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100 μm!



Outline!
Introduction to TiO2 and anatase as a photonic platform!

Fabrication process!
Design parameters!
Characterization of fabricated devices!

!

Why anatase?!
It is easy to deposit low-loss anatase TiO2 thin films.!

We have demonstrated integrated nonlinear optics using anatase. !
!
Why micro-rings?!
They help evaluate the quality of our fabrication.!

They can be used to enhance nonlinear interactions.!
!

!
!
!

C. Evans et al., Optics Express 21, 18582 (2013)!



Titanium dioxide!



Anatase! Brookite!Rutile!

Titanium dioxide (TiO2) is found in 3 naturally occurring 
phases: !



TiO2 is inexpensive, abundant and non-toxic.!



Anatase TiO2 has desirable properties for integrated!
nonlinear optics in the visible regime.!
!

Large refractive index:! !2.4 @ λ = 1550 nm!
 

Large nonlinear index:! !1.8 × 10-15 cm2/W @ λ = 1550 nm 
! ! ! ! ! !2.5 × 10-15 cm2/W for SiN!

!

Large transparency: ! !> 400 nm!
! ! ! ! ! !> 800 nm - no 2PA!
! ! ! ! ! !> 1200 nm - no 3PA!

!
How does this compare to other materials?!

! ! ! ! ! !!
!
!

 !

!
!
!

C. Evans et al., Optics Express 21, 18582 (2013)!
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First, let’s compare transparency:!
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large index and!
large nonlinearity!
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Si }} transparent at!
516 and 1550 nm!

Of the photonic materials that are transparent in the visible, 
TiO2 has the largest linear and nonlinear indices.!
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5 mm!

Presentation of third harmonic generation in TiO2 this week:!



!
!
!

J. T. Choy et al., Optics Letters 37, 539 (2012)!

Micro-ring resonators have been previously studied !
in amorphous TiO2.!

Q = 2.2 x 104  at λ = 633 nm!



Fabrication!



6.!

2.!

TiO2 (250nm)!
!

3.!

resist (150nm)!

5.!

Cr (50nm)!

SiO2 (3μm)!
Si (500μm)!

1.!

7.! 8.!

4.!

900nm!

9.!

Cytop (2μm)!

We use standard lithographic techniques to structure !
thin films into nanowaveguides. !

!
!
!

J. D. B. Bradley et al., Optics Express 20, 23821 (2012)!



Raman spectroscopy confirms the deposition of anatase. !

!
!
!

J. D. B. Bradley et al., Optics Express 20, 23821 (2012)!



RMS Roughness: 2.7 nm!

 

Fig. 1. Raman spectra of TiO2 thin-films deposited by reactive RF magnetron sputtering at 290 
K (top) and 625 K (bottom). The film deposited at 290 K has no measurable Raman peaks, 
indicating an amorphous structure, while the film deposited at 625 K shows peaks at 144, 194, 
399, 514, and 639 cmJ1, which correspond to the anatase crystalline phase of TiO2. 

Table 2 also shows the thin-film propagation losses measured by scanning a fiber along the 
coupled planar waveguide mode normal to the surface of the film. Using a germanium 
detector, we collect scattered light versus position and fit the data to an exponential curve. 
The anatase films exhibit losses ranging from > 2.0 dB/mm at 633 nm (beyond the 
measurable limit of the prism coupling system) to 0.42 ± 0.08 dB/mm at 1550 nm. The 
amorphous TiO2 thin-film propagation losses are significantly lower and are less wavelength-
dependent, varying from 0.12 ± 0.02 dB/mm at 633 nm to 0.04 ± 0.01 dB/mm at 1550 nm.  

 

Fig. 2. Surface morphology of TiO2 thin films: SEM images of (a) amorphous and (b) 
polycrystalline anatase thin-film surfaces; and AFM surface scans of (c) amorphous and (d) 
polycrystalline anatase thin-films showing RMS roughness of 0.4 and 2.7 nm, respectively. 
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SEM! AFM!

The rough surface contributes to propagation losses.!

!
!
!

J. D. B. Bradley et al., Optics Express 20, 23821 (2012)!



200 nm! 500 μm!

> 20 dB/cm!



Design parameters!



Waveguide cross-sectional dimensions: 250 nm x 900 nm!

TM-polarized!
neff = 1.52!

TE-polarized!
neff = 1.79!

Design parameters were chosen to ensure single mode operation !
at λ = 1500 nm.!



300 μm!

Ring radius: !
100 and 150 μm!
!

!
!

Predicted FSR:!
2.16 and 1.43 nm!
!

Gap size: !
250, 300, and 350 nm!

Δλ = λ
2

2πr ⋅neff



100 μm!

SEM !
45° tilt!



5 μm!

500 nm!

250 nm!



Device characterization!



300 μm!



Q-factor: ! ! !   1.5 x 104!
Comparable to poly-Si1: 2.0 x 104!

!

Free-spectral range @ 1550 nm: 
!1.32 nm for 150 μm rings!

!Theoretical: 1.43 nm!
!

!2.02 nm for 100 μm rings!

       Theoretical: 2.16 nm!

Sweeping from 1530 to 1570 nm yields sharp resonances.!

!
!
!

1K. Preston et al., Optics Express 15, 17283 (2007)!



We can model the behavior of these resonances using a 
scattering matrix:!

t  = transmission coefficient !
      of the coupler!
!

α = total loss coefficient !
   =  !e−αL t!

α	
  



By fitting the resonances to this equation, we can extract !
a propagation loss.!

Extracted parameters:!
t = 0.83 ! ! !!
α = 0.84!
!
Corresponding loss:!
8.0 dB/cm!!



Future work!
Lower the losses of the waveguides (increase the Q-factor)!

!Optimize deposition parameters!
!Optimize etching parameters!

Enhance nonlinear effects with the help of these resonant cavities!

Summary!
We fabricated and characterized anatase TiO2 micro-ring resonators!

Q-factor of 1.5 x 104!
Propagation loss of 8.0 dB/cm!
Polycrystalline anatase is a promising material for nonlinear optics !
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Thank you!

!
For a copy of this presentation:!
http://mazur.harvard.edu!
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