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High finesse optical cavities of current interferometric gravitational-wave detectors are significantly
limited in sensitivity by laser quantum noise and coating thermal noise. The thermal noise is
associated with internal energy dissipation in the materials that compose the test masses of the
interferometer. Our understanding of how the internal friction is linked to the amorphous material
structure is limited due to the complexity of the problem and the lack of studies that span over
a large range of materials. We present a systematic investigation of amorphous metal oxide and
Ta2 O5 -based mixed oxide coatings to evaluate their suitability for low Brownian noise experiments.
It is shown that the mechanical loss of metal oxides is correlated to their amorphous morphology,
with continuous random network materials such as SiO2 and GeO2 featuring the lowest loss angles.
We evaluated different Ta2 O5 -based mixed oxide thin films and studied the influence of the dopant
in the optical and elastic properties of the coating. We estimated the thermal noise associated with
high-reflectance multilayer stacks that employ each of the mixed oxides as the high index material.
We concluded that the current high index material of TiO2 -doped Ta2 O5 is the optimal choice for
reduced thermal noise among Ta2 O5 -based mixed oxide coatings with low dopant concentrations.

I.

INTRODUCTION

Gravitational-wave (GW) detectors such as Advanced
LIGO [1], Advanced Virgo [2] and KAGRA [3] are interferometric devices that utilize high finesse optical cavities
to perform high precision displacement measurements.
These impressive km-long facilities allow the study of astrophysical phenomena but their sensitivity is limited by
much smaller scale physics, mainly laser quantum noise
[4] and Brownian motion of the end test masses. This
Brownian motion arises from internal energy dissipation
in the materials composing the test masses of the interferometer. This dissipation arises from Brownian motion
noise that leads to thermally driven optical path length
variations [5, 6] and also affects other high precision experiments such as optical clocks [7–9].
In GW detectors, the test masses mirrors consists of
a high purity SiO2 substrate coated with a high reflec-
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tivity multilayer stack of amorphous oxide thin films.
This multilayer stack is composed of alternating layers of
low and high refractive index materials, with LIGO and
Virgo originally employing SiO2 as the low index material
and Ta2 O5 as the high index material. Later, Advanced
LIGO and Advanced Virgo used a mixture of TiO2 and
Ta2 O5 as the high index material [10]. For these interferometric experiments, the power spectral density of Brownian noise (or thermal noise) at a frequency f can be
expressed as [11]:

SBrownian (f ) =

2kB T dφ
π 2 f w2 YS



YC
YS
+
YS
YC


(1)

where kB is the Boltzmann’s constant, T is the temperature, w is the diameter of the laser beam probing
the multilayer stack motion, YS and YC are the Young’s
modulus of the substrate and the multilayer stack respectively, φ is the mechanical loss angle of the stack and d the
total thickness of the stack. This expression assumes that
bulk and shear loss angles are equal and that the Poisson
ratios for all materials are negligible. It also requires an
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approximation to define the Young modulus and loss angle of the multilayer stack, for which an effective medium
approach can be employed. Therefore, the Young modulus and loss angle of the multilayer stack are defined
as the average of the values corresponding to each composing material (for the current GW detectors, SiO2 and
TiO2 :Ta2 O5 mixed oxide) weighted by the elastic energy
stored in them [12]. The expression 1 requires several
approximations, however it is a valuable tool to evaluate
overall scaling behavior and compare between different
compositions for the multilayer stacks. It also clearly indicates that the different material properties of the layers,
such as refractive index, Young’s modulus and loss angle, play a major role in the resulting thermal noise of
the multilayer stack. Therefore optical materials should
be fully characterized to determine their suitability for
use in GW detectors or other sensitive devices in which
the thermal noise can be a limiting factor.
The major source of thermal noise in the multilayer
stacks originally employed by LIGO and Virgo was found
to be in the Ta2 O5 layers with only a minor contribution associated to the SiO2 layers [13]. Advanced LIGO
and Advanced Virgo replaced the high index layer in the
stacks with TiO2 :Ta2 O5 with a cation ratio of 0.27 after
finding that the addition of TiO2 reduced the mechanical losses by around 40% [1, 10, 14]. The cation ratio is
defined as M/(M +Ta) with M the dopant atomic concentration (in this case titanium) and Ta the tantalum
atomic concentration. This stimulated research efforts
directed at identifying the reason of this reported decrease caused by TiO2 doping of Ta2 O5 and also at exploring other oxide mixtures of high index that might
featured low mechanical loss.
The effect of the addition of TiO2 is complex, inducing changes not only in the optical properties of the
material but also structural and morphological modifications. It was found that the cation ratio is a key parameter that has a profound impact on the mechanical loss
of TiO2 :Ta2 O5 [15]. Transmission electron microscopy
studies of low mechanical loss TiO2 :Ta2 O5 mixed films
with cation ratios around 0.2 - 0.3 showed that the
dopant promotes structural homogeneity at the nearestneighbor level and might also prevent oxygen loss [16].
Characterization of the structure, morphology and optical properties of TiO2 :Ta2 O5 mixed films with a cation
ratio of 0.27 that featured low mechanical loss found
that the dopant increased the crystallization temperature, lowered the optical absorption loss and induced the
formation of a ternary compound in the crystallized film
[17]. It remains unclear how these specific features of
the material contribute to lowering the mechanical losses,
but they can prove to be useful in guiding the design of
new materials targeted to low Brownian noise applications. Several studies have also focused on Ta2 O5 mixed
with other oxides, such as CoO:Ta2 O5 and WO2 :Ta2 O5
[18], Sc2 O3 :Ta2 O5 [19], SiO2 :Ta2 O5 [20] and ZrO2 :Ta2 O5
[21]. Extensive research has also been conducted on
the mechanical loss of other oxides and mixtures such

as TiO2 :Nb2 O5 [22, 23] and a few ZrO2 -based mixtures
[18]. However no systematic studies have been carried
out that compare suitable Ta2 O5 -based mixtures to discern the effect the dopant has on mechanical loss. In
addition, there is a notable lack of information in the
literature on the elastic properties and mechanical loss
of other well-known oxides. Reporting on materials and
properties that correlate not only to low losses but also
to higher losses is critical for building a foundation of
knowledge on the origins of mechanical loss in oxide thin
films that can fuel future research on novel materials for
GW detectors.
Herein we conduct a comprehensive study of different
amorphous metal oxide and Ta2 O5 -based mixed oxide
coatings for use in current GW detectors. It is shown
that the mechanical loss of metal oxides is correlated to
their amorphous morphology, with continuous random
network materials such as SiO2 and GeO2 featuring the
lowest loss angles. We evaluated different Ta2 O5 -based
mixed oxide thin films and studied the influence of the
dopant in the optical and elastic properties of the coating. We estimated the thermal noise associated with
high-reflectance multilayer stacks that employ each of the
mixed oxides as the high index material. We concluded
that among Ta2 O5 -based mixed oxide coatings with low
dopant concentrations the current high index material of
TiO2 -doped Ta2 O5 is the optimal choice for low thermal
noise.

II.

EXPERIMENTAL

Thin films were grown by reactive ion beam sputtering
employing the Laboratory Alloy and Nanolayer System
(LANS) manufactured by 4Wave, Inc [24]. Details of the
deposition technique can be found in [19]. In this study,
metallic targets of Ta, Al, Si, Sc, Ti, Zn, Zr, Nb, Y,
Ge and Hf of 99.99% purity were employed. The target pulse period was fixed to be 100 µs and the oxygen
flow and pulse width were varied to obtain near stoichiometric films. Deposition conditions for oxide films are
presented in Table I along with their corresponding deposition rates. For Ta2 O5 -based mixed oxide coatings,
the pulse width was adjusted to obtain a dopant cation
ratio around 0.2. The oxygen flow was set at 12 sccm
which was sufficient to achieve the desired stoichiometry. The deposition conditions for the mixed oxide films
are presented in Table II with their corresponding deposition rates and dopant cation ratio determined from
x-ray photoelectron spectroscopy (XPS) atomic concentrations. The films were grown on 25.4 mm diameter and
6.35 mm thick ultraviolet grade fused silica substrates
and on Si (100) wafers. For mechanical loss measurements coatings were deposited on 75 mm diameter and 1
mm thick fused silica substrates. Post deposition annealing in air was carried out using a heating rate of 100◦ C
per hour and samples were soaked for 10 hours at 300◦ C,
500◦ C, 600◦ C, 700◦ C, 800◦ C and 900◦ C until crystalliza-

3
tion was reached.
The optical characterization of the films involved spectroscopic ellipsometry and measurements of absorption
loss at λ = 1064 nm. Ellipsometric data were collected using a Horiba UVISEL ellipsometer in a spectral
range of 0.59 eV to 6.5 eV at an angle of incidence of
60◦ . Fitting of spectroscopic ellipsometry data with the
DeltaPsi2 software provided estimates of the film thickness and optical parameters, in particular the refractive
index at the wavelength of interest for the application of
the coatings (λ = 1064 nm). Absorption loss was measured by photothermal common path interferometry [25]
at λ = 1064 nm. Five spots on the surface of each sample
were measured in a 4 mm × 4 mm area.
XPS measurements to determine atomic concentration, and hence dopant cation ratio, on the mixed oxide films were carried out with a Physical Electronics
PE 5800 ESCA/ASE system equipped with a 2 mm
monochromatic Al Kα x-ray source, a hemispherical electron analyzer and a multichannel detector. The photoelectron take-off angle was 45◦ and we employed a charge
neutralizer with a current of 10 µA for all measurements.
The instrument base pressure was around 1 × 10−9 Torr.
Survey spectra were collected at a pass energy of 188 eV,
0.8 eV step, 30 s sweep intervals and multiple sweeps
were taken to achieve a reasonable peak-to-noise ratio.
XPS spectra were analyzed with the CasaXPS software
(version 2.3.19) [26]. Grazing incidence x-ray diffraction
(GIXRD) was employed to determine whether the films
remained amorphous or crystallized after each annealing step. These measurements were performed using a
Bruker D8 Discover Series I diffractometer with a Cu
Kα source. The incident angle was fixed at 0.5◦ and 2θ
was varied between 10◦ and 80◦ .
The mechanical properties of the film were measured
using the 75-mm-diameter and 1-mm-thickness disks.
The samples were suspended in a Gentle Nodal Suspension [27, 28]: the disk is sitting on the top of a semispherical support and is kept in place only due to gravity
and static friction. The system is housed inside a vacuum
chamber with residual gas pressure below 10−6 Torr. In
this way the disk acts as a high-quality-factor mechanical
resonator, where about 20 modes with frequencies ranging from 1 kHz to 30 kHz can be probed, virtually free
of recoil energy loss due to the suspension point contact.
All substrates were measured before the film was deposited, and after an initial heat treatment at 900◦ C for
(sub)
(sub)
10 hours. The quality factor Qi
and frequency fi
of all modes were measured, to provide a reference for the
measurements of the coated disks. The measurement is
performed by exciting all the disk resonant modes simultaneously with an electrostatic drive [28] and then tracking the mode amplitude decay over time. The quality
factor, defined as the number of oscillations after which
the amplitude of a given mode decays by 1/e, can be determined from the time evolution of the observed mode
amplitudes. After deposition of the films, the samples
were measured again, obtaining a new set of quality fac-
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tors Qi
and mode frequencies fi
. The presence
of the thin film has two effects: the film changes the flexural rigidity [29] of the disk and therefore induces a shift
of all resonant frequencies; the film introduces additional
energy loss mechanisms due to the material loss angle,
reducing the quality factor of each mode.
The change in the resonant mode frequencies ∆fi =
(coat)
(sub)
fi
− fi
is a function of the elastic properties of
the film: Young’s modulus, Poisson ratio, density and
thickness. The thickness of the film was obtained by ellipsometry, and the density was estimated from literature
values. The mode frequency shifts measured experimentally are then fitted to a finite element model [10, 30],
using a Bayesian approach, to obtain an estimate of the
Young’s modulus and Poisson ratio. Since the energy loss
mechanisms in the substrates and films are independent
(we are assuming there are no interface effects), the loss
angle of the film is related to the change in the measured
quality factor by a simple relation
(sub)
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(2)
where we have defined the loss angle as the inverse of the
quality factor φ = Q−1 and denoted with Ei the elastic energy stored on average in the i-th resonant mode,
for either the substrate or the film. Those energies can
be computed with a finite element analysis, using the
estimated values of Young’s modulus and Poisson ratio,
and then used in the above equation to extract the film
material loss angle. The loss angles showed minimal variations with frequency, thus average values at 1 kHz are
reported.
In the case of the mixed oxide coatings, the thermal
noise was estimated for an HR stack composed of layers
of silica and the doped tantala material. Using the refractive index of each mixed material, a multilayer HR stack
was designed with a target transmission of 5 ppm at λ =
1064 nm which corresponds to the end test mass transmission requirement. The design is obtained by starting
with a stack of doublets where each layer has an optical thickness of one quarter wavelength. The number of
doublets is chosen to get a transmission as close as possible to 5 ppm. Once the design is obtained, the coating
Brownian thermal noise is computed using the measured
elastic properties and the model developed by Hong et.
al. [31]. This allows for direct comparison of the performance of the mixed oxide coatings, taking into account
not only their loss angles but also their elastic and optical
properties.
III.
A.

RESULTS

Oxide coatings

Figure 1 presents the loss angle at 1 kHz for the evaluated oxides. Coatings were annealed at the maximum
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Material
Ta2 O5
Nb2 O5
Al2 O3
Y2 O3
ZrO2
HfO2
SiO2
GeO2

Target
Ta
Nb
Al
Y
Zr
Hf
Si
Ge

Pulse width (µs)
2
2
2
2
2
2
50
50

O2 flow (sccm)
14
14
10
14
12
14
3
6

Deposition rate (nm/s)
0.0209 ± 0.0001
0.0149 ± 0.0001
0.00959 ± 0.00005
0.0225 ± 0.0001
0.0116 ± 0.0001
0.0135 ± 0.0001
0.0152 ± 0.0001
0.0110 ± 0.0001

Table I. Deposition conditions for the metal oxide coatings evaluated in this study. In all cases, the oxygen flow was set at 12
sccm.
Material
Al2 O3 :Ta2 O5
SiO2 :Ta2 O5
Sc2 O3 :Ta2 O5
TiO2 :Ta2 O5
ZnO:Ta2 O5
Y2 O3 :Ta2 O5
ZrO2 :Ta2 O5
Nb2 O5 :Ta2 O5
HfO2 :Ta2 O5

Targets
Al - Ta
Si - Ta
Sc - Ta
Ti - Ta
Zn - Ta
Y - Ta
Zr - Ta
Nb - Ta
Hf - Ta

Pulse width (µs)
51 - 2
72 - 2
45 - 2
2 - 53
56 - 2
73 - 2
54 - 2
68 - 2
49 - 2

Deposition rate (nm/s)
0.0271 ± 0.0001
0.0246 ± 0.0001
0.0287 ± 0.0001
0.01603 ± 0.00005
0.0254 ± 0.0001
0.0282 ± 0.0001
0.0294 ± 0.0001
0.0261 ± 0.0001
0.0295 ± 0.0001

Dopant cation ratio
0.17 ± 0.01
0.26 ± 0.01
0.105 ± 0.007
0.27 ± 0.04
0.20 ± 0.01
0.24 ± 0.02
0.23 ± 0.01
0.12 ± 0.01
0.23 ± 0.02

Table II. Deposition conditions for the Ta2 O5 -based mixed oxide coatings in this study along with cation ratios determined
from XPS atomic concentrations.

temperature before crystallization is reached, and the
corresponding annealing temperatures for each material
are shown in the plot. Films that were crystallized as
deposited, such as TiO2 , ZnO and Sc2 O3 , were excluded
from this study.
Amorphous materials can be classified according to
their amorphous morphology as identified by Zallen [32]:
continuous random network (CRN), modified continuous random network (MCRN), or random closed packed
(RCP). The CRN materials feature mainly covalent
bonds with each atom in a bonding state corresponding to its primary chemical valence. For materials with
a MCRN morphology, covalent bonds are modified and
disrupted by ionic bonds and the average bonding coordination of the oxygen atoms tends to be higher than for
CRN materials. Lastly, the RCP morphology consists of
a random (non-periodic) closed packing of ions.
Applying this classification to the evaluated oxides, it
can be observed that there is a correlation between the
amorphous morphology of the material and the mechanical loss as shown in figure 1. The oxides which correspond
to a MCRN morphology have the highest room temperature mechanical loss angle values of around 5×10−4 . This
group is comprised of Ta2 O5 , Nb2 O5 and Al2 O3 . The
first two are high refractive index materials (n > 1.50)
at λ = 1064 nm and their maximum annealing temperatures are 600◦ C for Ta2 O5 and 400◦ C for Nb2 O5 . On the

Figure 1. Coating loss angle at 1 kHz for the evaluated oxide films. Annealing temperatures for each material identify
the color of each symbol and are indicated at the top of the
figure. The oxides are grouped according to their amorphous
morphology classification: modified continuous random network (MCRN), random closed packed (RCP) and continuous
random network (CRN).

other hand, Al2 O3 has a lower refractive index of around
1.61 and remains amorphous up to 650◦ C.
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In the intermediate range of coating loss angle values,
around 3 × 10−4 , the oxides classified as RCP can be
found. This group includes the high refractive index materials Y2 O3 , ZrO2 and HfO2 . Y2 O3 was only evaluated as deposited given that it crystallized after annealing at 300◦ C leading to increased loss angle values. For
ZrO2 and HfO2 , annealing temperatures of up to 650◦ C
could be applied reaching similar loss angle values to asdeposited Y2 O3 .
Lastly, the lowest loss angle values are found to correspond to the CRN oxides, SiO2 and GeO2 . For SiO2 , the
loss angle falls below the detection limit of the measurement technique so the value presented corresponds to a
lower annealing temperature of 650◦ C for which the loss
value could be evaluated. This material remains amorphous up to an annealing temperature of 900◦ C, which
also corresponds to the maximum annealing temperature
that the silica substrate can withstand without degradation of its optical properties due to impending crystallization of the material. In the case of GeO2 , the crystallization temperature is approximately 600◦ C and the
loss angle is around 1 × 10−4 after annealing at 500◦ C
[33]. Both of these materials have relatively low refractive index, with SiO2 being the current low index material employed in Advanced LIGO and Advanced Virgo.
The Young’s modulus and Poisson ratio of the coatings
were also determined and are presented in Table III. As
mentioned before, SiO2 is the current low refractive index
material in the coatings of the test masses of Advanced
LIGO and Advanced Virgo. As can be observed from
figure 1, SiO2 is in fact the material with low refractive
index that presents the lowest mechanical loss value. Regarding the high index materials, Ta2 O5 was employed
in the first mirrors of LIGO and Virgo. There are several
high index oxides in this study that could be employed in
a high reflectivity stack along with SiO2 : Nb2 O5 , ZrO2 ,
Ta2 O5 and HfO2 . Of all these, ZrO2 and HfO2 have the
lowest loss angles but their Young’s modulus values are
four times higher than that of SiO2 . According to expression 1, dissimilar Young’s modulus values between substrate (SiO2 ) and coating lead to increased thermal noise.
Therefore a stack composed of SiO2 and either ZrO2 or
HfO2 will result in elevated thermal noise. Nb2 O5 and
Ta2 O5 , on the other hand, feature both a similar Young’s
modulus to that of SiO2 and a stack using these materials
would have a modulus similar to that of the substrate.
However, Nb2 O5 has a relatively low crystallization temperature allowing a maximum annealing temperature of
only 400◦ C. That makes Ta2 O5 the most suitable high
index material for a stack with reduced thermal noise
among the oxides characterized in this study.

B.

Ta2 O5 -based mixed oxide coatings

Coating loss angle values for Ta2 O5 and Ta2 O5 -based
oxide mixtures with cation ratios between 0.1 and 0.3
are shown in figure 2. The annealing temperature for

each material is also presented, which corresponds to
the maximum annealing temperature before crystallization was reached. Comparing with undoped Ta2 O5 , the
addition of the dopant in most cases leads to a decrease in the mechanical loss. Only for Al2 O3 :Ta2 O5
and Nb2 O5 :Ta2 O5 the dopant does not modify the loss
significantly. The lowest loss values are obtained for
TiO2 :Ta2 O5 and ZnO:Ta2 O5 , with the first being the approximate composition of the high refractive index material currently employed in the mirrors of Advanced LIGO
and Advanced Virgo [1, 2] .

Figure 2. Coating loss angle at 1 kHz for annealed Ta2 O5
and Ta2 O5 -based oxide mixtures. The bottom axis indicates
either undoped Ta2 O5 or the dopant cation of the mixed film.
Annealing temperatures for each material identify the color of
each symbol and are indicated at the top of the figure. The
grey doted line indicates the loss value for Ta2 O5 for ease
of comparison with the doped films. Loss angle values for
TiO2 :Ta2 O5 and Ta2 O5 are also presented in [17].

In most cases the dopant increases the crystallization
temperature of Ta2 O5 , as can be inferred from figure 2.
Generally, the loss angle of a given material decreases
with increasing annealing temperature until crystallization is reached. However, there is no correlation between
crystallization temperature and loss angle when comparing among different mixed oxides. In other words, a
Ta2 O5 -based mixture with a high crystallization temperature will not necessarily feature the lowest loss angle
as can be observed in figure 2. Further analysis of the
films carried out in [34] indicates that the dopant either
acts as an amorphizer agent or induces the formation of
a ternary phase. Among all the evaluated coatings, a
ternary compound was only found to form in the case
of TiO2 :Ta2 O5 and ZnO:Ta2 O5 which feature the lowest mechanical losses. Previous research on TiO2 :Ta2 O5
indicated that the ternary phase formation introduced
significant morphological and structural changes that affected the mixed oxide coating and were also linked to
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Material
Ta2 O5
Al2 O3
Nb2 O5
Y2 O3
ZrO2
HfO2
SiO2
GeO2

n at λ = 1064 nm
2.12 ± 0.01
1.61 ± 0.01
2.24 ± 0.01
1.92 ± 0.01
2.19 ± 0.01
2.09 ± 0.01
1.46 ± 0.01
1.60 ± 0.01

Young’s modulus (GPa)
115 ± 2
113 ± 4
89 ± 2
151 ± 4
230 ± 10
248 ± 6
70 ± 2
48.2 ± 0.6

Poisson’s ratio
0.26 ± 0.04
0.42 ± 0.05
0.327 ± 0.002
0.34 ± 0.4
0.41 ± 0.05
0.32 ± 0.04
0.264 ± 0.002
0.29 ± 0.03

Table III. Refractive index at λ = 1064 nm, Young’s modulus and Poisson ratio for the evaluated oxide films. All values
correspond to films annealed at the temperatures specified in figure 1.

the decreased loss value [17]. For ZnO:Ta2 O5 the lowest loss angle was achieved after annealing at 650◦ C but,
contrary to all other evaluated films in this study (oxides
and mixed oxides), the structure was partially crystallized. Figure 3 shows the corresponding GIXRD diffractogram that features an amorphous background with superimposed peaks that correspond to two polymorphs of
the ternary compound Ta2 ZnO6 (reference pattern PDF
00-049-0746 and 00-39-1484 [35]). It is notable that the
presence of a crystalline phase does not lead to higher loss
values, as the grain boundaries are known to increase the
loss significantly. Generally, the mechanical loss angle is
particularly sensitive to even partial crystallization which
causes a dramatic increase in the loss.

promotes the formation of Ar-filled bubbles in the coatings which affect the refractive index as observed in [17].
Overall, most mixed films have a lower refractive index
than Ta2 O5 , with the index of SiO2 :Ta2 O5 being the lowest of the evaluated mixtures. The Young’s modulus, an
important factor that contributes to the Brownian thermal noise, shows variations of up to 27% compared with
undoped Ta2 O5 . This small variation in the Young’s
modulus compared to Ta2 O5 is due to the low cation
ratio of these mixtures and the specific Young’s modulus
of these materials and consequently should have little to
no effect in the Brownian noise of an HR stack designed
using a Ta2 O5 -based mixed oxide as the high index material.

Figure 3. GIXRD diffractogram of ZnO:Ta2 O5 after annealing at 650◦ C. Tabulated peak positions for two polymorphs of
Ta2 ZnO6 (reference pattern PDF 00-049-0746 and 00-39-1484
[35]) are included.

Table IV presents the refractive index at λ = 1064 nm,
Young’s modulus and Poisson ratio for the Ta2 O5 -based
mixtures. All values correspond to films annealed at their
maximum annealing temperature, specified in figure 2.
The refractive index values roughly follow the law of mixtures (that is, a weighted average), with dopants of low
index such as Al2 O3 leading to a mixed film with lower
refractive index than Ta2 O5 . In the case of Sc2 O3 :Ta2 O5
a more complex relation was found, given that the dopant
induces the presence of a tantalum suboxide compound
as described in [19]. For TiO2 :Ta2 O5 , the annealing

Figure 4. Absorption loss at λ = 1064 nm for Ta2 O5 and
Ta2 O5 -based mixed oxide films normalized to quarter wavelength optical thickness. The bottom axis indicates either
undoped Ta2 O5 or the dopant cation of the mixed film. The
grey doted line indicates the absorption loss value for Ta2 O5
for ease of comparison with the doped films. Data corresponding to Ta2 O5 , TiO2 :Ta2 O5 and Sc2 O3 :Ta2 O5 are also
presented in [17, 19]

The absorption loss at λ = 1064 nm measured for
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Material
Al2 O3 :Ta2 O5
SiO2 :Ta2 O5
Sc2 O3 :Ta2 O5
TiO2 :Ta2 O5
ZnO:Ta2 O5
Y2 O3 :Ta2 O5
ZrO2 :Ta2 O5
Nb2 O5 :Ta2 O5
HfO2 :Ta2 O5

n at λ = 1064 nm
2.01 ± 0.01
1.93 ± 0.01
2.09 ± 0.01
2.19 ± 0.01
2.05 ± 0.01
2.03 ± 0.01
2.07 ± 0.01
2.11 ± 0.01
2.05 ± 0.01

Young’s modulus (GPa)
132 ± 6
121 ± 2
133 ± 2
128 ± 4
103 ± 2
123 ± 5
143 ± 5
118 ± 4
146 ± 5

Poisson’s ratio
0.37 ± 0.08
0.39 ± 0.02
0.39 ± 0.03
0.35 ± 0.02
0.49 ± 0.02
0.35 ± 0.07
0.36 ± 0.05
0.3 ± 0.1
0.32 ± 0.06

Table IV. Refractive index at λ = 1064 nm, Young’s modulus and Poisson ratio for the evaluated Ta2 O5 -based mixed oxide
films. All values correspond to films annealed at the temperatures specified in figure 2. Data corresponding to TiO2 :Ta2 O5 are
also presented in [17, 30].

annealed Ta2 O5 and Ta2 O5 -based mixtures can be observed in figure 4. The values are normalized to a quarter wavelength (QWL) optical thickness, as typical HR
stacks will be composed of QWL layers designed for maximum reflectivity at the laser wavelength of λ = 1064
nm. It can be seen that the dopant can increase or decrease the absorption loss compared to undoped Ta2 O5 .
The mixtures with the lowest absorption loss values
are Al2 O3 :Ta2 O5 , SiO2 :Ta2 O5 , TiO2 :Ta2 O5 ZnO:Ta2 O5
and ZrO2 :Ta2 O5 . On the other hand, Sc2 O3 :Ta2 O5 ,
Y2 O3 :Ta2 O5 , Nb2 O5 :Ta2 O5 and HfO2 :Ta2 O5 all have
absorption loss values much larger than undoped Ta2 O5 .
In order to fully evaluate the suitability of the Ta2 O5 based mixed oxide coatings as high index components in
an HR stack, the Brownian thermal noise was calculated
for stacks composed of layers of SiO2 and each mixture
material. Figure 5 presents the Brownian noise level in
the top panel and the number of doublets (pair of SiO2
and high index layer of QWL optical thickness each) used
in the stack design to reach a 5 ppm transmissivity. As
expected, the total number of layers is inversely proportional to the refractive index contrast between the mixed
oxide material and SiO2 with SiO2 :Ta2 O5 requiring the
largest number of doublets in the design.
The Brownian thermal noise takes into account not
only the loss angle of the material but also the total thickness of the high and low index materials that compose
the HR stack. The ideal high index material would be
one that features the lowest mechanical loss and highest
refractive index at λ = 1064 nm. However, a decrease in
the mechanical loss angle can be offset by a decrease in
the refractive index of the material which leads to more
doublets being required in the stack to achieve the desired reflectivity. A clear example of this is the case of
SiO2 :Ta2 O5 for which the mechanical loss angle was significantly lower than undoped Ta2 O5 but so was the refractive index, and therefore the resulting Brownian noise
is of similar value. The use of dopants that decrease the
refractive index can be challenging, as only a significant
decrease in the mechanical loss can provide a lower Brow-

Figure 5. Top panel: comparison of the Brownian thermal
noise level attainable with Ta2 O5 and Ta2 O5 -based mixed oxide materials. Annealing temperatures are specified for each
material. Bottom panel: number of doublets used in each HR
stack design to reach a reflectivity of around 5 ppm. The bottom axis indicates either undoped Ta2 O5 or the dopant cation
of the mixed film. In both panels, the grey dashed lines indicate the values for Ta2 O5 for ease of comparison with the
doped films.

nian noise. Most dopants lowered the mechanical loss
angle but only a few of them contributed to lowering the
Brownian noise. The most viable candidates of all the
evaluated mixtures are Sc2 O3 :Ta2 O5 , TiO2 :Ta2 O5 and
ZnO:Ta2 O5 . The first features elevated absorption loss
and the presence of tantalum suboxide compounds, while
the later is partially crystallized and thus may increase
the bulk scattering losses. Our results confirm, within
the tested mixed oxide materials, that the only suitable
dopant for Ta2 O5 with low cation concentration appears
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to be TiO2 which is the mixture already in use in Advanced LIGO and Advanced Virgo.

IV.

CONCLUSIONS

A systematic study of amorphous metal oxide and
Ta2 O5 -based mixed oxide coatings was carried out to
evaluate their suitability for low Brownian noise interference coatings for GW detectors. Coatings were characterized to obtain their optical, structural and elastic
properties, in addition to measuring the loss angle of
the materials. The metal oxides evaluated in this study
allowed to identify a correlation between the mechanical loss and the amorphous morphology of the material.
In particular, continuous random network oxides such as
SiO2 and GeO2 featured the lowest loss angles. A comprehensive survey of Ta2 O5 -based mixed oxide thin films
provided insights into the effect of the dopant in the elastic and optical properties of the coatings as well as in the
mechanical loss. We estimated the thermal noise associated with high-reflectance multilayer stacks that employ
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