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The TiO2 Paradigm 
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W.H. Wang & S. Chao, Opt. Lett., 23 (1998) 1417  
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SiO2/TiO2 Nanolayered Composites 

A 75 layer nanocomposite film [38 x (TiO2=1.8nm), 37 x (SiO2=3.6nm)] 
remains amorphous after annealing at 600C, and its morphology is preserved 
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Mechanical Losses of SiO2/TiO2 Nanolayers  
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• The mechanical loss-angle of the [38 x (TiO2=1.8nm), 37 x (SiO2=3.6nm)] nanolayered film  
      was reduced to ≈ 1 ∙ 10−4 after 600C annealing  (a factor ≈ 9 lower than as deposited) 
• No cryopeak is inherited from Silica. 
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Nanocomposite Based HR Coatings 
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substrate 

Nanocomposite replacement for high-index coating layers 
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Feasibility 
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Nanolayers are routinely deposited to produce X-Ray Mirrors   
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The USannio/UniSA Labs 
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       University of Sannio Optical Film Deposition Lab                  UniSA-SpNM Lab 
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The USannio/UniSA Coating Labs 

9 

Dept. of Physics “E.R. Caianiello”, SpNM and CNR-SPIN Labs, University of Salerno 
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Candidate Materials 
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  n @ 1064nm k @ 1064nm Y [Gpa] 𝝓𝝓 𝝂𝝂 

SiO2 1.4496  (1) uncertain 72   (2) 5.0 ∙10-5 (2,3) 0.17 (2) 

Al2O3 1.7545  (1) uncertain 

 
210 (2) 2.4 ∙10-4 (2) 0.22 (2) 

Ta2O5 2.0760  (1) uncertain 140 (2) 4.72 ∙10-4 (3) 0.23 (2) 

HfO2 2.0813  (1) uncertain 380 (2) 5.9 ∙10-4 (2) 0.2   (2) 

ZrO2 2.1224  (1) uncertain 200 (2) 2.3 ∙10-4 (2) 0.27 (2) 

Nb2O5 2.2537  (1) uncertain 68   (2) 4.6 ∙10-4 (2) 0.20 (2) 

TiO2 2.4789  (1) uncertain 165 (3) 1.4 ∙10-4 (3) 0.28 (2) 

(1) https://refractiveindex.info/  
(2) J. Franc et al., ET-021-09 (2009),  arxiv/papers/0912/0912.0107.pdf; Flaminio et al., CQG 27 (2010) 083030 
(3) M. Principe et al., Phys. Rev. D81 (2015) 022005, also Scott and MacKrone, Rev. Sci. Instr. 39 (1968) 821 
 

More recent reviews of coating materials : 
      M. Granata et al., Phys. Rev. D93 (2016) 012007  
      G. Vajente, LIGO-G1900400 
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Questions and New Results 
 
                      
 

                     ●  Blind trial-and-error would be impractically  
                             time (and money) consuming.  
                             We implemented estensive simulations to 
                             provide guidelines to our experiments. 
                      
                     ●  Which materials are more promising  
                          to produce (binary) nanolayered films  ? 
                          (Goals: noise reduction, cryo-compatibility) 
                           
                     ●  Which nanolayer designs are more feasible  
                          for a given material pair ? 
 
                      
   

[I. Pinto, LIGO-G1902307] 
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HR Coating Modeling (QWL) 
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Nanocomposite Modeling 
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Eqs (1) and (2) yield an infinity of alternative and equivalent designs 𝛿𝛿𝐿𝐿, 𝛿𝛿𝐻𝐻,𝑁𝑁 . 
Larger  𝑁𝑁  corresponding to thinner nano layers. Minimum and maximum allowed 
thicknesses are set by deposition machine and by chosen  material (crystallization). 
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Determine PSD of reference (𝜏𝜏𝑃𝑃 ≤ 6 𝑝𝑝𝑝𝑝𝑝𝑝) QWL design (Si/Ti::Ta2O5) 
                     [⇒ 17 doublets, 𝜏𝜏𝑃𝑃 = 𝜏𝜏𝑃𝑃(𝑟𝑟𝑟𝑟𝑟𝑟) = 5.25386 𝑝𝑝𝑝𝑝𝑝𝑝] 

For each pair of ingredients in {SiO2, Al2O3, HfO2, Ta2O5, ZrO2, Nb2O5, TiO2} 

Determine 𝑁𝑁𝑑𝑑 = 𝑁𝑁𝑑𝑑(0)  yielding 𝜏𝜏𝑃𝑃 ≤ 𝜏𝜏𝑃𝑃(𝑟𝑟𝑟𝑟𝑟𝑟) for  𝑟𝑟𝐻𝐻 = 1  

Decrease 𝑟𝑟𝐻𝐻 until 𝜏𝜏𝑃𝑃 = 𝜏𝜏𝑃𝑃(𝑟𝑟𝑟𝑟𝑟𝑟) ⇒ 𝑟𝑟𝐻𝐻(𝜏𝜏𝑃𝑃(𝑟𝑟𝑟𝑟𝑟𝑟), 𝑁𝑁𝑑𝑑) 

       Compute coating loss angle reduction factor  𝑹𝑹𝝓𝝓  for the QWL coating 
  of 𝑵𝑵𝒅𝒅 doublets using silica and a nanocomposite with  𝒓𝒓𝑯𝑯 = 𝒓𝒓𝑯𝑯(𝝉𝝉𝑷𝑷(𝒓𝒓𝒓𝒓𝒓𝒓), 𝑵𝑵𝒅𝒅) 

While 𝑅𝑅𝝓𝝓<1 , 𝑁𝑁𝑑𝑑=𝑁𝑁𝑑𝑑+1 

Move to next pair of ingredients 
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Simulation Algorithm 
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SiO2/TiO2 Nanocomposite HR Coatings 

Sample output of simulation code : Silica-Titania 

Code yields alternative nanocomposites, featuring 
                        - different Silica/Titania (thickness) fractions 
                        - different refractive index 
to produce alternative HR coatings having the same reference transmittance, but 
                        - different number of QWL doublets  
                        - different noise PSD reduction factors   
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Selecting a Nanocomposite Design 

Select a design featuring smallest  𝑹𝑹𝑷𝑷𝑷𝑷𝑷𝑷 and minimum 𝑵𝑵, subject  to 𝜹𝜹𝑳𝑳 ≥ 𝟎𝟎.𝟗𝟗𝟗𝟗𝟗𝟗,  
(feasible) and 𝜹𝜹𝑯𝑯 ≤ 𝟐𝟐𝟗𝟗𝟗𝟗 (remaining amorphous after 650C annealing) 
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Best Nanocomposite Based HR Designs 
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(𝛿𝛿𝐿𝐿, 𝛿𝛿𝐻𝐻)𝑁𝑁𝑁𝑁[𝛿𝛿𝑆𝑆𝑆𝑆𝑆𝑆2 , (𝛿𝛿𝐿𝐿, 𝛿𝛿𝐻𝐻)𝑁𝑁𝑁𝑁]𝑁𝑁𝐷𝐷  

    
Silica-Titania 

  
Niobia-Titania 

  
Zirconia-Titania 

  
Alumina-Titania 

  
Tantala-Titania 

  
𝝉𝝉𝑷𝑷 [𝒑𝒑𝒑𝒑𝟗𝟗] 

  
5.25386 

  
5.25386 

  
5.25386 

  
5.25386 

  
5.25386 

  
𝑹𝑹

𝑷𝑷𝑷𝑷𝑷𝑷
 

  
0.36586 

  
0.43352 

  
0.464358 

  
0.49998 

  
0.57711 

  
ND 

  
16 

  
12 

  
13 

  
14 

  
13 

  

NN 
  
38 

  
37 

  
31 

  
39 

  
34 

  
𝜹𝜹𝑳𝑳 [nm] 

  
1.28466 

  
1.00106 

  
1.71587 

  
1.07652 

  
1.39840 

  
𝜹𝜹𝑯𝑯 [nm] 

  
1.99331 

  
1.98720 

  
1.98220 

  
1.95661 

  
1.97337 

  
𝜹𝜹𝑷𝑷𝑺𝑺𝑺𝑺𝟐𝟐 [nm] 

  
183.499 

  
183.499 

  
183.499 

  
183.499 
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             Reducing the noise PSD by a factor  𝑅𝑅
𝑷𝑷𝑷𝑷𝑷𝑷   

yields an event rate boost by  (𝑅𝑅
𝑷𝑷𝑷𝑷𝑷𝑷

)−3/2  
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Robustness 
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Nanocomposite Based HR Coatings, contd. 

19 

 

Al2O3 

Nanocomposite replacement for low-index coating layers 
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Nanocomposite Based HR Coatings, contd. 
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Nanocomposite replacement for both low-index and high-index coating layers 
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Conclusions 
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• The  nanolayered (binary) composites that may be used in place of the high index  
      material in a QWL coating with the same 𝜏𝜏𝑃𝑃 as the reference Si/Ti::Ta2O5 design, 
      to   obtain   𝑃𝑃𝑃𝑃𝑃𝑃 ≤  0.5 𝑃𝑃𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅   are (best to worst) 
 
 

                        {SiO2, TiO2},   {Nb2O5,TiO2},  {ZrO2, TiO2},  {Al2O3, TiO2},  {Ta2O5, TiO2} 
 
• The best (lowest refractive index, lowest mechanical loss) nanolayered (binary)  

composite that may be used in place of the low index material is  {SiO2, Al2O3}. 

• For each material-pair it is possible to select a nanolayer design  that  should be  
free from crystallization upon annealing up to 650C, and feasible/easy to deposit   
(not too many nanolayers, not too thin). 
 

• Extensive numerical simulations have been implemented to identify the above  
optimal designs. These are now pipelined for deposition and characterization in 
our Labs, in the frame of the VCR&D. 

 

• Thickness optimization of the above coating designs may be added, and is expected 
to provide some extra noise reduction. 
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Thank you so much for your attention 
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ご 清 聴 あ り が と う ご ざ い ま し た  

直接会えないことをお びします 
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