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For application in future cryogenically cooled gravitational wave detectors, the thermal noise of
low absorbing mirror coatings has to be reduced. The development of low mechanical and optical
loss materials is challenging, but thermal noise reduction can be significantly supported by using
a multi-material coating design. We analyze the possible improvement of the total (optical and
mechanical) loss of a three-material based coating obtained by optimizing the properties of the top
layer of the coating stack. A top-layer material with sufficiently high refractive index could have
significantly higher optical and mechanical loss than currently used tantala, while still enabling
reduction of the total coating loss. Restrictions on possible top-layer material properties are made,
and the option of a crystalline top layer is discussed.
PACS numbers: 42.25.Bs, 42.79.Wc

I.

INTRODUCTION

On 14th of September 2015 the first gravitational
wave (GW) signal was directly detected by the Advanced LIGO gravitational wave detectors (GWDs) [1],
which are large-scale Michelson-type interferometers several kilometers in length. Such detectors have been developed to detect GWs by measuring changes in the relative
separation of suspended test-masses via laser interferometry. Highly-reflective (HR) mirror coatings for the test
masses are required to have low thermal noise and low
optical absorption [2]. To reduce thermal noise, future
GW detectors are planned to be operated at cryogenic
temperatures. Presently used coating materials, SiO2
and Ta2 O5 , show cryogenic mechanical loss peaks and
therefore significantly less thermal noise reduction than
required when being cooled [3–5]. To match ET requirements, thermal noise has to be reduced by a factor of ≈ 2
compared to SiO2 /Ta2 O5 at 20 K.
A promising coating material with low mechanical loss
is amorphous silicon (aSi) [6, 7], but the optical absorption at the planned laser wavelength of 1550 nm is far
too high (1000 ppm for a HR coating [8]), while it is only
1.7 ppm [9] for a SiO2 and Ta2 O5 coating. Research on
absorption reduction in aSi is ongoing [10]. Additionally,
a multimaterial coating design enables the optimization
of both optical absorption and mechanical loss [9, 11]. In
this design the outermost bilayers are made of two low
absorbing materials (e.g. SiO2 and Ta2 O5 ) and reflect
most of the incident laser light. Only a small portion of
the light is transmitted into the lower layers in which one
material (or both) is replaced by a material with lower
mechanical loss (e.g. aSi) in which higher absorption can
be tolerated because of the reduced power.
A three-material coating made of aSi, SiO2 , and Ta2 O5
would reduce the thermal noise at an operation temperature of 20 K by 25 %, while the optical absorption would
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FIG. 1. (a) Schematic of a HR coating stack, which consists of 18 bilayers of SiO2 (blue) and Ta2 O5 (green) on a Si
(pink) substrate. The blue line shows the normalized electric
field intensity (EFI) inside the coating. (b) Schematic of a
three-material coating identical in reflectivity, in which the
outermost 8 bilayers are made of SiO2 and Ta2 O5 , while in
the lower 4 bilayers Ta2 O5 is replaced by aSi.

increase only by about 3.5 ppm compared to a ‘pure’
SiO2 /Ta2 O5 coating identical in reflectivity [9]. This is a
promising improvement. However, to match the requirements of cryogenic GW detectors, the absorption of the
coating has to be further reduced to about 1 ppm, and a
thermal noise improvement from mechanical loss reduction and/or coating thickness decrease of at least 50 % in
total will be necessary.
In this work, the possible thermal noise improvement of
the multimaterial design obtained by optimizing the first
high-index layer (top layer) of the coating is analyzed.
A significant increase of the top-layer refractive index
would allow a reduction of the required number of coating
layers, while the requirements on mechanical and optical
loss of the top-layer material itself would be less stringent.
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FIG. 2. The transmission decreases after each bilayer: The
pink dots show the transmission behind an increasing number of SiO2 /Ta2 O5 bilayers on a Si substrate (see coating in
Fig. 1(a)), the green circles show the transmission after each
bilayer for a coating, in which Ta2 O5 is replaced by aSi after
the first 8 bilayers. Using aSi requires less bilayers for the two
coatings to be identical in reflectivity (see Fig. 1(b)) due to
the high refractive index of aSi.
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FIG. 3. The relative thermal noise improvement (left y axis)
compared to 18 bilayers of SiO2 /Ta2 O5 is shown by the purple
squares as a function of the number of used aSi/SiO2 bilayers
at the bottom of the coating stack. In brackets the number
of SiO2 /Ta2 O5 required to achieve design reflectivity is given.
The green diamonds show the absorption (right y axis) caused
by the aSi/SiO2 bilayers used.

II.

THE MULTI-MATERIAL COATING DESIGN

HR coatings are based on alternating layers of two materials differing in refractive index (nH for the material
with higher refractive index and nL for the low index material). In the simplest case, to achieve maximum reflectivity each layer has an optical thickness of n × t, where t
is the geometrical thickness, of a quarter of a wavelength.
For a coating of N bilayers beginning and ending with a
high index layer, a generalized refractive index is given
+1
by nG = (n2N
/n2N
L ) × nS , where nS is the refractive
H

TABLE I. Material parameters used for the calculations.
SiO2
Ta2 O5
aSi
refractive index n
1.44 [12]1 2.05 [13]2 3.45 [14]3
mechanical loss∗ φ × 10−4 7.8 [4]
8.6 [15] 0.4 [6]
1

fused silica at 1500 nm and 30 K,

3

cSi at 1500 nm and 30 K,

∗

2

at 20 K

Ta2 O5 at 1064 nm and 10 K,

index of the substrate. The reflectivity of this coating is
then given by R = (1−nG /1+nG )2 and increases with increasing ∆n = |nH −nL | [16]. While the coatings actually
used in GWDs are optimized for thermal noise reduction
and consequently differ from quarter layers [17], in this
work we concentrate on a standard quarter layer design as
the relative thermal noise improvement achieved is very
similar for variations in design.
Presently used coatings for GW detectors operating at
1064 nm are made of almost 40 alternating layers of SiO2
and titania doped Ta2 O5 . As the power spectral density of the coating thermal noise is not only proportional
to the mechanical loss, but also to the total (geometric)
thickness of the coating stack [18], a high refractive index is very beneficial as it simultaneously decreases the
number of layers which are required to achieve high reflectivity and the thickness of the layers.
Figure 1(a) shows a schematic of a coating based on alternating quarter wave layers of SiO2 (blue, t = 269 nm)
and Ta2 O5 (green, t = 189 nm). 18 of such bilayers on a
Si substrate (pink, nSi = nS = 3.45) result in a reflectivity of R = 99.99965 % (1-R = 3.5 ppm). The first SiO2
layer is half a wavelength in thickness. Such a half wave
layer is exploited to optimize thermo-optic noise [19] and
does not affect the reflectivity of the coating. In the following discussions it is neglected as thermo-optic noise is
not expected to be an issue at cryogenic temperature [20].
In Fig. 1(b) the outermost 8 bilayers are identical to (a),
while in the lower bilayers Ta2 O5 was replaced by aSi
(pink, t = 112 nm). The reflectivity of R = 99.9996 % (1R = 4 ppm) is almost identical to (a), while the coating
stack was reduced by 6 bilayers with a total reduction
in geometric thickness of 50 %. The blue lines show the
electric field intensity (EFI) inside the coating.
In Tab. I the refractive indices used for the coating
simulations can be found. The refractive index of a
coating can vary strongly depending on the deposition
method, deposition parameters and treatment after deposition such as heat treatment, and consequently might
differ for coatings used in GWDs. As literature for the
refractive index of Ta2 O5 at 1550 nm is rare, a refractive index for cryogenic temperature but 1064 nm was
chosen for our simulations. Small changes of the refractive index of Ta2 O5 do not change the relative improvement of a multimaterial coating compared to a standard
SiO2 /Ta2 O5 coating significantly. For aSi, variations in
refractive index are bigger and numbers of naSi > 4 can
be found in literature. ncSi = 3.45 (at 1550 nm at 30 K)
was chosen as a lower limit providing the smallest possible relative improvement of the coating design presented
here compared to a standard SiO2 /Ta2 O5 coating.
In the simplest case, a multimaterial coating is equivalent to two coating stacks on top of each other. In Fig. 2
the transmitted power after each bilayer is shown for
the two coatings (1(a) and (b)); the pink dots represent
the ordinary SiO2 /Ta2 O5 coating, while the green circles show the reflectivity for the three-material coating,
in which the Ta2 O5 is replaced by aSi below the 8th bi-

3
layer. This change in material is highlighted by the green
dashed, vertical line. The upper stack reflects most of the
power to allow higher absorption in the lower stack. In
our example the power is reduced to 0.4 % allowing the
absorption of the lower stack to be higher by a factor
of 250 compared to the upper stack for the two coating
parts to equally contribute to the total absorption.
The low mechanical loss of aSi, the reduced number of
bilayers and the reduced geometric thickness of the aSi
layers compared to Ta2 O5 result in about 25 % thermal
noise reduction at 20 K compared to SiO2 /Ta2 O5 . The
absorption is kept as low as 4 ppm (plus absorption of the
SiO2 /Ta2 O5 stack) despite the high aSi absorption. However, to match future GW detector requirements, both
parameters have to be further improved. For unchanged
material properties, to reduce the optical absorption, the
boundary between the upper and the lower stack in Fig. 2
would need to move to the right, while to improve thermal noise, it would need to move to the left.
Figure 3 shows the relative thermal noise improvement
of the three material coating in % (purple squares, left y
axis) compared to 18 bilayers of SiO2 /Ta2 O5 as a function of the number of used aSi/SiO2 bilayers at the bottom of the coating stack. The number of SiO2 /Ta2 O5
bilayers which is required to keep the reflectivity of the
coating constant for the different numbers of aSi/SiO2 bilayers used is shown in brackets. Only integer numbers of
bilayers made of quarter waves were used. The green diamonds show the absorption (right y axis) caused by the
aSi/SiO2 bilayers in the coating. The red line indicates
the design discussed in this paper. As shown in Fig. 3,
an absorption of 1 ppm can be achieved by a design using
3 aSi/SiO2 bilayers, giving a thermal noise improvement
of 18 %. Obtaining further thermal noise improvement,
without increasing the absorption of the coating, would
require either the optical absorption of the aSi layers to
be reduced, allowing the boundary to be shifted to the
left, the mechanical loss of the Ta2 O5 and/or SiO2 layers
to be reduced, or, as discussed in this paper, the effective
reduction of the aSi absorption via the use of a high-index
top-layer to reduce the light intensity in the stack.

III.

AN ALTERNATIVE TOP LAYER
MATERIAL

Optimizing the first high index layer on top of the
stack (top layer), reduces the fraction of the incident
light which is transmitted into the lower layers. Figure 4
shows the laser power which is transmitted by the upper
stack with increasing refractive index of the top layer.
The transmitted power is normalized to the power which
would be transmitted for a Ta2 O5 top layer. The blue
area indicates a transmission reduction resulting in an
absorption reduction in the lower stack. At the border
from blue to green (n = 2.92) this reduction would allow
one SiO2 /Ta2 O5 bilayer to be removed without increasing the absorption of the coating beyond the initial multi-
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FIG. 4. Transmission of the upper coating stack for a varied
refractive index of the first high index layer (normalized to the
transmission for the refractive index of Ta2 O5 ): With increasing refractive index, the transmission decreases and reduces
the absorption in the lower stack. For a top layer refractive index of 2.92 this decrease is equivalent to one additional
SiO2 /Ta2 O5 bilayer. For a top layer refractive index of 4.05
it is equivalent to two additional bilayers.

material design, for n = 4.05 (right end of the graph) it
would allow two SiO2 /Ta2 O5 bilayers to be removed.
The changing refractive index also changes the requirements on mechanical loss and optical absorption on the
top layer material. The following two sections examine
the boundaries for these parameters.

A.

Mechanical Loss Requirements on the Top
Layer Material

Since coating thermal noise power spectral density is
proportional to t and φ, there will be no change in the
thermal noise of the top-layer as long as the product is
kept constant. Thus the reduction in geometric thickness of the top layer due to the higher refractive index directly allows an increase of the mechanical loss by
n/nTa2 O5 × φTa2 O5 , while still fully exploiting the loss
decrease from reducing the stack by one (two) bilayer(s).
As the contribution of one single layer to the total mechanical loss of the coating is small, the restrictions on
the top-layer mechanical loss are lower than for the other
materials in the coating.
Figure 5 shows the thermal noise percentage improvement compared to an 18 bilayer SiO2 /Ta2 O5 coating (optimized for 1550 nm, on a Si substrate at 20 K at100 Hz),
as a function of the mechanical loss of the top layer.
The pink dot indicates the thermal noise improvement
which is possible for the multimaterial coating shown
in Fig. 1(b). For a top layer with a refractive index
of n = 2.92 the reflectivity of the coating increases so
that one SiO2 /Ta2 O5 bilayer can be removed to keep
the laser power in the lower stack identical to the initial
multimaterial design. The blue line shows the resulting
thermal noise improvement (due to the removed bilayer)
as a function of the mechanical loss of the top layer. For
a top layer with a refractive index of n = 4.05 a second SiO2 /Ta2 O5 bilayer can be removed. The resulting
thermal noise improvement as a function of the mechan-
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ical loss of the top layer is shown by the green, dashed
line. The blue area indicates the possible thermal noise
improvement for nTa2 O5 < n < 2.92. In this case no
SiO2 /Ta2 O5 can be removed, but the bilayer thickness
can be adjusted (i.e. reduced) based on the required reflectivity resulting in a thermal noise improvement. The
green area shows the possible thermal noise improvement
for 2.92 < n < 4.05 and an upper stack which was
reduced by one SiO2 /Ta2 O5 bilayer. In this example,
the maximum thermal noise improvement for a top layer
with the mechanical loss of Ta2 O5 is 25 % for the initial
multimaterial coating design, 33 % for a top layer with
n = 2.92, and 38 % for n = 4.05. The goal of a thermal
noise reduction of 50 % is shown by the red, dotted line.

Absorption Requirements on the Top Layer
Material

Based on the reduced thickness of the top layer arising from the high refractive index, the absorption coefficient is allowed to increase by a factor of n/nTa2 O5 for
no change in the absorption of the layer. In addition, the
EFI in the top layer and in the bilayers below, decreases
with increasing refractive index of the top layer, which
also allows a higher absorption coefficient. Figure 6(a)
shows the EFI in the upper stack for a fixed coating design identical to Fig. 1(b), in which only the top layer (=
first high index layer) refractive index of n = 2.05 (pink)
is changed to n = 2.92 (blue), and to n = 4.05 (green).
Figure 6(b) shows the maximum possible absorption
coefficient of the top-layer material (normalized to the
absorption coefficient of Ta2 O5 on the right y axis) for
which the absorption of the upper stack does not exceed
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FIG. 5. Thermal noise (TN) improvement normalized to
18 bilayers of SiO2 /Ta2 O5 on a Si substrate, for the initial multimaterial design ( ) [9](see Fig. 1), for a top layer
with a refractive index of n = 2.92 and an upper stack
which was reduced by one SiO2 /Ta2 O5 bilayer (—), and for
a top layer with a refractive index of n = 4.05 and an upper stack which was reduced by two SiO2 /Ta2 O5 bilayers (- -), both as a function of the mechanical loss of the top
layer. Blue area: TN improvement for refractive indices of
Ta2 O5 < n < 2.92. Green area: TN improvement for refractive indices of 2.92 < n < 4.05 and an upper stack which was
reduced by one SiO2 /Ta2 O5 bilayer. In addition, the mechanical loss of Ta2 O5 (|) and the goal of 50 % TN reduction (· · · )
are marked.
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FIG. 6. (a) EFI in the upper stack for a top layer with
n = 2.05 (pink), n = 2.92 (blue), and n = 4.05 (green). (b)
Maximum possible absorption coefficient for the top layer material for which the total absorption of the upper stack does
not exceed the absorption of an upper stack with a Ta2 O5 top
layer, as a function of the top-layer refractive index (left yaxis: absolute absorption coefficient, right y-axis: absorption
normalized to Ta2 O5 absorption). Above the graph materials
with different refractive indices are indicated. Note that these
examples for materials refer only to the refractive indices, not
to the absorption.

the absorption of a coating with a Ta2 O5 top layer. Examples of materials with different refractive indices are
shown along the top of the graph. Note that these examples for materials refer only to the refractive indices, not
to the absorption. For these considerations a constant
transmission of the upper stack of 0.4 % of the incident
light was assumed so that the absorption in the lower
stack is kept constant.
While the thermal noise calculations used only toplayer refractive indices which allow the removal of interger numbers of bilayers, the use of refractive indices
between these values results in an additional increase of
the reflectivity of the upper stack and reduces the transmission into (and therefore the absorption inside) the
lower stack. For example, an n = 3.5 material would
reduce the absorption in the lower stack by about 30 %.

IV.

DISCUSSION

We have shown that a top layer with high refractive
index would significantly improve a coating by reducing
the number of bilayers required to achieve high reflectivity (or alternatively to reduce the power transmitted into
the lower stack and thereby reducing the absorption).
The intention of Figs. 5 and 6(b) is to give an overview
of the suitability of potential materials with apparently
poor mechanical and optical properties (compared to
SiO2 and Ta2 O5 ) as a top-layer material, and the sug-
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TABLE II. Thermal noise and optical absorption for different coating designs: Coating A is a commonly used SiO2 /Ta2 O5 coating, coating B is an aSi/SiO2 /Ta2 O5 multimaterial coating. The total coating absorption was calculated based on 1000 ppm [8]
for a highly-reflective aSi/SiO2 coating. Coatings C and D show the thermal noise improvement and absorption for a cSi top
layer and reduction by one (C) and two (D) SiO2 /Ta2 O5 bilayers.

Thermal Noise at 100 Hz ×10−21
Optical Absorption at 1550 nm

A
B
C
18 x SiO2 /Ta2 O5 8 × SiO2 /Ta2 O5 1 × cSi/SiO2
4 × aSi/SiO2
6 × SiO2 /Ta2 O5
4 × aSi/SiO2
2.11
1.54 (-27 %)
1.42 (-32 %)
1.7 ppm [9]
5.7 ppm
3.2 ppm
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FIG. 7. Reflectivity of the coatings A – D listed in Tab. II: Because of the high index silicon component in the coating, the
spectral response around the design wavelength of 1550 nm is
flat over a wider wavelength range for coating B – D than for
the original pure SiO2 /Ta2 O5 coating (A).

gestion of reconsidering materials previously presumed
to be unsuitable for application in coatings.
For the material restrictions calculations, we initially
considered amorphous materials which often show high
optical and mechanical loss. Crystalline materials for
coating applications offer an entire new spectrum for
material parameter optimization. Crystalline coatings
show promising material properties for application in
GW detectors. Coatings made of alternating layers of AlGaAs (aluminium gallium arsenide) and GaAs (gallium
arsenide) have low mechanical loss [24] and low optical
absorption [22]. For fabrication of crystalline coatings,
the coating and base substrate materials are required to
have matching lattice structures. AlGaAs coatings are
grown on GaAs wafers to be later transferred and bonded
to substrates of appropriate materials (e.g. fused silica
or Si), like the coating which was investigated in [22].
The maximum possible diameter of AlGaAs coatings is
currently limited to 200 mm by the size of available GaAs
wavers. This is significantly smaller than the design testmass diameter of ≈ 40 cm generally used for future GW
detectors [2].
Using a single, crystalline top layer would enable exploitation of the advantage of a high refractive index and
low optical and mechanical loss, while avoiding the issue
of a limited variety of materials with a certain lattice

D
1 × cSi/SiO2
5 × SiO2 /Ta2 O5
4 × aSi/SiO2
1.32 (-37 %)
5.9 ppm

structure encountered with pure crystalline multilayer
coatings. An interesting option may be to coat such a
crystalline single layer with amorphous layers forming a
highly-reflective crystalline and amorphous (c-a) mixed
coating. Bonding of the amorphous (back) side of the
coating to a substrate would minimize any possible absorption of the ‘bonding layer’ as the laser power at the
bottom of the highly reflective coating is low. It was previously shown that the absorption of a direct bond which
is used to apply a coating a fused silica substrate is in
the order of magnitude of only a few ppm [24, 25].
Crystalline silicon (cSi) is a potential candidate material due to its low mechanical loss [23, 26], low optical
absorption [27, 28], and various industrial applications
providing large scale substrates. The mechanical loss of
cSi at 20 K can be as low as 3×10−7 . The optical absorption for a single quarter-wave layer is negligible even for
highly doped material for semiconductor applications. A
low resistivity (i.e. high doping) of 0.1 Ωcm would induce
an absorption of less than 0.1 ppm per 100 nm layer [28].
Table II shows the thermal noise and the optical absorption for different coating designs. Coating A is a
commonly used SiO2 /Ta2 O5 coating. Coating B is the
aSi/SiO2 /Ta2 O5 coating design proposed in [9] based on
an optical absorption of 1000 ppm in a highly reflective
aSi/SiO2 coating. In coating design C, the top layer is
made of cSi instead of Ta2 O5 and one SiO2 /Ta2 O5 bilayer is removed. The thermal noise of the coating stack
is reduced by 32 % compared to A, while the absorption of 3.2 ppm is significantly lower than for the original
multimaterial coating B (5.7 ppm). In coating design D,
two SiO2 /Ta2 O5 bilayers are removed, which reduces the
thermal noise of the coating stack by 37 % in total. The
absorption of 5.9 ppm is almost identical with the absorption of B. The spectral response (see Fig. 7) of the
coatings B – D is flat over a wider wavelength range than
for the original pure SiO2 /Ta2 O5 coating (A) due to the
high refractive index of the aSi component. Therefore
this design will ensure high reflectivity over the required
bandwidth ensuring the required optical performance can
be maintained in the presence of thermal drifts, deposition tolerances and inhomegeneities.
The silicon on insulator (SOI) growth technique might
serve as a base for the fabrication of a large scale cSi
top layer. For SOI, single cSi layers 100 nm (and less)
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in thickness are produced separated from the wafer by
an oxide layer (e.g. SiO2 ). The oxide layer could serve
as a buffer layer to etch off the Si wafer after having
coated and bonded it to a substrate, leaving the oxide
layer and the thin cSi top layer in place. The oxide layer
either could be etched with a compound, which leaves
the Si top layer unaffected or could serve as half wave
cap. Wafers of up to 300 mm in diameter are available
and current research concentrates on expanding SOI to
a diameter of 450 mm [29].
We conclude that a high-index top layer, in particular a
crystalline layer, would be beneficial for thermal noise reduction in low absorbing, highly-reflective coatings. Further absorption reduction in aSi can significantly improve
the absorption performance. To investigate the practicability of a large scale crystalline and amorphous mixed
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