŠ1 are interpreted respectively in terms of transverse-optic (TO)

and longitudinal-optic (LO) components of the asymmetric stretching vibration of Si-

O-Si bonds.

The normalized two spectra show no di� erences between the two layers, indicating no struc-

tural di � erences at short distances. Therefore as the substrate has no structural impact on the
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Figure 2.8 … Raman spectra of Ion Beam Sputtered silica layers deposited on metallic

Tantalum (black) or on fused silica (dark blue) compared to the fused silica

substrate spectrum (light blue).
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Figure 2.9 … ATR-FTIR spectra of 3 µm silica layers deposited on metallic tantalum

(black) and on fused silica substrate (blue). Spectra are normalized to

1 for comparison.
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2.2 E� ects of the processing method

layers, Raman measurements will be conducted for the silica layers on metallic tantalum

tablets.

2.2.2 Deposition parameters e � ects

From [Topp and Cahill, 1996], mechanical losses of fused silica are four order of mag-

nitude lower than many other oxides at room temperature. However, in order to get

Bragg mirrors with the optical speci“cation needed in the Gravitational Wave Interfer-

ometers, the IBS technique proved to be the most e� cient. As seen earlier in 2.1.2, the

structures of IBS and fused silica present some di� erences, and the aim of this part is

to “nd out how we can improve the deposition parameters in order to get an IBS-silica

with a structure as close as possible to the one of fused silica.

In the deposition process, a few parameters can be tuned to change the structure of

the deposited compound. As seen in Chapter 1.2, the voltage and the intensity of the

source of the coater allow to tune the energy and the ”ux of the atoms deposited on the

substrate, respectively.

To understand the e� ect of these source parameters, 800 nm thick samples were de-

posited with the Spector for di � erent source voltages Vb (V) and intensities I b (mA) on

fused silica substrates. Table 2.1 presents the four samples deposited using the Spector

coater and their source parameters. The sample S16001 corresponds to the standard

parameters used for every other sample deposited with the Spector in this thesis.

Sample name Voltage Vb (V) Intensity I b (mA)

S16001 (std) 1250 600

S16009 1500 400

S16011 1500 700

S16013 250 150

Table 2.1 … Sample names and the corresponding source parameters (Voltage and In-

tensity) used for their processing. The S16001 (std) corresponds to the

standard conditions used for the deposition of all the Spector samples

studied in this work, if not speci“ed otherwise.

The Raman spectra of these samples (“gure 2.10) present di� erences depending on

the source parameters. The D2 band exhibits the high intensity characteristic of the

sputtered silica layers, with still some variations which are dependent on the source in-

tensity. The position and intensity of the boson peak are also changing with the di � erent

parameters of the source. The main band position, width and shape are evolving with

the di � erent kinds of silica layers. The most signi“cant changes due to the di � erences in
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the source parameters come from the sample S16009, which present a Raman spectrum

with an uncommon shape compared to the others.
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Figure 2.10 … Raman spectra of Spector silica layers deposited with di� erent source

parameters : S16013 in black ( Ib = 150 mA), S16009 in blue ( Ib =

400 mA), S16001 in red ( Ib = 600 mA) and S16011 in green ( Ib = 700 mA).

The asterisks shows the position of the Molybdenum signatures due to

the contamination of the layers in the fabrication process.

The following analysis of the deposition parameters is focusing on the evolution of

the structure with di � erent source intensities.

For the two samples with the lowest source intensity, S16009 and S16013, bands

around 1000 cmŠ1 are clearly developed in contrast to the high source intensity de-

posited layers. These bands can be explained by two di� erent ways. The grids acceler-

ating the argon ions are made from Molybdenum. If the ion beam is not well focused,

molybdenum atoms are pulled o � and contaminate the deposited substrate. The sig-

nature around 1000 cm Š1 could be coherent with this kind of contamination as Raman

bands of this element can appear at this frequency, corresponding to stretching modes of

the MoO3 structure. Two bands at 360 cmŠ1 and 490 cmŠ1 (shown by the asterisks on “g-

ure 2.10) are also noticeable and are characteristic of the Molybdenum, corresponding to

Mo-O bending modes [Thielemann et al., 2011,Thielemann and Hess, 2013,Verbruggen
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2.2 E� ects of the processing method

et al., 1994,Payen et al., 1992]. A 3 µm silica sample (annealed 70 hours at Ta = 500 � C)

with a small band around 1000 cm Š1 was analyzed by Rutherford Backscattering (IPNL)

(“gure 2.11). A small plateau is visible at the expected channels corresponding to atoms

around the Molybdenum size, reinforcing the hypothesis of a Molybdenum contamina-

tion of the samples. This signature could also come from Si-OH bonds forming at the

surface of the samples after the deposition process. [Mulder and Damen, 1987] showed

that vibrations at 980 cm Š1 can be due to symmetric stretch vibrations of silanol groups.

However, in the case of silanol groups, this signature must be coupled with a band at

3750 cmŠ1 characteristic of the O-H vibrations. This was veri“ed by ATR-FTIR and no

spectroscopic signatures were found at the frequencies corresponding to -OH bonds vi-

brations. The spectroscopic feature around 1000 cmŠ1 is then most probably linked to

a Molybdenum contamination of the layers, coherent with the fact that this band seems

to be only dependent on the source parameters.
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Figure 2.11 … RBS spectrum of a sputtered SiO2 3 µm thick Spector sample, annealed

at Ta = 500 � C during 70 hours. The area of interest is presented in the

inset, with the blue line corresponding to simulations done with the SIM-

NRA software, and in black the experimental results. The step corre-

sponding to Molybdenum is shown by the EMo line, and EO corresponds

to the Oxygen step.
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Raman bands evolution

From “gure 2.10, one can see the di� culty to extract reliable quantitative positions

and HWHM for the main band. Also, due to the high quantity of Molybdenum, the

quantitative analysis of the Main Band proves to be even more di � cult for the sample

S16009. However, qualitatively we can observe on “gure 2.10 a shift of the Main Band

and D1 positions for the sample S16013, deposited with the lowest source intensity.

Figure 2.12 presents the evolution of the D 1 band position as a function of the coater

source intensity. When the source intensity increases, the D1 band shifts towards higher

frequencies, indicating a tendency of the 4-membered rings to shrink as the intensity

increases. The large error bar on the S16009 sample comes from the deformation of the

main band due to the non-trivial quantity of Molybdenum in the layer.
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Figure 2.12 … D1 band position following the intensity of the source.

The evolution of the D 2 band position and relative area are depicted on “gure 2.13

and present a correlation with the source intensity. Indeed, its position shifts towards

lower frequencies with lower source intensities, indicating an opening of the 3-membered

rings structure. The relative area of the D 2 band is also correlated with the source in-

tensity. The higher the source intensity, the higher the three-fold population, indicating

a highly stressed structure [Martinet et al., 2015].

Figure 2.14 presents the evolution of the position and Raman intensity of the Boson

peak for di � erent source intensities. The position of the band does not seem to evolve

with the source intensity, the only exception coming from the sample S16009 whose po-

sition is 11 cm Š1 lower than the other samples. Unlike the position, the Raman intensity

of the Boson peak is clearly correlated with the source intensity. When the intensity

of the coater source decreases, the Boson peak intensity also decreases, corresponding

to a smaller contrast between the cohesive domains, hence a more homogeneous elastic

disorder.
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Figure 2.13 … Position and area of the D2 band compare to the intensity of the Coater•s

source.
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Figure 2.14 … Boson peak position and intensity compared to the Spector•s source

intensity.

These results show the e� ect of the intensity of the coater source on the structure. A low in-

tensity seems to induce a more relaxed structure, with a smaller population of three-membered

rings compared to high intensity deposition. A link seems to exist between the internal stress

of the structure and the coater source intensity. However, the sample studied are deposited

with di � erent source voltage, and a more systematic study is needed. The focusing of the beam

exiting the source is also essential to avoid any contamination of the samples by Molybdenum,

the presence of this element inducing a strong deformation of the Raman spectra.
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Chapter 2 Silica glass

2.3 E� ect of the annealing on the structure

Due to the fabrication processes of glasses or amorphous solids, residual stress are usu-

ally present in the solid•s structure. For quenched glasses, this stress comes mainly from

the di � erences between the cooling rates at the surface and inside the glass [Zarzycki,

1982]. In the case of physical vapor deposition, thermal stresses comes from di� erent

thermal expansion coe� cients between substrates and coatings, while intrinsic stresses

may originate from the distortion of the surface of the coatings due to the bombardment

of energetic particles [Pauleau, 2001]. The most common way to reduce these stresses

is to apply a thermal treatment to the produced non-crystalline solid. The annealing

is usually done at a temperature close to the transformation temperature during a time

long enough to allow the elimination of the stresses [Zarzycki, 1982].

Concerning the mirror coatings, after the deposition process the layers are annealed

at Ta = 500 � C during ten hours. This annealing, at a temperature much lower than the

glass transition temperature of the fused silica glass Tg = 1200 � C, induces a stabilization

of the optical properties, with a decrease of the layers absorption and mechanical losses

[Penn et al., 2003].

As the annealing is reducing the losses, we studied the e� ect of this thermal treatment

to look at a possible microscopic origin of the losses. Two samples deposited in di � er-

ent coaters were annealed and the evolution of the di � erent spectroscopic signatures

characteristic of the structure are compared to the mechanical losses.

2.3.1 Annealing of a Spector sample

The annealing was repeated for a 3 µm thick sample of ion beam sputtered silica with 6

cumulative annealing times, ranging from 5 to 305 hours.

Figure 2.15 presents the evolution of the mechanical losses of the coatings depending

on the annealing time. As measured by the Gentle Nodal Suspension (Chapter 1.3.2),

the global losses of the coating sample are obtained by averaging the results of the me-

chanical characterization with respect to the mode frequency for each annealing time.

The mechanical losses exhibit a quick decrease (80 %) during the “rst few hours, and

seem to be decreasing at a slower rate even after 305 hours of annealing. Since the coat-

ing losses decrease with annealing, the structure was probed by Raman, Brillouin and

Infrared spectroscopies to “nd if there is a structural microscopic origin of the losses.

The Raman spectra of these thermally treated silica layers are presented in “gure 2.16.

As a general trend, the annealing induces lower relative intensities for the boson peak

and the D2 band. The boson peak width increases with the annealing time, coupled

with a shift of its position towards higher frequencies. All the remaining spectroscopic

signatures of interest (MB, D 1, D2) are shifting towards lower frequencies, and the main
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Figure 2.15 … Mechanical losses of the silica layer for the not annealed sample and

six di� erent annealing times ranging from 5 to 305 hours.

band width increases with annealing. After the “rst annealing, a band appears around

950 cmŠ1. This signature could be assigned to Si-OH bonds, appearing due to the an-

nealing under normal atmosphere.

Spectroscopic signatures evolution

Figure 2.17 displays the evolution of the main band position with annealing. It shows

a signi“cant shift towards low frequencies over the “rst 30 hours, then slows down

to be still decreasing after 305 hours. The position goes from 477 ± 3 cmŠ1 for the as-

deposited “lm to 466 ± 1 cmŠ1 after 305 hours of annealing. According to equation

2.1, it corresponds to an increase of the intertetrahedral angles from 140 .7° to 141.6°.

This Si-O-Si angle opening can be linked to a density decrease [Martinet et al., 2015].

The quite large error bars for these values come from the fact that the D 1 band is not

clearly separated from the main band. On “gure 2.17 the Half-Width at Half Maximum

(HWHM), measured on the low frequency side of the main band, demonstrates a rapid

increase during the “rst few hours, reaching a plateau around 83 ± 3 cmŠ1. Compared

to fused silica which displays a HWHM around 120 cm Š1, the layers exhibit a small

intertetrahedral angle distribution and the annealed “lms are more homogeneous in

terms of intertetrahedral angles. From “gure 2.6, an increase of the Main Band HWHM

implies also a density decreasing. Indeed, from a 	 0 = 2.37 ± 0.03 g cmŠ3 estimated be-

fore annealing, the density extracted from this calibration after annealing is 	 annealed=

2.32± 0.02 g cmŠ3. The angle opening of the intertetrahedral angles and its distribu-
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Figure 2.16 … Raman spectra of layers annealed atTa = 500 � C (5h = red, 10h = blue,

30h = pink, 70h = green, 189h = dark blue, 305h = violet ) compared to

the one of an as-deposited layer (in black) and normalized by the main

band intensity.

tion may be linked to the mechanical losses. However, due to large error bars, no clear

correlation could be de“ned, especially for the Main Band position.

The evolution of the D 1 and D2 band positions with annealing are presented on “gure

2.18. The D2 position is shifted from 610 ± 1 cmŠ1 before annealing to 607 ± 1 cmŠ1 after

305 hours. Though very weak (0.5 %), this shift toward lower frequencies is signi“cant

and is explained by an opening of the threefold rings structure.

The evolution of the four-membered rings signature (“gure 2.18) is more di � cult

to quantify, since the D 1 band is not clearly separated from the main band, leading

to larger error bars. The annealing also induces for this D 1 band a weak shift toward

lower frequencies. After only 30 hours a plateau is reached at 499 ± 1 cmŠ1, only 0.8 %

lower than the initial position at 503 ± 2 cmŠ1. As for the D 2 band, a shift toward lower

frequencies is explained by less puckered rings, four-fold structure in the case of the
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Figure 2.17 … Main band characteristics : position and Half-Width at Half-Maximum

(HWHM) compared to the annealing time.

D1 band. Due to large error bars on the D 1 band position, a correlation between this

position and the coating losses is not clear.
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Figure 2.18 … Position of the D1 and D2 band following the annealing time.

The evolution of the relative D 2 band area normalized to the total area of the spec-

trum between 230 cm Š1 and 700 cmŠ1 can be seen on 2.19 as a function of the annealing

time and of the coating losses. This area is decreasing with annealing from 13.2 ± 0.2%

to 6.4 ± 0.2% heading towards the value of fused silica at 2 .3%. As we have seen earlier,

the D2 relative area is correlated to the 3-fold ring population, which means that the

heat treatment of the layers leads to a signi“cant diminution of this population. Indeed,

during the “rst “ve hours of annealing, the relative area exhibits a 30 % decrease, reach-

ing a 50 % decrease after a 305 hours heat treatment. The normalized D2 area decrease

follows a stretched exponential law, with 
 = 6.3±1.1h. In contrast with the evolution of
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the main band characteristics, the D 2 area presents a clear non trivial correlation with

the coating losses. The larger the area of the D2 band, the higher the coating losses.

This correlation is however hindered by the relaxation rates for these two mechanisms.

Indeed, when “tted by a stretched exponential function, the mechanical losses exhibit

a relaxation time 
 = 5 ± 2 minutes, much smaller than the 6 hours calculated from the

D2 area evolution.
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Figure 2.19 … D2 band relative area as a function of the annealing time and coating

losses.

Recent molecular-dynamics simulations [Hamdan et al., 2014] established that me-

chanical losses come from the twisting of chains of few tens of SiO 4 tetrahedra, with

each one ”ipping with respect to its neighbors via rotation and stretching of Si-O bonds.

Figure 2.20 shows the structure involved in this transition, with the involved atoms ex-

hibited in colors. Between 10 and 100 atoms could be involved in this reorganization,

which allows the system to explore the potential energy landscape and achieve lower

local potential energy minima. However, no investigation of the ring population inside

these chains was done yet.

The relaxation mechanisms that are active in energy dissipation at room temperature

and at acoustic frequencies should have a barrier height of about 0.5 eV [Gilroy and

Phillips, 1981]. From [Barrio et al., 1993,Shimodaira et al., 2006], the activation energy

of the three-membered rings was measured around 0.43 eV. Annealing could reduce

the density of metastable states with a barrier of 0.5 eV, by increasing the number of

states with a lower activation energy. This is also suggested by the increase of the D1

intensity, corresponding to an increase of the 4-membered ring population having an

activation energy Ea = 0.14eV [Galeener, 1985]. The correlation between the evolution

of the D 2 area and the mechanical losses could be explained by these similar activation

energies. However, there is an important di � erence between the characteristic evolution

68



2.3 E� ect of the annealing on the structure

Figure 2.20 … Simulations conducted by [Hamdan et al., 2014], showing the con“gu-

ration of the local minima for a two level system of silica involving 21

atoms. The Si atoms and O atoms in grey are not involved in the tran-

sition. (a) represents the atoms in their “rst local energy minima. (c)

represents the second minimum of the same atoms and (b) highlights

the two con“gurations di � erences by overlaying them.

times with annealing, suggesting that the mechanical losses are not exclusively driven

by the 3-membered rings.

Figure 2.21 shows the evolution of the Boson peak for di � erent annealing times. The

evolution is a decrease of the relative intensity coupled with a slight shift towards higher

frequencies with annealing. [Deschamps, 2009] showed that a fused silica glass, densi-

“ed by cold compression, presents a Boson peak shifted towards higher frequencies

while its intensity decreased. With the annealing, we would then expect a shift towards

lower frequencies as the density of the layers decreases. However, on “gure 2.22, the low

frequency band position of the annealed layers is shifting towards higher frequencies

with cumulative annealing time.

The relative area of the Boson peak (“gure 2.22) decreases during the “rst few hours

of annealing, indicating that the layers gets more homogeneous in terms of elastic con-

stants with the annealing. Contrary to the evolution of the position, the relative inten-

sity is in agreement with the other measurements done by cold compression on fused

silica glass. This result is nonetheless tempered by the changing intensity of the de-

pression around 20 cmŠ1. These di� erences between the not-annealed layer and the

annealed layers could come from another contribution and could deform the results.

Indeed, for energies slightly lower than the one of the Boson peak, a quasi-elastic signal

can be measured in Raman spectroscopy. This signal, centered on 0 cmŠ1, is associated

with fast relaxations (close to picosecond) and gets more and more important when

temperature increases [Terki et al., 1999].

To complete the structural characterization at a larger scale and look at the macro-

scopic properties, Brillouin measurements were also conducted on the annealed lay-

ers (spectra on “gure 2.23). The position of the Brillouin peaks for each annealing
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Figure 2.21 … Boson peak for every annealing time (5h = red, 10h = blue, 30h = pink,

70h = green, 189h = dark blue, 305h = violet) compared to the one of

as-deposited layer (in black).
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Figure 2.22 … Boson peak position and relative area as a function of the annealing

time for the silica layers.

time are presented on “gure 2.24 in parallel to their spectra compared to fused sil-

ica. The Brillouin peak position is shifting from 35.8 ± 0.1 GHz to 35.1 ± 0.1 GHz dur-

ing the 305 hours of annealing, corresponding to a decrease of the longitudinal speed

(eqn. 1.27). For comparison, the position of the Brillouin peak for fused silica is around

32.5± 0.1 GHz. The shift occurs faster during the “rst 30 hours of annealing than for
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2.3 E� ect of the annealing on the structure

longer annealing times. As the density also decreases, from equation 1.28, the longitudi-

nal elastic coe� cient also decreases with increasing annealing time, however the error

bars are too important for this evolution to be signi“cant. Indeed, before annealing

c11 = 98 ± 2GPa, when after a 10 hour annealing this value is only slightly lower with

c11 = 93 ± 6GPa. These elastic coe� cients are in agreement with the c11 = 85 ± 3GPa

found by [Knapp et al., 2015] for silica deposited by physical vapor deposition and

characterized by a density 	 = 2.35 ± 0.08gcmŠ3.
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Figure 2.23 … Brillouin spectra of the annealed silica layers (5h = red, 10h = blue,

30h = pink, 189h = dark blue, 305h = violet) and the as-deposited layer

(black), compared to fused-silica (light blue).

The infrared position measurements done on the samples are presented on “gure

2.25, with the position of the band around 1000 cm Š1 corresponding to transverse-optic

(TO) component of the asymmetric stretching vibration of Si-O-Si bridges [Zhang et al.,

2015]. This band shifts towards higher frequencies with the annealing time, corre-

sponding to an opening of the Si-O-Si angles [Hirose et al., 2006], in agreement with

the results given by the main band position in Raman spectroscopy. Compared to the

coating losses, this TO mode is shifting towards higher frequencies when the coating

losses decreases. The evolution of the TO component could be linked to the mechanical

losses by the Si-O-Si bonds between the SiO4 tetrahedra reorganizing, corresponding to

the SiO4 chains ”ipping [Hamdan et al., 2014].

As IBS-SiO2 presents a structure closer to densi“ed fused SiO2 than pristine fused

SiO2, and from the last results, table 2.2 compares the evolution of fused silica under
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Figure 2.24 … Position of the Brillouin peak following the annealing time and the coat-

ing losses.
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Figure 2.25 … Position of the 1000 cmŠ1 Infrared band (TO asymmetric stretching of

the Si-O-Si bonds) following the annealing time.

high pressure and IBS-silica with annealing. Every signature evolves in opposite di-

rection as annealing induces a density decrease, while high pressure does the opposite.

The only exception comes from the low frequency band. With compression, this band

shifts towards higher frequencies and decreases in intensity, interpreted as a diminution

of the inhomogeneities size and accompanied by an homogenization of the structure.

The same e� ect is visible with the annealing of the IBS-silica glass, while the structure

relaxes towards the structure of fused silica glass. The glass seems to become more

homogeneous.

These structural evolutions are induced by an annealing at a temperatureTa much lower

than the fused silica glass transition temperatureTg, during short times compared to usual

relaxation times in silica glass. They indicates an over-stressed structure needing only low

energy activation to reorganize itself. Following these results, the annealing induces a stress
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2.3 E� ect of the annealing on the structure

Fused Silica with High Pressure IBS-silica with annealing

Main band position � �

Main band HWHM* � �

D1 position � �

D2 position � �

D2 area � �

Boson peak position � �

Boson peak intensity � �

Density � �

Table 2.2 … Comparison of the di� erent silica spectroscopic signatures evolution be-

tween high pressure compression and annealing. As annealing and com-

pression are opposite process, the spectroscopic signatures are expected

to evolve in opposite directions. The only exception comes from the Boson

peak evolution. Results on fused silica under compression are from [De-

schamps, 2009]. *The MB HWHM is linked with the density as shown by

Martinet et al., 2015.

relaxation with a decrease of the D2 band added to an opening of the intertetrahedral angles

and an homogenization in terms of elastic nanostructure of the silica layers. The mechanical

losses seem to be followed by the 3-membered ring population, and maybe remotely by the

intertetrahedal angles distribution.

2.3.2 Annealing of a Grand Coater sample

The annealing study was previously done on a 3 µm silica sample deposited using the

Spector coater. Yet in Chapter 2.2.2, the impact of the source parameters and of the

coater geometry were highlighted. To investigate how the evolution of the structure

with annealing depends on the initial structure, the study formerly conducted on the

3 µm sample from the Spector was repeated on a 800 nm sample, deposited in standard

conditions of the Grand Coater (GC). Measurements on Spector samples of di� erent

thicknesses were conducted and no thickness e� ects could be highlighted, the results

are then only due to the deposition parameters.

The mechanical losses of the as-deposited GC sample,� GC = 1.37 ± 0.12× 10Š4 are

three times lower than the losses of the as-deposited Spector sample,� S = 4.65 ± 0.24× 10Š4.

The di� erences between the two coaters originate in the geometry of the setups. Indeed,

with a volume of the Grand Coater chamber 20 times greater than the Spector, the atoms

pulled o � the target have a greater distance to cross before reaching the substrate, in-

ducing di � erent deposition parameters.
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Figure 2.26 compares the Raman spectra of the previously studied Spector sample to

the 800 nm thick sample from the Grand Coater. Both spectra have similar main band

positions and HWHM. The Grand Coater layer also exhibits a more intense Boson peak

shifted towards higher frequencies, corresponding to the same e� ect than densi“cation,

and a smaller D2 band compared to the Spector thin “lm. These signatures may be inter-

preted in terms of a more relaxed structure for the layers deposited in the Grand Coater,

added to a less homogeneous structure at the nanometric scale. An increased level of

noise is noticeable on the Boson peak of the GC sample compared to the Spector, corre-

sponding to the air spectrum, induced by the di � erences between the thicknesses of the

samples.
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Figure 2.26 … Raman spectra of Grand Coater (GC) and Spector silica layers. The dif-

ferences in the level of noise come from the di � erent thicknesses of the

two samples, the GC sample being three times thinner than the Spector

one.

Figure 2.27 presents the Raman spectra of the samples annealed during di� erent cu-

mulative times of the Grand Coater silica. The evolution seems to be similar to that

of the Spector annealed sample (“gure 2.16), with the widening of the main band, the

decrease of the D2 band intensity and the increase of the D 1 intensity with annealing.

Figure 2.28 shows the evolution of the di � erent spectroscopic features with anneal-

ing. Apart from the Boson peak, every spectroscopic signature analyzed presents no

evolution after the “rst 5 hours of annealing. The main band position cannot be quan-

titatively measured with these samples as this signature overlaps with the D 1 band pre-
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Figure 2.27 … Raman spectra of 800 nm silica layers deposited in the Grand Coater

and annealed from 0 to 130 hours (Not annealed in black, 5 hours in

yellow, 10h in red, 30h in blue, 130h in green).

venting any deconvolution of the main band position, or any quantitative analysis of the

D1 band relative intensity. If we compare the evolution of the Spector and the Grand

Coater silica layers after 30 hours of annealing (table 2.3), the spectroscopic signatures

evolve in similar ways. The annealing induces in both cases a small opening of the three

and four membered rings with a population of the three-fold structures decreasing with

the annealing, implying less stressed structures. In the case of the Grand Coater, only

a 28% decrease is noticeable, smaller than the 40% decrease with the Spector sample,

which can be explained by a more relaxed initial structure of the GC sample. The Boson

peak position also presents a smaller relative shift with annealing, to reach approxi-

mately the same “nal position than the Spector samples. However, the Boson peak area

does not evolve indicating no clear homogenization of the silica layer.

Figure 2.29 shows the area of the D2 band for the non annealed Grand Coater sample

and fused silica compared to the Spector sample, as a function of the coating losses. The

correlation between the mechanical losses and the three-membered rings population

still holds even with di � erent kinds of silica.

These results are in agreement with the previous measurements on the 3 µm sample de-
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Figure 2.28 … Evolution of the position and relative area of the D2 band for the 800 nm

silica coating as a function of annealing (top). Position of the D 1 band

and position of the Boson peak depending also on the annealing time

(bottom).

posited in the Spector. The same evolution with annealing towards a more relaxed structure

was highlighted with a ring statistics shifting towards larger rings. Moreover, the initial

Grand Coater structure being more relaxed, it allows a “nal state, after the annealing, with a

less stressed structure than at the end of the Spector sample•s annealing.
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Spector Grand Coater
Fused SiO2

0h 30h 0h 30h

D1 position (cm Š1)
502± 3 498± 2 499± 1 493± 1

488.1 ± 0.2
Š0.8% Š1.2%

D2 position (cm Š1)
610± 1 607± 1 607.4 ± 0.5 603.7 ± 0.5

602.0 ± 0.2
Š0.5% Š0.6%

D2 area (%)
13.2 ± 0.2 7.9 ± 0.2 10.2 ± 0.5 7.4 ± 0.5

2.0 ± 0.3
Š40% Š27.5%

Boson peak

position (cm Š1)

70 ± 2 87 ± 3 80 ± 2 88 ± 2
60 ± 1

+24% +10.6%

Table 2.3 … Evolution after 30 hours of annealing of the spectroscopic signature for

the Spector and the Grand Coater silica layers, compared to the features

of fused silica.
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Figure 2.29 … Comparison between the D2 area of the Spector silica layers (black),

Grand Coater silica layers (red) and fused silica (red) following the me-

chanical losses.
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2.3.3 Conclusion on the general e � ect of the annealing

The evolution with annealing of the structure of two silica layers deposited in di � erent

coaters were presented. An annealing at a temperature much lower than the glass tran-

sition temperature of the fused oxide, and during a short time compared to the usual

relaxation times for fused oxides, is enough to cause a great evolution of the structure.

Indeed, for both structures, the D 2 band area presents a strong decrease in only 5 hours,

with every band position shifting towards lower frequencies, apart from the low fre-

quency band evolving in the opposite direction. The Spector and Grand Coater silica

layers present the same structural evolution with annealing. The ring statistics evolve

with the annealing, the three-membered rings population decreases rapidly while the

four-membered rings population seems to increase. An opening of the intertetrahe-

dral angles, added to a widening of these angles distribution, is also observed for the

two di � erent samples. Then, from these spectroscopic features, the annealing induces

a relaxation of the structure, with the main band and defect bands evolving towards

the fused silica structure. The mechanical losses were found to be correlated with the

three-membered rings population, while not driven by this population, which could

be explained by the similarities between the activation energies of the mechanisms at

stake.
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2.4 Conclusion

The structure of IBS-silica has been studied, depending on the deposition parameters

and annealing processes, and compared to the mechanical losses.

Ion Beam Sputtered deposition leads to dense and internally stressed silica glass lay-

ers, presenting an unusual high population of three-membered rings compared to fused

silica.

One way to reduce the coatings stresses is to tune the coater source parameters. By

decreasing the intensity of the source, the ring statistics shifts towards larger units with

a decrease of the three-membered ring population. However, a contamination of the

coatings by Molybdenum atoms, coming from the coater acceleration grids, was high-

lighted, hindering the results.

Due to the high internal stress of the layers, sputtered silica relaxes easily towards

a less dense and less stressed structure, even if the annealing temperature is low com-

pared to the glass transition temperature, and for short times compared to the relaxation

times of fused silica. The 3-membered ring population was found to be correlated with

the coatings mechanical losses, even for di� erent deposition parameters, which could

be explained by the similar activation energies.

To further look for the microstructural origin of the loss, we will pursue the study

on the high index material composing the Bragg mirrors : TiO 2-doped Ta2O5 non-

crystalline layers, starting by the characterization of Ta 2O5.
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Chapter 3

Tantalum pentoxide

The high index material used in the Bragg mirrors of the LIGO and VIRGO Gravita-

tional Waves Detectors is composed of TiO2-doped Ta2O5. This mixed oxide was cho-

sen along silica for its high refractive index at 1064 nm, and because low mechanical

and optical loss are exhibited by the layers, as required by the detectors speci“cations.

Tantalum oxides, outside the GWD domain, are also used in electronics due to inter-

esting electric and dielectric properties [Lin et al., 1999]. For example, they present ex-

cellent optical properties and produce strong glass when mixed with alumina [Rosales-

Sosa et al., 2015], and are also used as coatings resistant to corrosion [Zhou et al., 2005].

The structure of this non-crystalline oxide remains unclear, molecular simulations

being developed in systems small compared to the typical length scale of this material,

and with very high quenching rates (10 13 K sŠ1) [Bassiri et al., 2013].

Recent studies showed that a TiO2-doping between 15-25% of the Tantalum pen-

toxide layers reduces the loss by 20-40% [Harry et al., 2007]. Yet the origin of this

mechanisms remains obscure, despite recent work showing that they could originate at

medium range order [Trinastic et al., 2016].

In this Chapter, the Tantalum pentoxide structure will be explored, with a parallel

study to the one conducted on silica. Indeed, the e� ect of annealing will be investigated.

Moreover, to push further the characterization of this complex structure, a high pressure

study was conducted on crystalline and non-crystalline layers. Finally, we will come

back closer to the structure of the mirrors coatings, by studying the e � ect of the TiO 2-

doping.

3.1 Crystalline and amorphous structure

Crystalline structure

Di � erent polymorphs of crystalline Tantalum pentoxide are presented in the literature,

corresponding to low-temperature (L-Ta 2O5) and high-temperature phases (H-Ta2O5),
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with di � erent polymorphs in each phase [Wu et al., 2011,Balachandran and Eror, 1982,

Terao, 1967]. At ambient pressure, the L-Ta2O5 polymorph undergoes a phase transfor-

mation to a H-Ta 2O5 around 1300 � C [Balachandran and Eror, 1982, Terao, 1967] with

di � erent possible structural variations (monoclinic, orthorhombic or tetragonal cells).

The most commonly observed and studied crystalline structure is the low tempera-

ture polymorph � -Ta2O5. Other low temperature polymorphs exist, such as the � -Ta2O5

which presents a tetragonal structure, or � -Ta2O5 with a centered-face cubic structure.

Every crystalline sample studied in this work presents a � -Ta2O5 structure as compared

with [Balachandran and Eror, 1982], we will then focus on this polymorph. The crys-

talline structure of the � polymorph is not uniquely determined, even though the major

part of the studies agree on an orthorombic structure [Sahu and Kleinman, 2004,Terao,

1967, Dobal et al., 2000, Aleshina and Loginova, 2002]. The di � culty of de“ning the

crystalline structure of this oxide is mainly due to the important size of the unit cells,

presenting no simple symmetry.

A common consensus describes the structure as a chain of corner and edge-sharing

distorted TaO 6 octahedra and TaO7 pentagonal bipyramids [Balachandran and Eror,

1982,Lü et al., 2013,Guo and Robertson, 2015,Joseph et al., 2012]. First-neighbor inter-

atomic distances are around 1.95 Å for Ta-O bonds, and between 3.5 Å and 4 Å for Ta-Ta

bonds [Sahu and Kleinman, 2004]. In the unit cell, if we consider the one presented

by [Lü et al., 2013], polyhedra are connected by one oxygen along the b-axis, and by

one or two oxygens (corner or edge) along the a and c axis (“gure 3.1). The density

of � -Ta2O5 is close to 8.39 g cmŠ3 with a Young•s modulus around 180 GPa [Wu et al.,

2011].

Figure 3.1 … One possible schematic view of the� -Ta2O5 unit cell [Lü et al., 2013],

view along c axis (up) and b axis (down). The unit cell presents edge- and

corner-shared TaO 6 and TaO7 units.
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3.1 Crystalline and amorphous structure

Amorphous structure

The tantalum pentoxide processed at the LMA, and studied here, consists of thin non-

crystalline “lms about 3 µm thick. The structure of the amorphous tantalum pentoxide

(a-Ta2O5), represented on “gure 3.2, is close to the crystal, and only small modi“ca-

tions in the amorphous structure allow to reach a crystalline one. Indeed, in a-Ta 2O5

as described by [Damart et al., 2016, Bassiri et al., 2016, Guo and Robertson, 2015], the

“rst-neighbor atoms of each tantalum are oxygen atoms, forming a chain-like structure

of polyhedra similar to the crystalline structure. Table 3.1 presents the coordination

numbers for the Tantalum and Oxygen atoms. Around 70 % of the tantalum atoms are

surrounded by six oxygen atoms, forming Ta-centered octahedra, and around 30 % are

surrounded by “ve oxygen atoms, forming bipyramids. The proportion of TaO 7 is much

smaller compared to the crystalline structure, and two new kind of oxygen cages exist

in the amorphous one : TaO4 and TaO5.

Tantalum % Oxygen %

Coord. 4 0.5 Coord. 2 69.9

Coord. 5 28.5 Coord. 3 30.1

Coord. 6 69.4

Coord. 7 1.6

Table 3.1 … Average coordination numbers in amorphous Ta2O5 for the “rst-neighbor

Ta-O bonds (from Damart 2016 [Damart et al., 2016]).

Most of these polyhedra are linked by vertex, but they can also be linked together by

edge or face as required by stoichiometry. Links by an edge or a face between polyhedra

correspond to the 2 or 3 oxygen atoms shared by 2 tantalum atoms.

These structural arrangements do not follow the rules from [Zachariasen, 1932]. In-

deed, there are too many oxygen atoms around the Tantalum and they can be linked

to more than two cations. Moreover, the di � erent polyhedra can be linked by edges or

faces, which does not correspond to the de“nition of a glass. We can then conclude that

the non-crystalline form of Tantalum pentoxide is an amorphous solid and not a glass.

The inner structure of the polyhedra is quite ordered with �O ŠTaŠO angles centered

on 90° and 180°. The connectivity is however less ordered, with a broad distribution

of �TaŠO ŠTa angles. A peak at 105° can be linked to the oxygen atoms having three

tantalum neighbors, and the distribution between 120° and 180° is correlated with the

oxygen linked to two tantalum atoms.

The inter-atomic bonds are similar to the ones of the crystalline structure. Damart et

al. simulated these bond lengths, which are around 1.92 Å for the Ta-O bonds, 3.76 Å

for the Ta-Ta bonds and 2.76 Å for the O-O bonds [Damart et al., 2016], similar to ex-
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Figure 3.2 … Schematic view of the amorphous structure of tantalum pentoxide from

Damart 2016 [Damart et al., 2016]. The network structure of the amor-

phous is mostly composed by TaO6 polyhedra (Ta atoms in brown, O

atoms in red) linked either by vertex, edge or face.

perimental values [Bassiri et al., 2015].

To our knowledge, no bulk amorphous samples were synthesized yet. The tantalum

pentoxide thin “lms studied here have a density close to 7.6 ± 0.1 g cmŠ3. The experi-

mental Young•s modulus of the studied thin “lms was measured around 110 GPa via the

mechanical losses measurements at the LMA. Simulation indicated a Young•s modulus

of 140 GPa [Damart et al., 2016], closer to the experimental values on “lms deposited

by magnetron sputtering around 140 ± 15 GPa [Alcalá et al., 2002].

Raman spectra

As for the silica study, the main tool used to probe the structure of the Tantalum oxide

layers was Raman spectroscopy. This analysis method gives insight on the vibrational

modes of the short and medium range order structure. One way to understand the link

between the structure and Raman signatures is to explore the vibrational density of

states (vdos) via simulations. The di� erence between the two spectra comes from the

fact that the VDOS covers all possible vibration modes in the structure, while selection

rules apply in Raman scattering.

The vibrational density of states of amorphous Tantalum pentoxide was simulated

by [Damart et al., 2016], and is compared on “gure 3.3 to the experimental Raman

spectrum of crystalline and amorphous Tantalum Pentoxide. The amorphous spectrum

being very similar to the VDOS, most of the vibrational modes seem to be active in

Raman spectroscopy for this material. Inactive modes in Raman may be located around

170 cmŠ1, between 300 and 500 cmŠ1 and in the shoulder above 800 cmŠ1.

The crystalline spectrum is also quite similar to the amorphous one. This is mainly

due to the similarities between the two structures, and the complexity of the crystalline
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Figure 3.3 … Simulated vibrational density of states by molecular dynamics [Damart

et al., 2016], compared to the Raman spectra of Amorphous Ta 2O5 and

crystalline Ta 2O5.

cells. The crystalline spectrum presents only slightly thinner signatures compared to

the amorphous one, with overlaid large bands. This spectrum was compared to those

of other crystalline samples found in the literature and correspond to � -Ta2O5 [Joseph

et al., 2012, Balachandran and Eror, 1982]. From the Raman spectra, every crystalline

sample studied in this work is � -Ta2O5.

The vibrational density of states can be decomposed in di � erent vibrational modes,

coming from the various atoms and structures present in the sample. The partial vi-

brational density of states can be seen on “gure 3.4, with the partial VDOS of the oxy-

gen atoms decomposed into rocking, stretching and bending of the O-2Ta and O-3Ta

bonds (as shown on “gure 3.5). The Raman band attribution found in the literature, for

crystalline and amorphous tantalum pentoxide, describes possible attribution for large

areas without de“ning exactly each Raman peak [Balachandran and Eror, 1982, Joseph

et al., 2012,Dobal et al., 2000,Ono et al., 2001,Tsuchiya et al., 2011]. These attributions
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are correlated with the decomposed VDOS from [Damart et al., 2016], and the vague

attribution is consistent with the overlapping bands of each vibrational mode.
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Figure 3.4 … Partial vibrational density of states in Ta2O5 with the decomposition into

the rocking, bending and stretching modes of O-2Ta and O-3Ta bonds

[Damart et al., 2016].

Figure 3.5 … O-2Ta and O-3Ta bonds with the vectors de“ning rocking, bending and

stretching vibration modes [Damart et al., 2016].

The band attribution used in this work and found via the VDOS comparison with
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literature is resumed on table 3.2. The attribution will be the same for crystalline and

amorphous structure, considering the imprecise band attribution and the resemblance

between the spectra and the structures. For the amorphous spectrum, the low frequency

band, between 50 cmŠ1 and 150 cmŠ1, may also be coupled with the Boson peak, which

is a characteristic of all non-crystalline samples and which should appear in the same

frequency range. However, due to the presence of a low frequency band also in the crys-

talline spectrum, the di � erentiation of the Tantalum and Boson signatures is complex. A

more speci“c band attribution will be necessary in the future to discriminate the origin

of the multiple peaks in the crystalline spectra, in order to get a better understanding

of the experimental results.

Above 200 cmŠ1, vibrations come from the oxygen atoms• displacement. Apart from

the shoulder above 770 cmŠ1 which seems to be dominated by the O-2Ta stretching,

other bands are a convolution of rocking, bending and stretching of the O-2Ta and O-

3Ta units. The large band centered at 680 cmŠ1 will be called "main band" (MB) in this

thesis.

Crystalline Amorphous Band attribution

bands bands

70 cmŠ1 70 cmŠ1 Tantalum atoms vibrations in their oxygen cage

100 cmŠ1 Maybe a Boson peak underlying the amorphous band

205 cmŠ1 200-300 cmŠ1 Mainly bending of Ta-O-Ta bonds

250 cmŠ1 added to O-3Ta stretching

510 cmŠ1 680 cmŠ1 Vibrations from the oxygen atoms• displacement

620 cmŠ1 (rocking, bending and stretching modes

705 cmŠ1 of O-3Ta and O-2Ta)

845 cmŠ1 800-1000 cmŠ1 Mainly O-2Ta stretching

800-1000 cmŠ1

Table 3.2 … Band attribution for the Raman spectrum of Ta2O5 [Damart et al., 2016,

Balachandran and Eror, 1982, Joseph et al., 2012, Dobal et al., 2000, Ono

et al., 2001,Tsuchiya et al., 2011].
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3.2 Annealing

As we have seen in Chapter 2.3.1, the mirrors are annealed during 10 hours at Ta =

500 � C after the deposition, in order to improve the optical properties and lower the

mechanical losses. In silica glass (Chapter 2.3), the annealing induces a stress release

and a structural relaxation linked to the decrease of the mechanical losses. The same

study was conducted on tantalum pentoxide in order to “nd a possible link between

the evolution of the structure and the mechanical losses, evolution depending on the

annealing time and on the annealing temperature.

3.2.1 Evolution with annealing time

A 3 µm thick layer of pure amorphous Tantalum oxide was annealed at T a = 500 � C

during 10 to 50 h. During the “rst ten hours of annealing, the coating losses decrease

from 11.9 ± 0.4× 10Š4 rad to 4.69 ± 0.33× 10Š4 rad (“gure 3.7), corresponding to a 60 %

decrease of the losses, lower than the 80 % decrease in the case of IBS-silica (see 2.3.1).

After 10 hours, no more evolution of the mechanical losses can be measured. To inves-

tigate if the annealing has an e� ect on the structure, 3 µm samples of amorphous tanta-

lum pentoxide were annealed up to 50 hours and analyzed by Raman spectroscopy. The

Tantalum pentoxide layers studied here are deposited on fused silica, with no metallic

Tantalum layer in between the coating and the substrate. Consequently, the signal of

the fused silica substrate appears on the spectra, with the presence of a band around

490 cmŠ1.

Figure 3.6 presents the Raman spectra of the non annealed sample compared to sam-

ples annealed during 10h, 20h and 50h at Ta = 500 � C. As all the annealed Raman

spectra are superposed to each other, the only visible structural e� ect happens during

the “rst few hours of annealing. This absence of evolution in the structure after a 10

hour annealing is similar to the stability of the mechanical losses.

During the “rst hours of annealing, the relative area of the low frequency band in-

creases from 17.2± 0.2 % to 19.0± 0.2 %, while its position stays the same within the

spectrometer•s resolution. The area of the main band is also slightly increasing (“g-

ure 3.7), from 13.4 ± 0.1 % to 14.4± 0.1 % with the position staying also the same. The

measured areas are drawn on “gure 3.6 and divided by the total area (more details in

appendix). The evolution of these area follows the mechanical losses, as nothing evolves

after the “rst 10 hours of annealing.

Contrary to silica layers, annealing does not induce ample structural changes. With

a density around 7.6 ± 0.1 g cmŠ1 before annea