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Due to its excellent optical properties, such as low absorption and scattering, amorphous Ta2O5 is
commonly used as an optical coating material, often in combination with SiO2 layers to produce a highly
reflective stack. However, the high mechanical loss of Ta2O5 limits the thermal-noise performance of such
coatings when used in precision measurement applications. Doping with TiO2 has previously been shown
to slightly reduce the mechanical loss, but it is still very high compared to many other materials, particularly
at low temperatures. In this paper, we present a detailed study of different heat treatment temperatures and
of Ti concentrations of up to nominally 75%. We show a significant mechanical-loss reduction for the
mixture with the highest Ti cation content, which crystallized after heat treatment at 500°C. The resulting
loss is much lower than that of pure TiO2 or that of Ta2O5 after crystallization, making further studies
highly interesting, in particular investigations of scattering which may pose a major drawback for optical
applications.
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I. INTRODUCTION

Tantalum pentoxide (Ta2O5), in its amorphous state, is
widely used as a material for optical coatings [1,2]. Such
coatings are made of stacks of thin films of two alternating
materials, different in refractive index. Ta2O5 is commonly
used as the high-index material in combination with silica
(SiO2) as the low-index material. The index contrast leads to
reflection at the layer interfaces so that, by accurately tuning
the layer thicknesses, coatings of various reflectivities can
be created such as highly reflective coatings, antireflection
coatings or coatings with a certain splitting ratio.
When deposited via ion-beam sputtering, highly reflec-

tive mirror coatings made of SiO2 and Ta2O5 show
excellent optical properties such as extremely low optical
absorption and scattering [3]. These coatings form the basis
of a variety of high-precision experiments in quantum

optics and related fields, involving high laser power or low
optical losses [4]. The fields of gravitational-wave detec-
tion and laser stabilization, e.g., for atomic-clock develop-
ment [2], share an additional requirement: low thermal
noise of the highly reflective coated mirrors.
Coating thermal noise is proportional to the mechanical

loss of the coating [5], which is related to the individual
losses of the contributing materials. The mechanical loss of
Ta2O5 is considerably higher than that of SiO2 [6]. Studies
show that titania (TiO2) doping can reduce the mechanical
loss of Ta2O5 significantly [7–10]. Despite extensive effort
for more than a decade, involving different doping materi-
als and elevated temperature deposition based on structural
modeling results, no further significant mechanical-loss
reduction in Ta2O5 has been possible to date—when using
the material at room temperature.
An option to reduce coating thermal noise is cooling

of the mirrors to cryogenic temperatures. However, the
mechanical loss of Ta2O5 has been shown to increase
toward low temperatures with a peak at around 20 K, at
which the mechanical loss is about a factor of 5 higher
than at room temperature [11,12]. Consequently, the
thermal-noise reduction from a temperature decrease is
partly compensated by this loss increase. Doping with
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14.5% Ti slightly reduces the magnitude of the peak, but
increases its width [12]. In the same reference, it has been
observed that the distribution of potential barriers in the
material shows a shift toward higher energies with TiO2

doping. Higher doping concentrations may result in a
further shift and a consequent thermal-noise reduction,
as has been suggested by molecular dynamics modeling
results showing decreasing cryogenic loss with increasing
doping [13]. This makes more detailed research into the
low-temperature mechanical loss, revealing information
about the barrier distribution, of Ta2O5 doped with different
concentrations of Ti of interest.
Postdeposition heat treatment is commonly used to

reduce the optical absorption and the mechanical loss of
optical coatings. For (TiO2 doped) Ta2O5 coatings, used at
room temperature, an optimum heat-treatment temperature
of around 500–600°C has been identified. At low temper-
atures, the peak mechanical loss is about a factor of 2 lower
after heat treatment at 300–400°C than after 600°C,
originally investigated by Martin et al. [14], and occurs
at a higher temperature of around 40 K. Molina-Ruiz et al.
[15] also observed a low temperature loss peak around 50 K
from measurements of double paddle oscillators coated
with magnetron sputtered tantala films after 500°C and
600°C anneals. X-ray diffraction measurements by Vajente
et al. [16] of IBS tantala coatings have shown they remain
amorphous after anneals up to 500°C. Above 600°C, the
Ta2O5 crystallizes and a high, broad low-temperature
mechanical-loss peak develops [14]. However, TiO2 is
known to crystallize at much lower temperatures of around
300°C [17] so that an increase in Ti doping concentration
may also change the optimum heat-treatment temperature
of the Ta2O5.
In this paper, we present low-temperature mechanical-

loss measurements of Ta2O5 with three different con-
centrations of Ti (see Table I for detail), at different
heat-treatment temperatures. We show that for the two
lower Ti concentrations, of nominally 25 and 55%, the
temperature-dependent mechanical loss resembles that of
pure Ta2O5. However, for a nominal concentration of 75%
Ti, the mechanical loss drops drastically, in particular at low

temperatures, after heat treatment at 500°C, likely due to
crystallization of the coating [18]. While also showing a
reduction in mechanical loss when crystallizing, the result-
ing loss of pure TiO2 is significantly higher than that of the
TiO2 and Ta2O5 mix.

II. DEPOSITION OF THE FILMS MEASUREMENT
OF THE DIFFERENT TI CONCENTRATIONS

Silicon cantilevers [21] were coated by ion-beam sput-
tering by CSIRO.1 The design thickness of the layers was
tcoat ¼ ð500� 10Þ nm. The Ti cation concentrations were
nominally 25%, 55%, and 75%. The actual stoichiometry
was determined via electron energy loss spectroscopy
(EELS) measurements and initially found to be 14%,
52%, and 68% [19], see measurement A in Table I.
The initial concentration measurements were then

reviewed using a more quantitative approach. This was
based on determination of absolute cross-sections for the
excitation of specific absorption edges, in a manner ana-
logous to that previously used by Craven et al. [22], and the
subsequent use of these by fitting the spectrum as a linear
combination of the standards by Craven et al. [23]. In this
case, standards were developed for the N4;5 edge of Ta at
about 229 eV, for which no calculated cross-section exists,
and the L2;3 edge of Ti at around 456 eV. No attempt was
made to measure the O content and it was assumed, since
the oxygen concentration would not affect the measure-
ments on the titanium to tantalum ratio, that there were 2.5
oxygens per Ta atom and 2 per Ti atom. Since performing
this work, it has become apparent that there is a small
amount of Ar incorporated in the films in nanosized
bubbles, and amounting to maybe 1–3% of the atoms in
there [10,24,25]. This would modify the Ta edge shape
slightly, as the L2;3 sits a little after the 229 eVonset of the
Ta at 245 eV. However, this did not affect fits significantly
as first, the Ar content is small in the film as a whole and
second, both the Ta2O5 film standard and the films being
quantified contained similar argon contents as far as we can

TABLE I. Ti cation percentages as proportion of all metals (Tiþ Ta) in the TiO2 − Ta2O5 films. In the text we
refer to the nominal concentrations, specified by CSIRO, while measurements using electron energy loss
spectroscopy found lower Ti concentrations, different for measurements A and B—see main text for details.
Measurement B was carried out on samples heat treated at different temperatures.

Ti concentrations Nominal (%)

Measured

A B

Low 25 ð14� 3Þ% [19] ð11.2� 0.1Þ% (200°C) [20]
Low ð8.5� 1.2Þ% (400°C) [20]
Low ð10.4� 0.5Þ% (600°C) [20]
Medium 55 ð52� 10Þ% [19] ð43.9� 2.3Þ% (600°C) [20]
High 75 ð68� 1Þ% [19] � � �

1Commonwealth Scientific and Industrial Research Organiza-
tion, Australia.
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tell. Fitting these gave excellent results and low residuals.
More information and exact technical details are given
in the thesis by Isa [20]. Full details of the results for
measurement B are given in Table I.
While the measurements of the highest Ti concentration

were not repeated, Isa reports a Ti concentration of 43.9%
for the nominally 55% Ti doped Ta2O5 coating. For the
lowest doping concentration, small variations in the Ti
content were found for different heat treatment temper-
atures while the as-deposited coating was not investigated.
It is unclear why the doping concentration changes due to
heat treatment, but it is likely that there are small variations
in Ti concentration across the films to which the analysis
method is sensitive as only areas of a few hundred nano-
metres across were probed, and any small variations on the
scale of tens of microns or even millimetres would not be
seen. While all measurements (A and B) agree that the
actual Ti concentrations are lower than the design percent-
age, we will refer to the nominal values here for consistency
with previous reports [19,20,26–29].

III. MECHANICAL LOSS OF THE AS-DEPOSITED
COATINGS FOR DIFFERENT TI

CONCENTRATIONS

The mechanical loss of the coated cantilevers, ϕtotal, was
determined by exciting resonant (bending) modes and
measuring the decay of the oscillation. The mechanical
loss of the coatings was calculated from the measured total
loss via

ϕcoat ¼
Ysubtsub
3Ycoattcoat

ðϕtotal − ϕsubÞ; ð1Þ

where Ysub and Ycoat are the Young’s moduli of the
cantilever and the coating and ϕsub is the mechanical loss
of the uncoated cantilever.2 The cantilever thickness, tsub,
was calculated for each sample from the frequencies of the
resonant modes measured and was between 44 and 70 μm

for the silicon cantilevers used in this study. A detailed
description of the measurement procedure can be found
in [31]. Figure 1(a) shows an example of mechanical losses
of an uncoated cantilever (bottom), the measured loss of the
coated cantilever (middle) and the coating loss calculated
using Eq. (1).
The mechanical loss was measured as a function of heat

treatment temperature. For each sample, several resonant
modes were measured. In this paper, we show results for
the fourth bending mode at ≈2500 Hz: in all cases, these
are broadly representative of the losses measured for other
modes. Figure 2(b) shows an example of the mechanical
loss as a function of temperature of four different modes of
the same sample.
Figure 2 shows the temperature-dependent mechanical

loss of the as-deposited coatings for pure Ta2O5 (green) and
for Ta2O5 with different Ti concentrations: 25% (purple)
and 55% (pink) result in a similar loss level, significantly
lower than that of pure Ta2O5 over the whole temperature
range. For 75% Ti (orange), the loss is similar to that of
pure TiO2 (blue)—higher than that of the films with lower
Ti concentrations, but lower than of pure Ta2O5. This leads
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FIG. 1. Mechanical loss as a function of temperature. (a) shows
the mechanical loss of a so-called control sample, i.e. an uncoated
cantilever (bottom, red circles), the mechanical loss as measured
of the coated cantilever (middle, gray squares) and the coating
loss calculated using Eq. (1) (top, purple stars). The coating loss
is shown for the coating with a nominal TiO2 concentration of
25% (identical to the purple starts in Fig. 2. (b) shows different
modes of the same coating [mode four is identical too that shown
in (a) and in Fig. 3, all shown in purple].

2For pure Ta2O5 and for the lower Ti concentrations, the
Young’s moduli (Y) used for the mechanical loss analysis were
measured via nanoindentation for all heat treatment steps [26].
For the coatings with a 75% Ti concentration and pure TiO2,
values of YTa ¼ ð151� 4Þ GPa and YTi ¼ ð155� 5Þ GPa were
obtained using a linear extrapolation from the films with lower Ti
concentrations, which we concluded to be valid due to agreement
of the result for pure TiO2 with literature. However, the Young’s
modulus of pure TiO2 is known to change with crystalliza-
tion [30]. In [30], Anderson et al. present measurements of the
Young’s modulus of pure TiO2 films with as-deposited values
similar to that of our coating, and a similar crystallization
temperature. The Young’s modulus of their films increased by
about 25% after crystallization (from ≈147 GPa to ≈185 GPa).
Such a potential change, which was not included in our model,
would change our results for the coating mechanical loss by
approximately the same amount. Even if this was the case, our
overall result of a significant loss reduction of the Ta2O5 with
75% Ti concentration would be still valid.
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to the assumption that a Ti concentration between 25% and
55% is ideal for loss reduction. However, we find that heat
treatment of the coatings changes this picture.

IV. MECHANICAL LOSS AS A FUNCTION
OF HEAT TREATMENT TEMPERATURE

Figure 3(a) shows the temperature-dependent mechani-
cal loss of pure Ta2O5 for different heat-treatment temper-
atures. The green points are identical to those shown in
Fig. 2. For heat treatment at 300°C (dark blue) and 400°C
(light blue), the loss reduces to a very similar level. After
heat treatment at 500°C,3 the loss increases slightly. At
600°C (red) a peak at around 20 K develops. After heat
treatment at 800°C (gray), a broad and high loss peak with a
maximum at around 90 K forms, which far exceeds the loss
of the as-deposited coating.
Figure 3(b) shows the mechanical loss as a function of

temperature for pure TiO2. The loss of the as-deposited
coating (blue, identical to the blue curve in Fig. 2) reduces
slightly for heat treatment at 150°C (green). After heat
treatment at 300°C (yellow), the loss drops significantly.
As TiO2 is known to crystallize at temperatures below
300°C [17], this coating was not heat treated to any higher
temperatures. It is interesting that crystallization reduces
the mechanical loss of pure TiO2, while that of pure Ta2O5

increases.
Figure 4(a) shows the Ta2O5 coating with a nominal

concentration of 25% Ti, heat treated at different temper-
atures. While heat treatment at 300°C (blue) slightly

reduces the mechanical loss compared to the as deposited
coating (purple, identical to the purple curve in Fig. 2), for
heat treatment at higher temperatures, a loss peak at around
30 K starts to form (yellow and green).
Measurements on the coating with a nominal concen-

tration of 55% Ti—an almost equal mix of the two
materials—show the development of a similar peak than
observed for the lowest Ti concentration after heat treat-
ment at 600°C (brown), see Fig. 4(b). This is also very
similar to the peak shown by pure Ta2O5 and by Ta2O5

with 14.5% Ti concentration, previously studied [11].
For the highest Ti concentration of 75%, we get a very

different picture as shown in Fig. 4(c). After heat-treatment
at 500°C (dark blue), the mechanical loss decreases
drastically. Heat treatment at 600°C does not change
the loss much at most temperatures, but below 25 K a
further reduction can be observed (light blue). A second
sample, heat treated at 600°C (black) confirmed the low
mechanical-loss level of the Ta2O5 coating with 75% Ti
concentration.
Figure 5 shows a direct comparison of the Ta2O5 films

with different Ti concentrations, after heat treatment at
600°C. For pure Ta2O5 and for the lower Ti concentrations,
the magnitude of the mechanical loss is similar at low
temperatures, with a peak at around 20 K. Although starting
at a much higher loss level, as-deposited (see Fig. 2), the
coating with 75% Ti concentration shows a mechanical loss
more than an order of magnitude lower around 20 K after
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FIG. 2. Mechanical loss as a function of temperature for
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with Ti concentrations (as TiO2) of nominally 25%, 55%,
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for comparison. All graphs in this paper show measurements
made on the fourth bending mode to represent the mechanical-
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3While all the other coatings pure Ta2O5 were produced in the
same coating run, the coating heat treated at 500°C came from a
different coating run, produced by the same vendor and same
deposition method.
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heat treatment (light blue). Remarkably, this loss level is
also significantly lower than that of pure TiO2 after
crystallization (yellow—this coating was not further heat
treated after crystallizing at 300°C), in particular at temper-
atures of around 20 K and below.

V. ANALYSIS OF THE FILM STRUCTURE

The structure of the Ta2O5 film with a nominal Ti
concentration of 75% has been investigated using a witness
sample with the film deposited on an SiO2 substrate. Ta2O5

remains amorphous for heat treatment at 600°C [14], while
Ta2O5 with a nominal Ti concentration of 75% has
previously been shown to adopt a polycrystalline structure
for heat treatment at the same temperature [18]. This is
examined in more detail in Fig. 6, which shows results from
scanning precession electron diffraction carried out in the
transmission electron microscope [32] resulting in a 4D
dataset (2 spatial dimensions and 2 k-space dimensions), all
carried out on a cross-section through the film and substrate
surface made using a conventional focused ion beam liftout
method) [33,34]. The scans were performed on a JEOL
ARM200F using an accelerating voltage of 200 kV, the
smallest available spotsize (5) and the smallest condenser
aperture (10 μm) resulting in a small spot of ∼2 nm in size
and clear separation of all discrete diffraction spots in the
resulting diffraction patterns.
Figure 6(a) shows an annular dark field (ADF) image

[35] calculated from the 4D dataset (using the py4DSTEM

package [36]). As would be expected for ADF, the film,
containing heavier elements like Ta and Ti, is brighter than
the SiO2 in the substrate (but does not have uniform
thickness, resulting in some grayscale contrast variations).
Nevertheless, the Pt-C coating (used to protect the surface
in Focused Ion Beam liftout) above the film is also bright at
the top of the film (with a very thin dark C-rich layer
between the two, which is not unusual in Pt-C deposition).
The film was found to have crystallized into the anatase

structure (a common polymorph of TiO2), both by thin film
grazing incidence x-ray diffraction, and by electron dif-
fraction. Figure 6(b) is a crystal orientation map made using
the ACOM (automated crystal orientation mapping) mod-
ule of py4DSTEM [36,37] and represented using the ORIX

library [38] for the anatase-TiO2 structure. Representative
diffraction patterns of the two grains (averaged from the
orange and purple boxes in Fig. 6(a) are shown in Figs. 6(c)
and 6(d). For reference, a diffraction pattern from amor-
phous SiO2 image averaged from the mid-blue box on
Fig. 6(a) is shown in Fig. 6(e). This demonstrates not that
only is the film crystallized, but that the crystals have grown
really rather large in 24 h, with lateral extents of well over
1 μm—likely a better measure of size would be possibly
with electron backscatter diffraction (EBSD). As the
significant change in mechanical loss already occurs after
heat treatment at 500°C, see Fig. 4(c), it is likely that the
film had already started to crystallize at that temperature,
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even if significant crystal growth only happened at rather
higher temperatures.
This is radically different to TiO2:Ta2O5 films with

lower contents after heat treatment. Samples with about
50%–55% Ti remain amorphous even after 600°C heat
treatment [39] and the main features of the short range
order of those samples are still mainly similar to those
for Ta2O5 and for TiO2:Ta2O5 with lower Ti contents,
even if a shoulder starts to appear on the second nearest
neighbor peaks from Ti-Ta neighbors [39]. In contrast to
this, at the high Ti contents studied in the present paper,
a radical structure transformation has occurred with an
atomic ordering much more characteristic of TiO2 than
Ta2O5, and this crystallizes far more readily on heat
treatment.

VI. DISCUSSION OF THE LOSS REDUCTION

Favaro et al. [40] reported the reduction of the mechani-
cal loss in ion-beam sputtered Ta2O5 thin films through
partial crystallization at room temperature. It is therefore
interesting that the cryogenic mechanical loss of pure TiO2

is also observed here to reduce with crystallization, see
Fig. 3(b), while, at low temperatures, that of pure Ta2O5

increases, see Fig. 3(a). Lalande et al. [41] showed that, at
room temperature, the mechanical loss of coatings com-
prising of a zirconia-titania-tantala ternary alloy, with
a low-to-medium zirconia and titania doping, increased
after crystallization. However, the higher doped samples
were not only able to withstand annealing temperatures of
over 800°C without crystallizing, the room temperature
Brownian thermal noise of these coatings were up to 20%
lower than the current Advanced LIGO coatings. This
suggests that the study of the cryogenic mechanical loss

of ternary coatings, heat treated near their crystallization
point, could be of future interest. That the Ta2O5 with a
nominal Ti concentration of 75% crystallizes at a higher
temperature than the pure TiO2 is not unexpected. However,
it is highly interesting that the mechanical loss after
crystallization reduces to a level significantly below that
of crystallized pure TiO2, as Diksha et al. [42] also observed
the absorption of a near-pure TiO2 film to reduce after
crystallization, which is a property which for other materials
has been shown to worsen after crystallization [43].
The origin of the reduced mechanical loss is unknown.

Many crystalline materials show excellent optical and
mechanical properties and are very interesting for a variety
of optical applications. However, usually only single-
crystalline materials such as silicon or sapphire for (bulk)
substrates [44,45] or single-crystalline coatings such as
AlGaAs or GaP are considered [46–53] for application in
precision optics, as materials forming polycrystalline
structures from heat treatment commonly show an increase
in mechanical loss, in optical absorption and, in particular,
in optical scattering.
It does seem that a large-grained (if not monocrystalline)

structure developed in the films investigated here. A possible
explanation for the low mechanical loss is that the large size
of the crystals means that boundaries represent a miniscule
volume fraction and consequently hardly contribute to the
mechanical loss over the measured temperature range.
Another option previously suggested is that individual
crystals could be surrounded by thin amorphous regions,
reducing the contribution of the mechanical loss from the
amorphous material and allowing the coating to behave more
like a single crystal [54,55], but there was no evidence of
amorphous boundaries seen to date.

FIG. 6. Scanning precession electron diffraction characterization of a Ta2O5 film with a nominal Ti concentration of 75% heat treated
at 600°C: (a) annular dark field image calculated from the 4D dataset; (b) orientation map for anatase where the color represents the
crystal direction in the direction out-of-the-page according to the key shown in the bottom right; (c),(d) representative diffraction
patterns for grains 1 and 2 (from the orange and purple boxes in (a); and (e) representative diffraction pattern for the amorphous SiO2.

PETER G. MURRAY et al. PHYS. REV. D 111, 042005 (2025)

042005-6



VII. SUMMARY

We have shown a significant decrease in low-
temperature mechanical loss of Ta2O5 with a nominal Ti
cation concentration of 75% (see Table I for details of the
nominal vs measured concentration), when heat treated
above crystallization temperature. This reduction is in
contrast to pure Ta2O5 which shows a significant increase
in mechanical loss when forming a polycrystalline struc-
ture due to heat treatment. While the mechanical loss of
pure TiO2 also decreases when crystallizing, the resulting
mechanical loss is an order of magnitude higher at 10–20 K
than that of the mix. Possible explanations are a different
grain size of the crystallized regions or a separation of the
grains by amorphous regions. The results presented here
suggest that the mechanical loss reduces when the coating
changes from amorphous to partially crystalline. Therefore,
in order to further understand the relationship between
mechanical loss and crystallization, further studies of high-
quality titania-doped tantala coatings are of significant
interest, particularly beyond the crystallization point.
While a polycrystalline structure may cause a level of

scattering which is problematic for applications in precision
optics, it is interesting to note that titania-silica mixed films,
while showing an increase in scatter on crystallization, are
still compatible with the scattering requirements of gravi-
tational wave detectors [56]. Pure TiO2 films have shown a
continuing decrease in absorption with heat treatment
beyond crystallization [57]. The major reduction in
mechanical loss observed after crystallization would result
in a significant improvement in thermal noise compared
to e.g. Ta2O5 with no or low Ti doping. Therefore, the
unexpected reduction in low-temperature mechanical loss
of the Ta2O5 coating with a nominal Ti concentration of
75% provides a strong motivation for further investigation

of other material properties such as optical absorption and
scattering.
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