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Coating thermal noise is one of the dominant noise sources in current gravitational wave detectors and
ultimately limits their ability to observe weaker or more distant astronomical sources. This Letter presents
investigations of TiO2 mixed with SiO2 (TiO2∶SiO2) as a coating material. We find that, after heat
treatment for 100 h at 850 °C, thermal noise of a highly reflective coating comprising of TiO2∶SiO2 and
SiO2 reduces to 76% of the current levels in the Advanced LIGO and Advanced Virgo detectors—with
potential for reaching 45%, if we assume the mechanical loss of state-of-the-art SiO2 layers. Furthermore,
those coatings show low optical absorption of <1 ppm and optical scattering of ≲5 ppm. Notably, we still
observe excellent optical and thermal noise performance following crystallization in the coatings. These
results show the potential to meet the parameters required for the next upgrades of the Advanced LIGO and
Advanced Virgo detectors.
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Introduction.—Gravitational waves are generated by
massive, accelerating objects such as merging black holes
and neutron stars. These waves, predicted by Einstein more
than 100 years ago, cause transverse quadrupole strains in
space resulting in dimension changes in appropriately
oriented objects [1,2].
To measure these length changes, enhanced Michelson

interferometers have been developed to monitor the dis-
tance between highly reflective (HR) mirrors suspended
several kilometers apart. Since the first detection in 2015, a
large number of gravitational-wave signals have been
observed [3–6] by the Advanced LIGO (aLIGO) [7] and
Advanced Virgo (AdV) [8] detectors. One of the major

limitations to the detectors’ sensitivity is displacement
noise of the mirrors’ surfaces arising from Brownian
thermal motion in the mirror coatings. The magnitude of
the coating thermal noise (CTN) amplitude spectral density
is given by [9]
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Here kB is the Boltzmann constant, T the mirror temper-
ature, f the frequency, w the radius of the laser beam on the
coating, and Ysub and σsub are the Young’s modulus and
the Poisson ratio of the mirror substrate. dj and ϕj are the
thickness and the mechanical loss of the jth layer in the
coating, and bj is a weighting factor for the jth layer
defined in [9]. We assume here that the mechanical losses
associated with bulk motion and shear motion [10] are
approximately equal (ϕbulk ≈ ϕshear ≈ ϕ).
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A reduction in CTN is critical to reach the required
sensitivity and full astronomical potential of planned
detector upgrades and future detectors. For current detec-
tors, operating at room temperature and with a given beam
size, a reduction in thickness via the use of materials with a
higher contrast in refractive index, n, or a reduction in
coating mechanical loss is therefore required.
The coatings of the aLIGO and AdV detectors, produced

by LMA [11] via ion beam sputtering, are stacks of alter-
nating layers of SiO2 (low n), and Ta2O5 mixed with 25%
TiO2 (high n, referred to as TiO2∶Ta2O5) [12]. The optical
absorption of theseHRcoatings is as low as≈0.25 ppmat the
detector wavelength of λ¼ 1064 nm [13]. The TiO2∶Ta2O5

layers dominate the overallmechanical loss, and therefore the
CTN [14–16].
To reduce CTN, materials to replace TiO2∶Ta2O5 are

being investigated [17]. Strong candidates include silicon
nitride [18] and TiO2∶GeO2 [19]. A current drawback of
silicon nitride is the relatively high optical absorption [18].
For TiO2∶GeO2, mechanical loss measurements have
shown the potential for 50% CTN reduction [19], however,
direct CTN measurements confirming this reduction are
awaited. The absorption for an HR coating was shown
to be a few ppm and recent progress with mitigating initial
delamination issues due to heat treatment [20] has
been made.
In this Letter, we present an extensive study of another

previously identified candidate high-index material: SiO2

mixed with TiO2 (TiO2∶SiO2) [21,22]. To investigate the
effect of composition on the refractive index and mechani-
cal loss, single layers of different compositions were
produced. Two HR multilayer stacks, using SiO2 for the
low-index layers, were also studied. Investigations into the
effect of heat treatment on the optical properties were
carried out, and we present a comparison of mechanical
loss measurements and direct CTN measurements. We
discuss defect formation during heat treatment, and the
onset of crystallization which, perhaps surprisingly, does
not cause significant deterioration in the optical or thermal
noise performance.
Coating deposition and composition.—The TiO2∶SiO2

coatings were deposited by FiveNine Optics [23] using ion
beam sputtering with Ti and SiO2 targets and argon as the
sputtering ion. To investigate the effects of the composition,
four single layer coatings were deposited, of which three
were different in composition, while that with the highest
TiO2 concentration was deposited twice, allowing consis-
tency checks of the deposition process.
Rutherford backscattering spectrometry (RBS) was used

to determine the composition of the single layers [24].
Simulations with the ion beam analysis software SIMNRA

[25], using a uniform and stoichiometric layer model,
allowed the measured cation ratios Ti=ðTiþ SiÞ to be
estimated (see Table I). As-deposited layers contain
0.5% Ar.

Two HR multilayer stacks were also deposited, using
SiO2 as the low-n partner to the high-n TiO2∶SiO2 layers—
one with 63.2% Ti concentration (target 50%), using 17.5
layer pairs (starting and ending with the high-n material),
and the other with a 69.5% Ti concentration (target 60%),
using 21.5 layer pairs. Each layer was nominally λ=4n in
thickness to give high reflectivity. The Ti cation concen-
trations were verified using elastic recoil detection time of
flight measurements [26] probing the elemental composi-
tion of the top four layers of each stack.
From transmission spectra of the single layers, thickness

t and n were obtained using the software tool SCOUT [27].
Table I shows the results for the as-deposited single layers
and for selected annealing temperatures, showing that n
increases with the Ti cation concentration. For the 69.5%
layers, n was estimated from a linear extrapolation of the
single layers indices.
Table I also shows the calculated thickness tHR of an HR

stack of reflectivity R ≥ 99.9994% using TiO2∶SiO2 layers
partnered with SiO2. The lowest Ti concentration from the
single layers would require a very thick HR coating due to
the low n, as each TiO2∶SiO2 layer becomes thicker, and
more pairs of layers are required to generate the desired
reflectivity [28,29].
Mechanical loss.—The mechanical loss of the coatings

was measured using the gentle nodal support (GeNS)
technique [30], in which a disk is balanced on a spherical
lens. The loss is calculated from the time dependence of the
amplitude decay of excited vibrational modes, measured
via an optical lever readout. Comparison of the loss before

TABLE I. Nominal and measured Ti-cation concentrations, n at
1064 nm at selected heat-treatment temperatures T, t, and ρ of
the single layers, and tHR required for R ≥ 99.9994% (using
nSiO2

¼ 1.45). Coatings measured in their as-deposited state, with
no additional heat treatment, as indicated by “none” in the T
column.

Ti concentration [%]
t [nm] T [°C] n tHR [μm] ρ [kg=m3]Target Measured

Single layers

40 46.2� 0.4 298 none 1.77 10.83 2686� 50
450 1.75 11.56

50 58.5� 0.5 274 none 1.88 7.94 2889� 50
450 1.86 8.63
750 1.88 7.94

60 62.3� 0.5 272 none 1.93 7.21 2967� 50
450 1.92 7.54
500 1.91 7.56

60 62.6� 0.5 256 none 1.93 7.21 3022� 50
450 1.91 7.56

HR coatings

50 63.2� 2.0 none 1.93 7.21
60 69.5� 1.7 none 1.97 6.83
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and after coating deposition allows the loss of the coating
material to be calculated, using the ratio of the strain
energies stored in the coating and substrate found using
finite element analysis COMSOL [31]. The coating density,
ρ, used in this analysis was found by combining the areal
density of the scattering atoms measured by RBS with the
measured thickness of the coatings. Resonant modes
between 2 kHz and 31 kHz were measured.
Figure 1 shows the average mechanical loss, across six–

eight modes, of the 58.5% and 62.3% single layer coatings,
and of the two HR stacks. These coatings were deposited
on two silica disk geometries: ø ¼ 50.8 mm × 1 mm, and
ø ¼ 76.2 mm × 2.5 mm (respectively referred to as “thin
disk” and as “thick disk” in Fig. 1) [32], heat treated to
950 °C for 4.5 h predeposition. The higher Ti-concentration
HR coating was deposited on two different thick disks,
labeled A and B. The coated disks were heat treated,
increasing the oven temperature at 100 °C=h to the desired
temperature, which was then maintained for 10 h, after
which the oven cooled naturally. Following each heat
treatment, the mechanical loss was measured.
The mechanical loss of all coatings reduced after their

initial heat treatment step (300 °C for the HR stacks, 450 °C
for the single layers). The single layer coatings then
increased in loss after heat treatment at 550 °C. The HR
coatings behaved differently: the loss of the 63.2% HR
coating minimizes at 600 °C before starting to increase
again, while the 69.5% coating shows a slight increase in
loss around 500 °C–550 °C before the loss decreases again at
600 °C. Some mechanical loss HR samples started showing
considerable damage such as blisters, cracks, or both, visible
by eye after the highest temperature heat treatments.

Interestingly, the single layer and HR coatings with
≈63% Ti concentration have very similar losses, while a
lower HR loss would be expected due to the loss of SiO2

generally being low—see literature data in Fig. 1 (inset)
[18,34]. By decomposing our measured HR losses, using
the measured TiO2∶SiO2 single layer losses [35] at 450 °C
and 525 °C, we estimated the loss our SiO2 layers would
need to have for the single layer and HR loss to be
consistent—this is shown by solid blue triangles in
Fig. 1 (inset). The hollow blue triangle assumes further
improvement of our SiO2 with heat treatment at 850 °C, by
the same factor (×1.85) as observed for the literature data
(green and black points). The gray, dashed lines show
exponential least-square fits through all three datasets,
indicating their trends. This may suggest that the loss of
our SiO2 is high compared to other SiO2 films.
Discrepancies of CTN calculated from single layer and

HR losses have been observed previously. In the literature
no strong evidence of significant interface losses between
layers has been found [35,36]. While stress relaxation may
cause excess loss particularly on thin substrates [36], it
seems unlikely to be the dominant source in our case of
relatively thick samples, with consistent loss for different
thicknesses. Discrepancies in the literature predominantly
arose from differences in the frequency dependence of
single-layer and multilayer losses [12,16], which we do not
observe. The possibility that SiO2 is the source of excess
loss was concluded before [12,16], although the exact
reasons, or if this is the case for our coating, remain unclear.
Coating thermal noise.—CTN was measured directly in

a high-finesse cavity (see Gras and Evans for details [37])
using superpolished fused silica substrates of which an
8 mm diameter area in the center was coated with the 69.5%

FIG. 1. Mechanical loss of the 58.5% and 62.6% single layers
and the HR coatings as a function of heat treatment temperature.
Each point represents the average loss of six–eight modes, with
the standard deviation used as the error bars. Inset: mechanical
loss of our SiO2 estimated by comparing the single layers and HR
losses [33], and SiO2 loss from the literature A [34] and B [18].
Axis labels are identical to the main plot.

FIG. 2. Directly measured CTN at 100 Hz of the 69.5% HR
coating, scaled to the aLIGO end test mass beam size (purple,
solid points), and CTN calculated from the HR coating mechani-
cal loss shown by yellow squares, corresponding to the losses in
Fig. 1. The gray circles show CTN calculated from individual
TiO2∶SiO2 and SiO2 losses—see Fig. 1. The red, dashed line
represents a reduction compared to aLIGO (green line), which is
the CTN goal for the aLIGOþ upgrade.
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HR stack. The purple dots in Fig. 2 show the measured
CTN at 100 Hz, scaled using Eq. (4) in [37] to the
magnitude expected in an aLIGO end test mass mirror
(i.e., using a TEM00 mode and a laser beam radius of
6.2 cm). The CTN of our TiO2∶SiO2-based HR stack
decreases with increasing heat treatment temperature,
reaching the aLIGO CTN level, measured and scaled in
the same way (green line), at 650 °C. It then further
decreases to a minimum value at 850 °C where it is at
79% of the aLIGO level after 10 h of heat treatment and at
76% after 100 h. Higher temperatures do not show further
improvement. Here the oven temperature was increased and
decreased by 50 °C=hr, which is a lower rate than used for
the mechanical loss samples and notably implemented
controlled cooling. None of the CTN samples heat treated
in this way developed any cracks or defects below 950 °C.
The yellow squares show CTN calculated from the mea-
sured mechanical loss of the 69.5% HR coating (yellow
squares in Fig. 1), agreeing within ≤ 4% of the directly
measured CTN.
To estimate the effect of potentially high SiO2 loss, or

other excess loss in the stack, the fit through the blue
triangles (Fig. 1, inset) was used to extract the TiO2∶SiO2

loss from the directly measured CTN at each temperature.
The result was combined with the best SiO2 loss from the
literature (black squares in Fig. 1) [38] to calculate the CTN
shown by the gray circles in Fig. 2. This analysis suggests
that a maximum CTN reduction to ≈45% of aLIGO/AdV
could be achieved, beating the aLIGOþ goal of 50% CTN
reduction, if the excess loss was reduced. If the SiO2 itself
is the excess loss source, improved SiO2 could also
possibly reduce the loss of the TiO2∶SiO2 layers in the
coating, further improving performance.
Optical absorption.—The optical absorption of the

69.5% TiO2∶SiO2 HR coating used for direct CTN

measurements was determined by measuring the resonant
frequency of the high-finesse cavity as a function of
circulating power. Heating from the absorbed power
changes the optical path length in the cavity via thermal
expansion and dn=dT, resulting in a change in resonant
frequency that is proportional to the circulating power. A
sample of known absorption is used to calibrate the
measurement. Each measurement was made using a single
50 μm laser-beam spot near the center of the coating
surface, resulting in absorption values shown as green
dashes and blue crosses in Fig. 3. The absorption reduces
with increasing heat treatment temperature to a minimum
of ð0.9� 0.4Þ ppm at 650 °C, and then remains fairly
constant until it starts to slightly increase at 800 °C.
The absorption was also measured using photothermal

common-path interferometry (PCI) [39], a technique to
measure very low optical absorption with a high spatial
resolution. For these measurements, the mechanical loss
disks were used as well as some smaller-scale samples
coated in the same coating run. Samples heat treated for
10 h at target temperatures up to 600 °C were measured,
shown as black diamonds in Fig. 3, where the optical
absorption reduced to (0.84� 0.09) ppm. The sample used
for direct CTN measurements, heat treated to 850 °C for
100 h, was also measured with PCI, shown as a blue
diamond, yielding absorption of ð0.82� 0.10Þ ppm.
Crystallization and defects.—Raman spectroscopy on

the 69.5% HR coating was carried out to assess crystal-
lization after heat treatment. The as-deposited coating, and
the lower temperature heat treatments, show a characteristic
amorphous spectrum with broad Raman bands, see Fig. 4,
consistent with being a combination of SiO2 and TiO2. The
coating starts crystallizing (as anatase) between 550 °C and
575 °C, as evidenced by the narrower peaks in the spec-
trum, which is a significantly higher temperature than for

FIG. 3. Optical absorption at 1064 nm of the 69.5% HR stack as
a function of heat treatment temperature. The measurement of
sample 2 after heat treatment at 850 °C for 100 h is indicated with
arrows. All other measurements on both systems were from
samples heat treated for 10 h.

FIG. 4. Raman spectra of the 69.5% HR coating (main plot),
and for the 63.2% (inset—axis range identical to main plot). Peak
magnitude increases with heat treatment temperature. The data
for the 69.5% 850 °C and 63.2% 800 °C heat treated coatings are
scaled down with respect to the other spectra.
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pure IBS-TiO2 [40,41]. Through heat treatment, the peaks
converge on bulk crystalline anatase TiO2 values [42] in all
cases except the primary peak where a progressive red shift
is seen—settling at 140 cm−1 after 850 °C. This shift may
result from stresses arising from the thermal mismatch of
the materials [43], and its position is only clearly resolved
after advanced crystallization. It could also originate from
increasing oxygen content in the high-n layers as a result of
heat treatment in air [44,45] or potential interdiffusion from
neighboring SiO2 layers [46]. The inset shows the results
for the 63.2% HR coating, which starts crystallizing at
600 °C, doing so as both anatase and rutile.
Macroscopic defects were noted for many of the

mechanical loss samples at higher heat treatment temper-
atures: HR stacks of both compositions on three different
76.2 mm disks started showing blisters, mainly in a ring-
shape near the edge, after heat treatment at 600 °C, while
the 63.2% HR coating on a 50.8 mm disk did not show
blisters, but started cracking after heat treatment at 650 °C.
It is interesting to note that the 76.2 mm disks were
polished to a better surface quality, i.e., lower rms surface
roughness, than the 50.8 mm disk.
The samples used for direct CTN measurements did not

show any blistering, while cracks were only observed after
heat treatment at 950 °C. Possible reasons could be (i) that
the coatings were of a smaller diameter, (ii) that the coating
ended several millimeters away from the substrate edges
while the other samples were completely coated, or (iii) that
a controlled cool-down rate after heat treatment was used,
which was much slower than the natural cool-down rate
used for the other samples.
Scattering.—total integrated scatter (TIS) of the 69.5%

HR coating was measured using two techniques. The first
used an integrating sphere, which has a scattered light
capture range from 1 to 75° [47], and a 0.3 mm diameter
1064 nm laser beam, while the second used an angle-
resolved scatterometer (ARS) which records the scattered
light at discrete angles between 3 and 80°, using a 5.2 mm
diameter 1056 nm beam from a superluminescent diode.
With the ARS, integrated scatter over this range of angles is
estimated assuming isotropic scattering in azimuthal
angles [48].
For the as-deposited HR stack, the integrating sphere

measurement gave a TIS of ð2.8� 1.0Þ ppm and the ARS
yielded ð2.9� 1.0Þ ppm. For the HR stack heat treated at
850 °C for 100 h, the TIS was higher, but still at a relatively
low level: ð4.6� 1.0Þ ppm from the integrating sphere and
ð5.2� 1.9Þ ppm from the ARS. In comparison, the TIS of
the aLIGO mirror coatings have been measured to be
ð9.5� 2.0Þ ppm [47] using the same integrating sphere
setup, while another technique [49] yielded a value of
ð4.9� 1.5Þ ppm [13]. While care is needed when compar-
ing our test sample to the aLIGO mirrors, due to the
difference in size of the coating and differences in the
substrate surface quality, these initial scatter results for

the optimally heat-treated, defect-free and partially crystal-
lized TiO2∶SiO2 HR coating are very promising.
Discussion.—We have shown by direct CTN measure-

ments that HR coatings made of 69.5% TiO2∶SiO2 and
SiO2 have the potential to reduce CTN to 76% of the
aLIGO CTN. From comparing the measured losses of the
TiO2∶SiO2 single layer and HR coatings, we conclude that
either the SiO2 in our coatings has a much higher loss than
expected based on the literature data, or some other excess
loss is present. When combining our TiO2∶SiO2 with the
loss of state-of-the-art SiO2, we calculate a lower boundary
of 45% of aLIGO/AdV CTN. Therefore, further inves-
tigation of the reason for the discrepancy between single
layer and HR loss is of high interest. While the TiO2 in our
69.5% HR coating begins to crystallize at 575 °C, with
crystallization resulting in a scattering increase of about a
factor of 2 at 850 °C, it is very interesting to note that the
resulting scattering level is still comparable to, or better
than, that of an aLIGO coating. While some coating
samples displayed a small number of defects at higher
heat treatment temperatures, other samples survived with
no defects until a temperature of 950 °C was reached,
demonstrating that this material has the potential to survive
the annealing temperatures required for optimum CTN
performance. After heat treatment at 850 °C for 100 h, the
HR coating had an absorption of ð0.82� 0.10Þ ppm.
Overall, this coating has high potential for providing

improved CTN, compared to aLIGO and AdV, in room-
temperature gravitational-wave detectors while also show-
ing promising optical properties.
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