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-o @Good Coating Materials
e 5 1)))VIRCD

Low mechanical loss-angle per unit thickness (b)

Depends both on complex Young modulus Y = Y(1 - ig),
and refractive index n,;

High dielectric contrast (n_/n))

helps reducing the number of layers (coating thickness)
needed for a prescribed coating transmittance;

Low dielectric losses (Im[n,])
increases power-handling capability.
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BB - Coating Materials (1)) VIRGD

Several candidate materials scrutinized so far, e.g, [R. Flaminio
, CQG 27 (2010) 084030]

d= -

L d

SiO'_- Al}Ol Ti:Ta:Os TiO: NbgOs ZIO;‘
Mechanical losses 0.5 x 10~ 2.4 x 10~ 2 x 10-*(&3_};_@45 x 10 2.3 x 10~
Density (kg m™) 2200 3700 6425 42 4590 6000
Thermal conductivity 0.5 33 0.6 045 1 1.09
(Wm™' K™
Specific heat 746 310 269 130 590 26
JK kg™
Expansion 05x10° 84x10° 36x10° 05x10° 58x10°% 10°
coefficient (K™')
Thermo-optic 8§x10° 13x10° 14x10° —-18x10° 143 x10° 10°*
coefficient (K™")
Young modulus 60 210 140 80 200
(GPa)
Poisson coefficient 0.17 0.22 0.28 0.28 0.2 0.27
Refraction index 1.45 1.63 2.07 2.3 2.21 2.1
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Extinction coefficient, K

sz, Annealing Titania (1Q)))VIRGD
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®Thick TiO, crystal-
lizes upon anneal-
ing above ~ 200°C,
signaled by blow-
up of optical ext-
inction coefficient;

® Mechanical losses
blow up in parallel;

® Can be mitigated
doping SiO, w. SiO,
(cosputtered);

® Related to growth
of crystallites form-
ed during deposit-

ion...
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Eo ...~ Cosputtered 7))/ p

Silica-Titania

R.P. Netterfield and M. Gross, "Investigation of lon Beam Sputtered Silica Titania
Mixtures for Use in GW Interferometer Optics," Optical Interference Coatings (OIC)
Conference, Tucson AZ, USA, 2007, paper Thd2.
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Claims: Annealing at 500C did not produce crystallization

15 QWL doublets | Absorption loss better than Ti0,::Ta,0,
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SOt BOORTYD Mechanical losses slightly higher than than TiO,::Ta,0 b St bR
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sz, Annealing Titania (1Q)))VIRGD

The maximum annealing temperature above which TiO, crystallizes increases
by increasing SiO, content (co-sputtered SiO,::TiO, mixtures) and/or decreas-
ing TiO, thickness (layered SiO2::TiO2 mixtures).
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BB i, Annealing Silica  (1@)))VIRGD

Loss angle of un-annealed Silica
decreases with decreasing thickness - iR
Loss angle of annealed Silica

increases with decreasing thickness

Coating Loss

]
T

Slope of loss angle vs annealing T
decreases with decreasing thickness S s

-—
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i Dm0
Lower annealing T needed for

Silica-Titania nanometer layered [S. Penn et al., LIGO-G1000932]
materials ?

o
T
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- nm-Layered SiO
ED . T, Films 2 (@UVIRGD

Equivalent homo-

Nanolayered film :
geneous film

Lower-index material {Si0,)

Higher-index material (TiO,)

All layers subwavelength
(layer thickness << A)
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&P :co.,  Cosputtered  im))\/IRGD

vs nm-Layered
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Layered SiO2::TiO2 mixture “bertter” than isotropic mixture at all stoichiometries
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e Modeling ((@//ANINE®

nanometer mm) subwavelengh thick

S11/2
ny = [7‘Hn%, + (1 — ‘rH)'ni]

» “H
Yi=[ru/Ye+ A —ru)/Yi]" | tm=——
21, + z2H

I _ .. ] Z - physical thickness
Yy =ra¥u + (1 B 7H)YL of L/H index material

. Yi | Y Y |
(YE;I s }jj) rg@H + (YL + }f) (1 —rg)or

Qf = _
N Y+ (U= )Y Y /Yo + (= r) [Ye]
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Lo Isorefractive
LSC et nm-Layered Films ((@)/AUINEY,

/ Number of nanolayers \

N TiO2 | Thickness TiO2 [nm] N SiO2 | Thickness SiO2[nm]
2 42.56 1 42.15
3 28.37 2 21.07
4 21.28 3 14.05
5 17.02 4 10.54
6 14.19 5 8.43
7 12.16 6 7.02
8 10.64 7 6.02
9 9.46 8 W ¥
10 8.51 9 4.68

All designs have the same refractive index (2.09), the same physical
thickness (127.27 nm) and he same optical thickness (QWL at 1064nm)
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Prototype Fabrication

BB at NTHU (M2JJIVIRGD

[LsC MRJNIRGO

Silicon cantilever fabrication process (KOH wet etching)

___ [CSc, RINRD |
@.lmnh:_l (@ mr=rrrrrrrm N € e w— Q) T — - Coating uniformity and deposition rate calibration for TiO, and SiO, films {{ }V|
15004
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LIGO-G1200849  LVC meeting, Rome, Italy Sep.10,2012

Full details in S. Chao et al.,, LIGO-G1200849
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Prototype

B e, Cheracterization o)) VIRGD

15-layers nano-layer

TiO2
Tioz
Tio2
TiO2
Tio?
TiO2
lez

TiO2

Thermal Oxide 3 28nm

Silicon wafer

 MRJNVIRGO

Deposition rate: TiO; 3.40 nm/min  Si0, 7.79 nm/min
layer | Designed | Depositi d | Thickness | Measured | Thickness
thickness time thickness error thickness error
(TEM) (Ellipsometry)
15 | 10.64nm 38" 11.30nm 6.2%
14 6.02nm 46" 5.60 nm 7.0%
13 | 10.64nm Ex:d 11.10 nm 4.3%
12 6.02nm 46" 5.80 nm 3.8%
11 | 10.64nm 38" 10.60 nm 0.4%
10 6.02nm 46" 5.80 nm 37%
9 10.64nm 38" 11.20nm 5.3% Not available
8 6.02nm 46" 5.60nm 7.0%
7 10.64nm 38* 11.80nm 11%
6 6.02nm 46" 560 nm 7.0%
5 10.64nm 38" 12.10nm 13.7%
4 6.02nm 46" 5.60nm 7.0%
3 10.64nm Exd 12,60 nm 18.4%
2 6.02nm 46" 5.60 nm 7.0%
1 10.64nm EX 1180 nm 10.9%
LUGO-G1200849 LVC meeting, Rome, Italy Sep.10,2012 %mﬂllmlzwzglfz: SWI N m' :;;::

Full details in S. Chao et al.,, LIGO-G1200849
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Prototype Loss Angle

LIGD M
LSC EE SRR S ((#Y/Y]|e®

== T — RJINVIRGO ® Errors from background noise
and re-clamping fully analyzed

E i and well understood;

& ® Background noise statistics estim-

® Negligible effect of re-clamping

scratches were found;

For the first bending mode (~ 100Hz) of a
3~5cm high quality cantilever, background low
frequency noises dominate the uncertainty of

the ring-down time determination [ J 29 r| ng-d own measurements
(from 5 re-clampings) for each
" . ‘r.“dml " "
A typical ring-down pattern of Si cantilever LIGO-G1200849  LVC meeting, Rome, Italy Sep.10,2012 p rOtOtyp e ta ke n .

Full details in S. Chao et al.,, LIGO-G1200849
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M dN
LSC, e easured Nano
Collaboration F.I L A I
Lo @ Designed thickness -10%
- Designed thickness
Single Ti0, 7 layer A  Dec ; %
140E-03 11 3 5F0.11)x10° (1.0520.10)x107 S e
Total thickness: Total thickness:
B 121941 20m(TEM)  120.0%1.2nm(TEM)
1.20E-03
i 11 layer
i (9.83£1.06)x10"
i ’ PEN W Total thickness:
= PR ? 119.3%1. 1nm(TEM) Single Si0,
= R— L1 (4.06£1.24)x10*
A i I I \ Total thickness:
% | 127.5nm
9 I * 3Nayer (Ellipsometer)
6.00E-04 1 (51_.9-'1166))(10'4 19 layer
J Tatal thickness: (5.48%1.12)x10
1 127.3nm Total thickness:
| (Jstimated thickness) 112.6x1.2nm(TEM
4.00E-04 \ | ]
\ /I
\
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0.00E+00 T T T
) 10 15 20 )
Pure T10, Pure 10,

Number of nano-layer
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Soensine Ti0,::Ta,05 (M2J))VIRGED

(before/after anneal)

TiO,::Ta,O5 film prototypes (LMA “formula 5”) and related stresses
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o
7
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g by a factor 3 after #

3,008-04 - annealing .... g ¢

b °
L 4
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&S = T10,::510, vs Ti0,::Ta,05 (10)))\V/IRGD

(un- annealed)

Un-annealed TiO,::Ta,O: film prototypes (LMA “formula 5”) and related stresses

.. uncertainty strip of 19-nanolayers isorefractive TiO2::SiO2 film prototype

8,00E-04
B
& Before annealing

_ TOOEO04 4, .
= e ettt
— 6,00E-04 | °
C
7%
= 500E-04 -
©
2
S 4,00E-04 -
g What to expect from nm-layered

3,005-04 1 Si02::TiO2 after annealing ?

2,00E-04 r ; T - -
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Stress (MPa)
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- TiO, Loss Angle
BB o Thickness  (MJVIRGD

-
=

7 xTiO, nanolayers
each 20.63nm thick

[
"N
T ' T T L

11 x TiO, nanolayers
each 13.7nm thick

-
‘I

19 x TiO, nanolayers
each 7 4nm th|ck

015 20 25
Number of nanolayers

Loss angle of TiO, nanolayers (un-annealed)
-
o
'JI -
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Coating Loss

LIGD
Scientific
Collaboration

Cryogenic Peak
Free Mixtures ?

((@//A%INED,

The Mechanical Loss of Thin Film Hafnia as a Function of Temperature
T T

25 !
T 56Hz Mode
e 330Hz Mode
©  §50Hz Mode
1850Hz Mode
2" % 3300Hz Mode |
15 ’ I
1 I I 1 I
l i 7T s 1
F= ¢ ) b | _*_i 5
[ R =F . + LlcEIf-3xEz32s]
:c:i‘r T:Sﬁa;;*.‘[ o )
1 1 | 1 1 T(K)
100 150 200 250 300 350

[Chalkley et al., LIGO-GG080314]

6x10

MECHANICAL ton 8 (GLASS)

Fiducially, both TiO2 and HfO2 (while amorphous) are cryogenic - peak free

exi0™*

LICHTLY BCOUCED Tidy

1
w
MECHANICAL tan 8 (Ti0,)

-2

Ti0z \' - lull:f4
— 1 A 1 L [ | T(K)
0 100 200 300 400

[Scott and MacCrone, rev. Sci. Instr. 39 (1968) 821 ]

Nanometer layered HfO,::TiO, mixtures may have any refraction index between 1.9
(pure Hafnia) and 2.3 (pure Titania). The dielectric contrast between (ideal) HfO,
buffered TiO,and TiO, buffered HfO, can be ~ 1.2 (vs ~ 1.4 for Tantala/Silica)
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K& :c--  Future Work (2))VIRGD

Encouraging results from NTHU measurement of loss angle
in nm-layered Silica-Titania films;

Amorphous un-annealed Titania loss angle found to be of the
order of 10#, thickness dependent;

Amorphous un-annealed Titania Young modulus found to be
roughly 165 Gpa;

Annealing is bein planned. Preliminary Results may be hopefully
available for the next LVC
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