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Abstract: Coating thermal noise (CTN) in amorphous coatings is a drawback hindering their
application in precision experiments such as gravitational wave detectors (GWDs). Mirrors for
GWDs are Bragg’s reflectors consisting of a bilayer-based stack of high and low refractive
index materials showing high reflectivity and low CTN. In this paper, we report the
characterisation of morphological, structural, optical, and mechanical properties of high index
materials such as scandia (Sc20;) and hafnia (HfO2) and a low index material such as
magnesium fluoride (MgF2) deposited by plasma ion-assisted electron beam evaporation. We
also evaluate their properties under different annealing treatments and discuss their potential
for GWDs. © 2022 Optica Publishing Group

1. Introduction

Optical interference coatings for gravitational wave detection have to meet a variety of
specific requirements, such as low absorption, high reflectance and low mechanical losses, as
well as high resistance against damage by power laser radiation, and long-term optical stability
[1]. When utilised in gravitational wave detectors (GWDs), material processing for coatings
on large and massive suspended mirrors leads to additional problems arising from the
requirements of low stress, low density of defects and high uniformity. To that end, the
improvement of more reliable and sophisticated thin-film deposition technologies is needed,
allowing next generation of GWDs to augment their sensitivity towards the detection of
interacting black holes, neutron stars, and even new unpredicted phenomena [2].

High reflecting (HR) coatings utilised in GWDs such as Advanced LIGO, Advanced Virgo
and KAGRA consist of Bragg’s reflectors alternating layers of low (SiO2, 1.44 <n < 1.48 at A
= 1064 nm) and high (Ti02:Ta20s, n = 2.11 at 4 = 1064 nm) refractive-index materials and are
typically deposited by ion-beam sputtering (IBS) techniques [3]. Reflectivities as high as R >
99.9995% can be achieved with coating mechanical losses of (2.4.0+0.1)x10* rad (annealed
Ti02:Ta20s, with Ti/Ta =0.27 optimal ratio) to (4.5£0.3)x107 rad (SiOz) in the band of 50 to
900 Hz [3], and optical absorption of less than 0.5 ppm (at A= 1064 nm) [4], [S]. Moreover, in
this advanced GWDs, coating uniformity on a large scale (better than 99.9% over @15 cm
diameter) is required [5]. IBS system at LMA has demonstrated great results on Ti-Ta20s/Si02



HR coatings, thanks to the use of a sample holder with a planetary motion coupled with a
dedicated mask, exhibiting uniformities above 99.8% on @16 cm in monolayers, and above
99.95% in HR coatings on @24 cm [5]. However, IBS suffers main drawbacks being the
unintentional incorporation of Ar bubbles [6][7] and the excessive oxygen entrapped in the
nanobubbles observed in oxide-based films [8], during the deposition process [6] and after
annealing processes [9], hindering the optical and mechanical properties of the coating
[10][11]. IBS deposition rates are highly influenced by growth parameters (source settings,
reactive atmosphere pressure, bombardment, etc.) showing values ranged between 0.01 nm/s
(e.g., for IBS HfO») [12] or 0.1 nm/s (e.g., for IBS MgF>) [13]. The deposition rates achieved
by alternative techniques such as reactive biased target deposition (RBTD) are around an order
of magnitude lower than with a gridded IBS system, exhibiting growth rates around 0.0096
nm/s for Sc2Os3 [14]. Alternative deposition techniques such as plasma ion assisted electron
beam evaporation (PA-EBE) offers the possibility to deposit high quality films preventing the
utilisation of Ar (avoiding unwanted bubbles) increasing the deposition rates up to 0.3 nm/s
(this work). In this regard, optimisation of the coating design aiming to dilute the loss
contribution of the high-index material has been explored through the deposition of new
materials and utilisation of deposition techniques different to IBS. The latter includes
techniques such as PA-EBE [15], [16], highly promising for producing highly uniform coatings
at higher deposition rates than IBS (factor 10) and greatly scalable (needed for the fabrication
of mirrors at main GWDs).

Scandium sesquioxide (Sc203) or also known as scandia is a high refractive index material
who has been presented as a promising material for its use in optical interference coatings in
GWDs and other high-power lasers applications (e.g., high power remove laser transmission
and optoelectronic functional devices) [17][18], mainly due to its high bandgap (5.7 ¢V) [19],
which is larger than other high index metal-oxides like HfO2[20]. Since the theory predicts that
the scaling of the laser breakdown fluence with the bandgap, and the utilisation of a dielectric
material with a wider band gap energy will prevent laser damage in aforementioned
applications [20]. Along with low index materials such as SiO», though not widely studied,
Sc203 has been demonstrated in dielectric interference-based mirror coatings developed for
high-power ultraviolet (UV) lasers [21]. High optical coatings based on Sc203 have been
successfully deposited by techniques, including IBS [22], [23], reactive magnetron sputtering
(RMS) [24], pulsed laser deposition (PLD)[25], and reactive biased target sputtering deposition
(RBTD) [14].

Hafnium dioxide (HfOz) also called hafnia, is a dielectric material characterized by a high
refractive index, exhibiting a large laser damage threshold [26] due to a wide bandgap energy
of around 5.5 eV [27]. As a result of these properties and its transparency over a wide range in
the electromagnetic spectrum, covering from the UV to the mid-IR, is widely utilised in optical
coating applications [28] and investigated as promising material GWDs [12]. In contrast to
Sc20;3, the optical properties of HfO> have been extensively studied, however, these studies
have offered a variety of conclusions regarding the refractive index and the extinction
coefficient [29], [30]. This large scattering of optical constants is originated mainly from the
use of different techniques. Among all, both ion-assisted electron beam evaporation and
sputtering presented the more compact films with refractive index close to those reported for
bulk HfO2 [31], while electron-beam evaporated films demonstrated to have lower refractive
index values [32]. This material has been also deposited by atomic layer deposition (ALD)
[33][34] RMS [35], and IBS, the latter being characterised at cryogenic conditions, for future
GWDs such as Einstein Telescope [36]. In those characterisations, HfO2 presented extremely
low loss angles (2-3x10™) but with Young’s modulus values four times higher than that
obtained in low-index materials such as SiOz. This dissimilarity found in the Young’s modulus
values between substrate (SiO2) and coating based on HfO: lead to increased thermal noise.

Fluoride thin films such as magnesium fluoride (MgF2) are widely used for a wide number
of optical applications due to their beneficial characteristics, including a relatively high damage



threshold (useful for high power lasers applications), high hardness, good stability in hostile
environments, and a very low refractive index (n = 1.38) [37]. However, MgF: films deposited
by means of IBS [13], RMS[38], ion beam assisted deposition (IBAD) and vacuum evaporation
techniques at room temperature, the latter resulting in porous columnar microstructure [39].
That is a drawback for mirror coatings since the porous tend to be filled by moisture in room
air leading to a detrimental effect on the stability of the coatings through the variation of the
optical and mechanical properties of the coating.

This work presents a study of optical and mechanical properties of three potential material
candidates to improve the performance of next generation of GWDs, including scandium oxide
(S¢203, scandia), magnesium fluoride (MgF>, sellaite) and hafnium oxide (HfO2, hafnia). These
films were deposited by PA-EBE which is a technique that presents some advantages with
respect to standard IBS, including less or zero Ar-gas impurities and material consumption
[40]. Moreover, PA-EBE also presents high deposition rates (0.3 nm/s, factor 10 higher than
IBS), great thickness control and radial uniformity (in this work: 99.98% uniformity over
?10.16 cm coatings) being essential for the coating of large test mass in GWDs. PA-EBE also
has a good control on the doping through the utilisation of multiple crucibles to control the
material mixing during the so-called co-deposition. Good examples of that accurate doping
control are metal oxide films, e.g., 0.5-2wt% in doped titanium oxide [41] and 0.6-5wt% in
doped indium oxides [42].

2. Experimental details
2.1 Deposition of thin films

Single layer coatings consisting of 396-nm thick Sc2Os, 345-nm thick MgF> and 238-nm
thick HfO» were deposited using plasma ion assisted electron beam evaporation (Satis 1200),
being a vacuum deposition system with a multi-pocket Temescal electron beam gun (Fig. 1).
This work utilizes a novel plasma source based on inductive heating inner and outer surfaces
of a lanthanum hexaboride high-efficiency thermionic emitter hollow cathode [43]. In the case
of MgF> films, 1-3 mm pellets (99.99% purity) were utilised. For the deposition of metal
oxides, 5-mm drops of Hf with a purity of 99.5%, and 2-mm granules of Sc2O3 with a purity
0f 99.99% were loaded in a crucible at the PA-EBE system, for their later evaporation using
an electron beam (Part 8 in Fig. 1), and oxidized with an oxygen plasma source (Part 7 in Fig.

).



145
146

147
148
149
150
151
152
153
154
155

Schematic view Front view photo

Fig. 1. Schematic (left) and front view photo (right) of the PA-EBE system used in this work.
PA-EBE key parts consist of: (1) characterisation port; (2) uniformity mask; (3) quartz heater;
(4) deposition/main chamber; (5) calotte; (6) Meissner trap; (7) Thin Film Solutions plasma
source; (8) electron beam gun; (9) vacuum pump port.

The deposition conditions were optimised using design of experiments (DoE) to determine
not only the influence of the growth parameters on the growth rate, but also to find a low
deposition rate (thickness control) producing good optical properties (i.e., high n and low k).
The studied deposition parameters comprised the accelerating current (/ac), accelerating volage
(Vac), external current (Jex), Oz flux, Ar flux at the cathode (Arcatode), Ar flux at the anode
(Aranode), and the induction power heater. Table 1 summarises the optimised deposition
conditions for each coating, as well as resulting e-beam evaporation rates.

Table 1. PA-EBE experimental conditions used to deposit Sc203, HfO2 and MgF> coatings.

Glass flow (scem) Induction e-beam
Material (I:; K’;; {IE\X) A A power heater evap. rate
0, r r (kW) (Als)
Cathode Anode
Sc203 43 140 10 97 6 6 1.5 1
HfO» 43 140 10 97 7 7 1.5 0.7
MgF» 43 130 10 - 7 7 1.5 15

2.2 Characterisation of thin films

Morphological properties of the coatings, including thickness, pinholes density and surface
roughness, were analysed by scanning electron microscopy (SEM) at 20 kV (S4100 cold FEG
from Hitachi). The amorphous structure of the films was also analysed by grazing-incidence
X-ray diffraction (GIXRD) analysis (Siemens D5000, Cu Ka radiation at 40 kV/30 mA). Films
composition (i.e., stoichiometry) was analysed by energy dispersive X-ray (EDX) analysis
(S4100 cold FEG from Hitachi).

Optical properties of coatings, including refractive index (n) and extinction coefficient (k)
as well as a confirmation of films thickness (d) have been obtained by spectrophotometry (UV-
VIS-IR spectrophotometer from Aquila Instruments) with a resolution for the extinction
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coefficient of 107. For this, films were deposited on glass slides (JGS3) for transmission
measurements and Si(100) substrates for reflection measurements. Prior to the deposition, Si
substrates were cleaned in an ultrasound bath (5 min acetone, followed by 5 min IPA) rinsed
in DI water and dried under nitrogen flow. Glass substrates were cleaned in an automatic
cleaning system, where they were subsequently dipped in different baths, consisting of acid
solution, base solution, DI water (with ultrasounds), and DI water (hot water + slow pulling
mechanism). Optical density (OD) was measured as a function of the wavelength (1) at
experimental conditions, comprising incident angle of 0°, P polarisation, and tolerance of 0.5%.
Then, MacLeod software was utilised to calculate n, k¥ and d of each coating by fitting the
experimental data to a single layer model. Then, Sellmeier expression was used to represent n
as a function of the wavelength.

Stress measurements were carried out in a Wafer Geometry Gauge system (MX 203-6-33
from E+H Metrology GmbH). 4-inch Si(100) wafers (also called here discs) with a thickness
of 0.1 mm were used as substrates. The gauge is a manually loaded wafer geometry measuring
instrument for round wafers (mainly silicon wafers, but open to other materials as well). This
equipment is dedicated to control the thickness and shape of wafers, as well as evaluation of
the average stress calculated from the local stress measured across the wafer, key for this work.
E+H Metrology system, like other wafer geometry instruments, uses a contactless capacitive
distance sensor to determine aforementioned parameters (see more details in Section A of
Supplementary information). The MX-NT and Wafer Studio software were used to carry out
the measurements and for the visualization and data analysis, respectively. Fig. 2 shows the
calculation of stress from pre-measurements and post measurements carried out in a blank disc
and a coated disc, respectively. Coating stress varies across the area of the coating which is
known as the local stress which is influenced by material type and deposition method. Factors
such as orientation of the wafer in the coating chamber, substrate rotation, reactive gas angle
of delivery and other process parameters can all effect the local stress values and will result in
a deviation from radial symmetry. In addition, the irregular starting geometry of a wafer will
also mean that a perfect radial symmetry in local coating stress is unlikely to be observed.
The local the local stress represented in Fig. 2(b) has symmetry across the y-axis and a separate
symmetry across the x-axis. This symmetry mirrors the local thickness deviation of the wafer
which is represented in Fig. 2(a) so it is a reasonable assumption to make, that the main
contributing factor to local stress variation is from the local thickness variation inherent to the
coated wafer.

Substrate pre-measurement Coated substrate measurement

Fig. 2. Visualisation of (a) the blank disc local thickness expressed in pm units, measured prior
to the coating deposition (pre-measurement), and (b) the Sc2O3 coating on Si wafer local stress
(from which the average stress value is derived) expressed in MPa (post-measurement).
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Photo-thermal common-path interferometry referred here as PCI [44], has been used for
thermally based absorption measurements at 1064 nm and with an accuracy of less than 1 part
per million (ppm), allowing measurement of the weak coating absorption and determine their
extinction coefficient. As it will be thoroughly described later on in Table 5, the three materials
investigated here are expected to exhibit optical absorptions above 10 ppm [45] [46]. For these
measurements, coatings were deposited on glass disc substrates (Corning 7980) with a
thickness of 6 mm and a diameter of 1 inch. Each of the measures are the average of 10 points
taken across the surface of the samples, where the resultant error on the absorption is indicative
of the level of spread between point-to-point across the coating surface. This method was used
to obtain both the coating absorption expressed in ppm units and the extinction coefficient (k).

Q-factor measurements were carried out to obtain the mechanical loss angle (@) of each
coating with coatings deposited on fused silica substrates (SiO2, double side polished [DSP],
with flat, Corning 7980 from University Wafers) with a diameter of 3-inch, thickness of
511+1um and a flat of 25 mm. Prior to the deposition, substrates were pre-annealed at 1000°C
for 4 hours in order to remove any mechanical stress accumulated in the structure of the
substrate during both manufacturing and transporting processes.

T T T T

(b) —— 555Hz mode ringdown
2 || ——Exponential fitting

P =1.4x10" mbar

Displacement (nm)

Time (s)

Fig. 3. (a) Photograph of the Gentle Node Suspension (GeNS) used to carry out the Q-factor
measurements or the mechanical loss angle of the coatings. (b) Ringdown of the fundamental
mode (555 Hz) of the substrate measured at 1.4x10° mbar to prevent damping effects; inset:
FEM simulation of the resonant mode and the peripherical point under analysis.

The ¢ was measured using a GeNS placed inside a vacuum chamber (Fig. 3(a))[47],
recording the decay of the sample excited resonant mode amplitude or ringdown (Fig. 3(b)),
exhibiting damped harmonic motion, consisting of carrier and envelope signals, where the
amplitude of the envelope is:

V(t) = Vy exp[-mfop(fo)t] ()

Where V,, is the amplitude of the signal measured by the QPD over time, f; is the resonant
frequency pre-found by FEA (and later confirmed by using a spectrum analyser). From (1),
fitting of the ringdown measurement allows direct calculation of the mechanical loss angle as
a function of the resonant mode frequency. The coating 10ss (@oating coating) is

¢(f0)c0ating = Z:_Z[qb(fo)coated - ¢(f0)substrate] (2)

where E/E, is the substrate/coating energy ratio estimated using finite elements analysis
ANSYS package (Workbench 2021 Development R2) and utilised here to calculate @oating by
Eq (2) for each of the resonant modes [48]. FEA method also allows to correct the initial
Young’s modulus of the coating by adjusting the position of the resonant frequency (f;)



measured by the spectrum analyser to that obtained by the simulation [49]. For these
simulations, Poisson ratio (v), Young’s modulus, coating density, and coefficient of thermal
expansion (CTE) have been used. The values of these magnitudes could be found in Section B
of Supplementary Material. The ringdown measurements of the substrates, and the coated
substrates were repeated 5 times. This process has been automatised using LabVIEW, allowing
to carry out multiple measurements at different resonant modes. Since each mode typically
requires the use of a different excitation AC signal (AC voltage and offset voltage) applied to
the excitation plate, this program drastically reduces the measurement time, and optimises the
acquisition and interpretation of the data. The program also estimates both the time constant of
the exponential decay measured from each ringdown measurement and the resulting
mechanical loss angle. The error analysis is further described in Section D of Supplementary
Material.

Annealing of the samples was carried out in a Carbolite Furnace (CSF 1200) at temperatures
ranged between 100°C and 700 °C, in order to study the effects on the stress values, optical
properties (i.e., refractive index) and the mechanical loss angle.

3. Results and discussion
3.1 Morphological characterisation

A visual inspection of the coatings deposited by plasma ion assisted electron beam evaporation
on a 4-inch Si(100) wafer showed a uniform film over the large area of the substrate (Fig. 4(a)).
SEM analysis of the films demonstrated an amorphous morphology in the three materials under
study (Fig. 4(b-d)). These results are in good agreement with those obtained by XRD analysis
(see diffractograms in the next section). Moreover, the analysis of the coatings by optical
microscopy also confirmed the absence of pinholes in the resulting films, making these
coatings to be presented as a great candidate for high reflecting mirrors. SEM images of the
film cross section (Fig. 4(e-g)) probed the high uniformity achieved over large areas (wafer
scale) during the PA-EBE deposition of the films. Coating uniformity was evaluated by
mapping the large area of the 4-inch coated wafer, analysing the cross-section of 12 different
points of the wafer (see Section C in Supplementary Material). Results conclude a variation of
that thickness below 0.03% (HfO»), 0.02% (MgF2) and 0.02% (Sc203), meaning a thickness
uniformity above 99.97%, 99.98%, and 99.98%, for the HfO2, MgF> and Sc2Os3 coatings,
respectively. Considering the requirement for future GWDs of thickness uniformities better
than 99.9% over @15 cm diameter [5], these results make PA-EBE to be a promising technique
for producing HR uniform coatings at wafer scale.
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Fig. 4. (a) Photograph of the HfO: (leff), MgF> (middle) and Sc2Os (right) optical coatings
deposited by plasma ion assisted electron beam evaporation. (b-d) Top and (e-g) cross section
SEM images of the optical coatings.

3.2 Structural analysis

XRD analysis was used to characterise the structure of the films right after their deposition
(Before Annealing, BA) and after annealing treatments carried out for 2 hours at different
temperatures ranged between 100 and 700°C. Fig. 5 (a-c¢) demonstrates highly amorphous films
before the annealing treatment, in good agreement with SEM observations of the surface
morphology (Fig. 4). To attribute the crystalline phase(s), the positions of Bragg peaks were
compared to the International Centre for Diffraction Database (ICDD).

BA, Sc20s exhibited a broad peak centred around 31.561°, identified with a star (%) in Fig.
5(a) which could correspond to the (222) diffraction plane in the ScoO; structure (ICDD card
no. 00-005-0629) [50]. The large full width at half maximum (FWHM) of this peak evidenced
the amorphous characteristic of the PA-EBE Sc20; film. This FWHM was observed not to be
affected by the annealing temperature, in contrast to its intensity, whose value was increased
by this treatment. This result indicated that some level of crystal order was produced by the
thermal treatment and was greatly visible at temperatures above 400 °C. Fig. 5 (a) also showed
other peaks labelled with circle (0) corresponding to the diffraction peaks from the Si substrate.
This was confirmed by the characterisation of pristine Si(100) substrate in the same conditions
(i.e., after the same thermal treatments).

BA, MgF> coating presented a peak centred around 28.76° (Fig. 5 (b)) which could correspond
to the (110) diffraction of this material, and a second peak at 40.3° which could be originated
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by the (111) diffraction plane (ICDD card no. 00-006-0290) [50]. This second peak could be
embedded within a Si a diffraction peak. MgF» peaks in the figure are labelled with triangle
(A). As in the case of ScoO3;, FWHM of these peaks showed no widening under thermal
treatments, but a certain increase of their intensity for temperatures above 400 °C.

Finally, HfO> BA showed four peaks (Fig. 5 (c)) whose intensity increased with the
temperature, including 30.2°, 32.58°, 32.96°, and 39.62°, corresponding to (011), (120), (200),
and (121), respectively (ICDD card no. 00-034-0104) [50]. The two peaks centred at 32.58°
and 32.96° were only visible for annealing temperatures above 500 °C, evidencing the partial
crystallization of the film above those temperatures.

Scandia (Sc,0;) Magnesium fluoride (MgF,) Hafnia (HfO,)
(@) 600 —————— (b) 1000 ——————— (¢ e
—700°C 1000 —100°C -
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Fig. 5. GIXRD diffractograms of (a) Sc20;3 (b) MgF2 and (c) HfO: films PA-EBE on Si(100)
measured before annealing (BA) and after 2 hours annealings carried out in air ambient at 100,
200, 300, 400, 500, 600 and 700 °C. Sc20s3 (star %), MgF: (triangle A), HfO2 (square O) and
Si (circle O) diffraction peaks, have been labelled in the diffractograms.

3.3 Compositional study

Table 2 summarises the compositional analysis of the three coatings. The table provides the
atomic ratio of each binary compound defined as AxBy, where A and B correspond to the
cations and anions, respectively, and y/x is the anion to cation ratio. The stoichiometric column
presents the ideal y/x for each of the compounds. For comparison, the table also shows the y/x
obtained by other deposition techniques utilised to synthesize the sample three materials. From
the comparison, it is observed that PA-EBE produced non-stoichiometric coatings, exhibiting
oxygen excess in both hafnia and scandia (over stoichiometric), and fluor deficit in the
magnesium fluoride coating (under stoichiometric). Compared to other techniques such as
atomic layer deposition (ALD)[33], reactive magnetron sputtering (RMS) [35], IBS [36], and
RBTD [12], exhibiting HfO: stoichiometric films (i.e., y/x of around 2.00), PA-EBE used in
this work resulted in over stoichiometric films. Further depositions using design of experiments
(DoE) will allow to determine the role of oxygen on the resulting film stoichiometry, and thus,
to tune the stoichiometry of the coatings. Similarly, Sc2Os films deposited in this work,
presented a y/x value around 2.1, being above the stochiometric films achieved by ALD [33]
[34], RMS [24], PLD[25], and RBTD [14]. In the case of MgF>, the under stoichiometric values
obtained here of 1.7 are slightly lower to those reported with EBE (1.95), but close to those
obtained by RMS and IBS [13].

In spite of this drastic difference in the composition of the films did not affect the amorphous
characteristics of the resulting coatings as demonstrated by SEM and XRD, however, it had a
high impact on the mechanical and optical properties of the three materials as it will be
presented later on.
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Table 2. EDX analysis of optical coatings deposited by PA-EBE (this work) and
other techniques.

Atomic ratio (y/x)
Coating
Stoichiometric film This work Other deposition techniques

2.00 (ALD) [33]
1.96 (RMS) [35]
2.00 (RBTD) [12]
2.00 (IBS) [36]
1.95 (EBE) [51]
1.95 (IBAD) [52]
1.90 (RMS) [38]
1.92 (IBS) [13]
1.49-1.53 (ALD) [33] [34]
1.53 (RMS) [24]
Scx0y 1.5 2.1 1.52 (PLD)[25]
1.50 (IBS) [22], [23]
1.51 (RBTD) [14]
PLD: pulsed laser deposition; ALD: atomic layer deposition; RMS: reactive
magnetron sputtering; RBTD: reactive biased target sputtering deposition; IBS: ion
beam sputtering; DE: direct evaporation; IBAD: ion beam assisted deposition.

HfO, 2.0 3.4

Mg,Fy 2.0 1.7

3.5 Stress measurements

The stress value obtained in Sc20s3 films around 32.19 MPa, indicates a tensile stress which
is orders of magnitudes lower than those reported for IBS Sc20;s films (range of GPa) the latter
caused by the high density of oxygen interstitials produced by that Ar based IBS method [53].
MgkF: films evaporated in this work exhibit 150 MPa. This result evidence a tensile stress lower
than those reported in the literature (550 MPa)[54]. The origin of that stress reduction could be
due to the benefits of plasma ion assisted method used here, contributing to decline the density
of isolated crystalline aggregates, leading to the increase of the partial disorder in the resulting
structure. Tensile stress values of 118 MPa obtained for HfO: are in good agreement with the
115 MPa obtained for 260-nm thick HfO» e-beam evaporated films reported in the literature,
indicating that the layer could have reached a low level of porosity of around 9.4% [55]. In this
regard, the porosity of coatings deposited by direct evaporation, EBE and IBS techniques has
been thoroughly studied [56]. In those studies, it has been demonstrated that the utilisation of
plasma or ion assistance during the depositions produced an improvement of the coating
densities towards the bulk material, resulting in larger refractive index, better mechanical and
structural properties. The studies also showed that IBS produces more compact films, with
higher refractive index compared to EBE and hence less porosity. The low stress obtained in
PA-EBE coatings deposited here, indicates the benefit of the plasma assistance to reduce the
porosity and improve both mechanical and optical properties.

3.6 Coating mechanical loss

Table 3 shows the resulting mechanical loss angles measured by GeNS system (Fig. 3(a)),
including substrate (@ubstrate) and coated (@eoated) loss obtained from ringdown measurements
(Fig. 3(b)) and Eq(1). The table also includes the coating ( Joating) loss calculated by using the
substrate/coating energy ratio (Es/Ec) obtained in ANSYS and Eq(2). An extended version of
this table including results obtained in a second GeNS system available at University of
Strathclyde (UoS) could be found in the supplementary information (see Section D) showing
a fair agreement with the results showed in Table 3.

‘ Table 3. Pubstrate> Peoatea AN Peoniing Of single layer coatings for various resonant modes. ‘
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(”s;;].::en;) Fre(%lll:)ncy fﬁ?{i‘{:‘; Prouea (X10) | Eg/Ec | Grouing (x10+)
556 1.82 +£0.02 4.26+0.03 16941 4.1+0.1

Sc205 1277 2.15+0.04 6.39 +£0.06 170.39 722 +0.06
(396 nm) 3387 183005 | 6.89+0.04 163.60 83+0.1
4786 193 +£0.03 5.32+0.03 162.50 55+0.1

MeF 549 1.73+0.03 8.23+0.03 275.65 17.92 +£0.07

(345gnjn) 1266 1.41+0.03 9.35+0.03 280.79 2229 +£0.06

4763 1.35+0.02 8.15+0.03 269.56 18.30 +£0.01

513 1.01+0.05 7.13 £0.04 314.29 192+0.3
HfO, 1189 1.95 +0.04 4.25+001 308.68 71+02
(238 nm) 2076 272 +0.03 6.25 +£0.05 304.85 10.8 +0.1
3132 1.86 +0.02 5.37+0.03 307.82 108+0.2

For the sake of clarity, the @ubstrate, Peoated and geoating l0ss angles summarised in Table 3 are
also presented in Fig. 6 (a). In that figure, it is observed the low loss exhibited by the silica
substrates (blue triangles) after their annealing at 1000 °C (releasing any accumulated stress).
The figure also shows ¢hoated for the three materials in the range of 107, Subtracting the effect
of the substrate, and considering the Es/Ec energy ratio (Eq(2)), one could obtain the @oating.
The 10w @eoating values of 4.1x10* obtained in Sc203 films make the evaporation method used
here to be promising a technique for high index Sc2Os; based coatings (Fig. 6 (a)). All the
coatings show an approximate constant dependence of the @oating With respect to the resonant
frequency. Among all, MgF> is the coating exhibiting gcoating in the range of 1073 (Fig. 6 (b)).
MgF> coatings deposited by different techniques showed gcoating of (5.5-7.5)x10* at 2.5-39 kHz
(IBS technique) [13] and (3.5-5.0)x10** at 30 Hz (thermal evaporation) [57] which highlights
the different nature of the resulting thin films grown with a different technique.

Fig. 6 (c) presents high goating for HfO2 ranged between (7-19)x107. In contrast, IBS HfO:
coatings presented lower loss values ranged between (0.9-1)x10- and even lower when
coatings were subjected to annealing treatments as it will be discussed later on [36].
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Fig. 6. (a-c) Substrate, coated sample and coating mechanical loss angle of (a) Sc20s3, (b) MgF»
and (c) HfO> dielectric materials measured at RT. (d-f) Coating mechanical 10ss (@coating) angle
of (d) Sc203, (e) MgF2 and (f) HfO: dielectric materials measured BA and after different
annealing treatments ranged between 100 and 400°C (for 2 hours).

Those @eoating could be further reduced by the application of thermal annealing below the
crystallisation temperature [1] [36], and the optimisation of the evaporation conditions (mainly
through the increase of the ion energy and reduced deposition rate). As such, coating loss was
measured for each material after various thermal treatments carried out for 2 hours at 100, 200,
300, and 400 °C. The results of the experiment are summarised in Fig. 6 (d-f) with outcomes
from the annealing study resulted in a beneficial impact on all coating losses. It is observed in
Fig. 6 (d-f) how the loss angle decreases as the temperature of the annealing increases. This
provides indirect evidence of the reduction of defects density within the structure of the
coatings, preventing the dissipation of the energy during the Q-factor measurements. Analysing
case by case, it is found that for the Sc2O; coating, the fundamental mode, showing the
minimum  @oating of 4.1x10* further reduced its value down to 3.05x10* after an annealing
treatment of 400°C for 2 hours. Annealing treatments in MgF2 coatings did produce a reduction
of the droating in all the modes under analysis, however, their values were still in the 10 range
(Fig. 6 (e)). Finally, HfO2 exhibited a drastic reduction of ¢oating due to the thermal effects
brining the @eoaing down to 4x10** (Fig. 6 (f)) which is close to the 3x10* reported for RBTD
HfO; annealed at 650 °C for 10 hours (0.3x10*#) [12], but till one order of magnitude higher
than those reported for IBS HfO» coatings annealed at 400 °C for 24 hours [36]. However,
although the HfO» presents a very low mechanical loss (lower than most of the h-index metal
oxides proposed by GWDs) its high Young’s modulus values are four times higher than that of
Si0». This dissimilar Young’s modulus values between substrate (SiO2) and coating is expected
to lead to increased thermal noise [12].

3.7 Optical properties



396
397
398
399
400
401
402

403
404

405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

421
422
423

T and R spectra (Fig. 7 (a)) have been used to calculate refractive index () of coatings as
a function of the wavelength using the Sellmeier expression (Fig. 7 (b)). Results obtained at A
= 1064 nm show 7 of 1.75 (Sc203), 1.33 (MgF2) and 1.89 (HfO»). The extinction coefficient in
the evaporated films is below the detection limit of the spectrophotometer instrument over the
wavelength range of inspection (measurable extinction coefficients higher than 10-3). Further
optimisation of n needs to be performed through increased plasma source outpution energy
during the evaporation process [4, 12].
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Fig. 7. (a) T and R, and (b) n of Sc203, MgF2 and HfOz thin films vs wavelength.

Table 4 compares the optical constants obtained here (Fig. 7 (b)) with those reported in the
literature. HfO> showed a high index of 1.89 in a good agreement with those results obtained
with the same technique [59] and slightly lower than those reported by PIAD (1.95) [45] and
IBS (2.09) [12][44]. In the case of PIAD, the optimisation of the applied voltage during the
deposition process benefited to the resulting optical constant, similarly to the effects on the
absorption (as it will be described later on). Among the three, IBS showed the highest refractive
index which evidences a more compact and less porous structure, close to the bulk HfO:
material.

Sc20s films presented a moderated high index still far from those reported by sputtering
systems such as IBS (1.95) [46] and RMS (1.91-1.97)[60], the latter highly subjected to
changes in the stoichiometry of the ScxOy film. Based on that report, and using the evidence
extracted from EDX analysis (see Table 2), the EBE process needs to be optimised in order to
improve the stoichiometry of the films, improving the optical properties.

As showed in Table 4, MgF2> PA-EBE in this work, showed lower refractive index than IBS
(1.405), IBAD (1.37-1.44), and thermal evaporation (1.42) techniques. This result points out
the differences between coatings deposited by different techniques (nature of the method) and
offers a promising alternative for the low-index film in the GWDs.

Table 4. Refractive index of the HfO2, Sc203, and MgF> coatings
(pristine samples) deposited by EBE, compared to the literature.

Refractive index, n (@ A= 1064 nm)
Material
EBE (this work) Others

1.88 (EBE) [59]
HfO, 1.89 +0.02 1.95 (PIAD) [45]
2.09 (IBS) [12]

Sc20; 1.75 +0.03 1.95 (IBS) [46]



1.91-1.97 (RMS) [60]

1.42 (evaporation) [37]
1.405 (IBS) [13]
1.30-1.38 (KMS) [61]
1.37-1.44 (IBAD) [62]

MgF> 1.33+0.03

EBE: clectron beam evaporation; IBS: ion beam sputtering; RMS:
reactive magnetron sputtering; IBAD: ion-beam assisted
deposition; KMS: keep-molecules sputtering

Optical constants have been also analysed as a function of the annealing treatments (Fig.
8). The results presented in Fig. 8(a-c) correspond to the fit to visible wavelength reflectance
spectra for single layer coatings on silicon wafer substrate. Refractive index data was obtained
using the envelope method and then fit to a 2-oscillator Sellmeier model. The experimental
method and the model used here could show slight differences with respect to the dispersive
curves presented in Table 4 due to the use of different substrate (glass), and R and T
measurements. In this regard, the results discussed in this section will be compared between
each other to find the influence of the temperature on the optical constants.

A closer inspection of wavelengths around 1064 nm shows interesting effects of the
annealing on the optical properties of the coatings. For example, in the particular case of Sc203
(Fig. 8(d)), the refractive index increases with the temperature reaching values around 1.958
which are higher than those reported for IBS and close to record values reported for RMS (see
Table 4). MgF2 coatings showed a reduction from 1.35 down to 1.31 (Fig. 8(e)), being greatly
beneficial to reduce the number of bi-layers in mirror coatings of GWDs. These values are
extremely low compared to those obtained by other technique such as IBAD and evaporation,
and close to the record values showed by KMS (see Table 4). Finally, the results obtained for
HfO» evidence a high dependence of n with respect to the annealing temperature (Fig. 8(f)).
The best results were observed at temperatures of 100°C, where the n reached the maximum
values of 1.908. Higher temperatures were demonstrated to produce a negative impact on the
refractive index.
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Fig. 8. Refractive index of Sc,03, MgF; and HfO, obtained Before Annealing (BA) and under different
annealing treatments carried out at 100, 200, 300 and 400 °C.

The variations of the refractive index observed in Fig. 8 were compared against the
thickness obtained also from the fitting. Fig. 9 shows the thickness of each coating, including
Sc20; (Fig. 9(a)), MgF> (Fig. 9(b)), and HfO: (Fig. 9(c)) obtained BA and after annealing
treatments carried out for 2 hours at temperatures ranged between 100 and 400 °C. The study
of Sc20; coating evidences a clear decrease of the thickness from 396 to 356 nm, which is
around a 10% reduction with respect to the BA coating thickness. This result indicates an
increase of the film compactness, being in good agreement with the increase of the refractive
index presented in Fig. 8(a,d). In the case of MgF> coating, due to the opposite behaviour
observed in the n vs temperature curves measured at lower and higher wavelengths Fig. 8(b),
it is hard to extract conclusions from Fig. 9(b). In contrast, HfO» presents a similar trend than
that exhibited by Sc20s3, with a reduction of the thickness as the annealing temperature
increases (Fig. 9(c)). That reduction was estimated to be lower than in the case of Sc203 (only
2.5%), but it is in good agreement also with the results presented in Fig. 8(f), where lower
temperatures resulted in higher refractive index (i.e., more compact film) than those observed
at higher temperatures (less dense films).
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Absorption measurements have been carried out on Sc203;, HfO> and MgF» samples at
1064nm using PCI (Fig. 10). The colour line shows the absorption signal expressed in ppm for
scanning the position of the coating through the beam crossing point at which the absorption
signal reaches a maximum. These absorption measurements are known as ‘z-scans’, i.e.,
translating the coating thickness/sample through the interaction region between respective
waists of the pump and probe lasers [63], [64]. The magnitude of the maximum in the
absorption scan i.e., the central peak is then directly the optical absorption in ppm presented in
Fig. 10. For Sc203, HfO2 and MgF> coatings deposited in this work, that maximum is found at
16 + 2, 26.0 = 0.4, and 840 + 80 ppm, respectively. The width of the main peak results from
the spatial resolution of the PCI system. The small side maxima observed in the graph
correspond to interference fringes characteristic for PCI measurements.
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Fig. 10. PCI measurements of the (a) HfO2, MgF2 and Sc2Os optical coatings.

The mean value for the absorption of measurements taken at different positions on the disc is
summarised in Table 5. That table also presents a comparison with absorption values measured
in similar coatings but deposited using other techniques. From the comparison, one could
conclude that our coatings showed slightly higher absorption than other deposited by PIAD or
IBS. In the particular case of HfO», standard deposition of coatings using PIAD at lower applied
voltages below 140 V, showed absorptions close to 30 ppm. The increase of the applied voltage
above 140 showed a decrease of the absorption down to 13 ppm (with an increase of the
refractive index around 2) [45]. That strategy is a promising route also applicable in our
deposition technique to further improve the optical properties of the coatings.

Sc20s coatings deposited in this work exhibited values of absorption of around 16 ppm,
which are lower than those obtained by IBS techniques [46]. For the case of MgFa, the PA-
EBE used here needs further optimisation since the absorption of around 840 ppm is three
orders of magnitudes above the requirements of current and future GWDs, making this low-
index material to be not viable as optical coating. It is also worth noting, that k is 2.1x107*
which is close to that obtained in MgF>» coatings deposited by IBS technique [13]. Moreover,
the k values are three orders of magnitudes larger than that of as-deposited silica layers of
current GWDs. For those reasons, further optimisation of the deposition conditions, and
characterisation of the coatings not only at 1064 nm, but also at 1550 and 2000 nm, is needed
and will be relevant for future GWDs. Moreover, PCI measurements will be performed in
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annealed coatings in order to understand better the observed variations in the film thickness,
packing density and optical constants with the annealing temperature [65], [66].

Table 5. Absorption and extinction coefficient of Sc,03;, MgF, and HfO, coatings (pristine
samples) measured by PCI.

Absorption (ppm) Extinction coefficient,
Material @ A=1064 nm k (10°%) @ A=1064 nm
This work Others This work Others
HfO» 26.0+£0.4 13-30 (PIAD) [45] 1.00 +0.02 -
Sc203 16+£2 18 (IBS) [46] 0.37£0.02 0.001 (RMS) [60]

32 (evaporation) [37]

MgF» 840 + 80 - 21+2 10.62 (IBS) [13]

IBS: ion beam sputtering; PIAD: plasma ion-assisted deposition; RMS: reactive
magnetron sputtering.

4. Conclusions

Sc20;, MgF2 and HfO» films were deposited by ion plasma assisted electron beam
evaporation, showing tensile stress of 32, 115 and 150 MPa, significantly lower than coatings
deposited by IBS. SEM confirmed the lack of crystalline aggregates and other defects which
are the main responsible in IBS coatings increasing the film stress. EDX evidenced that PA-
EBE produced non-stoichiometric coatings, exhibiting oxygen excess in both hafnia and
scandia (over stoichiometric), and fluor deficit in the magnesium fluoride coating (under
stoichiometric). The analysis of the crystalline structure by GIXRD confirmed the amorphous
properties of all the coatings. Thermal treatment of the Sc2O3 and MgF> coatings up to 700 °C
did not show relevant crystallization in all the coatings; in contrast, HfO» coatings exhibited
both (120) and (200) diffraction peaks at temperatures >500°C. Optical characterisation of the
films demonstrates high n of 1.75 and 1.89 for Sc203; and HfO2 and low # of 1.33 for MgF2
comparable to those reported in the literature for similar coatings deposited by IBS. Annealing
of the coatings, showed an increase of n in the high index materials and a reduction of this
constant for the low index one. The characterisation of goating in those films resulted in values
in the range of 10 (Sc203) and 103 (MgF» and HfO) without the application of any thermal
treatment. Upon thermal treatments, coating loss showed a reduction with the temperature,
exhibiting best values for all the coatings at 400°C. Moreover, annealing treatments produced
an improvement of coatings optical properties through the increase of n in Sc2O3; and HfO»
coatings up to of 1.959 (400°C) and 1.908 (100°C), respectively, and the decrease of the n in
MgF: films down to 1.315 (300°C). A further optimisation of the optical and mechanical
properties is possible through ion energy enhancement by increasing the acceleration voltage
in the plasma ion assisted electron beam evaporation and/or reducing deposition rate. Future
steps will also involve PCI measurements in annealed samples and spectrophotometry at 1550
and 2000 nm for the investigation of these coatings as potential h- and low-index material for
HR coatings in future GWDs.
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