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Outline
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• Introduction

– Why Mid-Infrared?

– Why Silicon Germanium?

– Why High Q ring resonators?

– State of the art

• Design and fabrication of ring

• Loss and Q-factor measurement

• Simulation of frequency comb generation 

December 15, 2022

“Silicon-Germanium Ring Resonator On-Chip with High Q-factor in the Mid-Infrared”



marko.perestjuk@student.rmit.edu.au ANZCOP 2022

Why Mid-Infrared (MIR) Photonics?
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[1] D. Caffey et al., Photonics West 2011

[1]

• Fundamental absorption lines of many 

molecules in the MIR 

 high application potential
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Broadband and Intense MIR Sources
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Through Nonlinear Optics

Wave equation :  𝛻 x 𝛻 x 𝐸 𝑟, 𝑡 +
1

𝑐2
𝜕2𝐸(𝑟,𝑡)

𝜕𝑡2
= −μ0

𝜕2𝑃(𝑟,𝑡)

𝜕𝑡2

𝑷 = 𝜀0 χ(1) ∙ 𝑬 + 𝜀0 χ(2) ∙ 𝑬𝑬 + χ 3 ∙ 𝑬𝑬𝑬 +⋯
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Through Nonlinear Optics

Wave equation :  𝛻 x 𝛻 x 𝐸 𝑟, 𝑡 +
1

𝑐2
𝜕2𝐸(𝑟,𝑡)

𝜕𝑡2
= −μ0

𝜕2𝑃(𝑟,𝑡)

𝜕𝑡2

𝑷 = 𝜀0 χ(1) ∙ 𝑬 + 𝜀0 χ(2) ∙ 𝑬𝑬 + χ 3 ∙ 𝑬𝑬𝑬 +⋯

linear nonlinear

Two options for broadband sources:

Supercontinuum

Cavities are a crucial building block

Frequency Comb

• Absorption

• Dispersion

• Four wave mixing

• Self phase modulation

• Cross phase modulation

• Soliton fission

• Raman scattering

• Brillouin scattering

• …

But: many linear applications also possible for sensing
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Why SiGe Material Platform?
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• SOI has strong absorption beyond 3.5µm wavelength due to the silicon dioxide

• SiGe and Ge based waveguides transparent deep into the MIR

• CMOS compatible

• Low loss and nonlinearities demonstrated in SiGe and Ge [2]

December 15, 2022

[1] adapted from: Soref, Richard, Mid-infrared photonics in silicon and germanium, Nature photonics vol. 4, no. 8, pp. 495-497, 2010

[2] L. Carletti, et al., Nonlinear optical response of low loss silicon germanium waveguides in the mid-infrared, Opt Express, vol. 23, no. 7, pp. 8261-8271, 2015

Transparency Window of Group IV Materials

[1]
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MIR Supercontinuum Generation
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Fast Progress in the Last Years
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MIR Ring Resonators
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• Impressive results over the past years

• But: Demonstrations of cavities in the MIR 

so far lack at least one of the following:

– Integrability

– CMOS compatibility

– High Q-factor

– Sufficiently long λ
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SOI

R. Shankar et al., APL 102, 051108 (2013)

Q=1.1x106
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SOS
Q=151000
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SiGe

J.M. Ramirez et al., Opt. Lett. 44(2), 407-410 

(2019)

S. Radosavljevic et al., Opt. Mat. Exp. 8(4), 
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Frequency Combs in the MIR

8December 15, 2022

• Again, very impressive results, but:

• Demonstrations of combs in the MIR 

have the same problems as cavities:

– No integrability

– No CMOS compatibility

– Not sufficiently long λ

C.Y. Wang et al., Nat. Comm. 4:1345 (2013)

Fluoride crystalls λmax=2.5µm 
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• Again, very impressive results, but:

• Demonstrations of combs in the MIR 

have the same problems as cavities:

– No integrability

– No CMOS compatibility

– Not sufficiently long λ

C.Y. Wang et al., Nat. Comm. 4:1345 (2013)

M. Yu et al., Optica 3(8), 854 (2016)

K. Luke et al., Opt. Lett. 40(21), 4823 (2015)

A.G. Griffith et al., Nat. Comm. 6:6299 (2015)

Fluoride crystalls λmax=2.5µm 

SOI λmax=4.3µm 

Si3N4 λmax=3.5µm 

Si

λmax=3.5µm 
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Ring Design - Targets
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• Suitable for frequency comb generation

– Anomalous dispersion required

– This will determine width/height

December 15, 2022

nSi = 3.42

nSiGe = 3.57

width

height

R

gap
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Ring Design - Targets
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• Suitable for frequency comb generation

– Anomalous dispersion required

– This will determine width/height

• Have a free spectral range (FSR) useful for sensing 

applications

– R = 250µm (FSR of 53GHz) 

• High Q

– Reduce bending loss, lower bound for R = 250µm

• Aiming for critical coupling 

– gap = 250nm (smallest achievable gap in fabrication)

December 15, 2022

nSi = 3.42

nSiGe = 3.57

width

height

R

gap
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Waveguide Design - Dispersion

10

• Operating in TE polarization 

• Pump wavelength λ = 4.18µm

• Single-mode 

• Sufficiently large region with anomalous dispersion 

December 15, 2022

1 TE

2 TE

>2 TE

0
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Waveguide Design - Dispersion
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• Operating in TE polarization 

• Pump wavelength λ = 4.18µm

• Single-mode 

• Sufficiently large region with anomalous dispersion 

December 15, 2022

Dispersion for w=3.25µm, h=3.3µm:

1 TE

2 TE

>2 TE

0
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Ring Fabrication

11

• Si0.6Ge0.4 waveguide (air-cladded) on Si substrate

• Deep UV photolithography

• 200mm CMOS pilot line at CEA-Leti

500 µm

December 15, 2022

Radius (µm) Width (µm) Gap (nm)

Range of parameters 80, 130, 180, 250 3.25, 3.50, 3.75 250, 500, 750, 1000

Featured value 250 3.25 250
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SiGe Mid-Infrared Waveguide Loss

12

• Loss measurement from spirals 

with different lengths (TE)

• 0.35 dB/cm propagation loss for  

w = 3.25µm

– Estimated Qint = 680,000

• Even 0.18 dB/cm for w = 3.75 µm, 

but difficult to couple

December 15, 2022

Propagation loss:
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• Loss measurement from spirals 

with different lengths (TE)

• 0.35 dB/cm propagation loss for  

w = 3.25µm

– Estimated Qint = 680,000

• Even 0.18 dB/cm for w = 3.75 µm, 

but difficult to couple

December 15, 2022

Propagation loss: Bending loss:

• Loss measurement from snake 

waveguides (TE)

• R=250µm shows almost no difference 

to straight waveguide
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Measurement Setup
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• cw QCL around 4.18µm

• But-coupling to the chip

• Wavelength sweep (4177.58 ± 0.31) nm 

(periodic, achieved by triangular current 

modulation)

• Coupled power: 20 mW (side effect: there is 

also a power modulation)

QCL

sampleinput lens output lens

OSA

MIR 
camera

powermeter

polarizers

half 
waveplate

photodetector

Q-factor characterization
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Q-Factor Measurement

14

• Spectrum shows ring resonance and Fabry-Perot resonances from chip facets

ring 

resonance

December 15, 2022

First High-Q Ring on SiGe in the MIR

Fabry-Perot cavity from 

partially reflecting facets
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Q-Factor Measurement

14

• Spectrum shows ring resonance and Fabry-Perot resonances from chip facets

• Fourier filtering to remove Fabry-Perot effect

• FWHM = 23pm (corresponds to Qtot = 176,000)

ring 

resonance

December 15, 2022

First High-Q Ring on SiGe in the MIR

FWHM

1

Q
tot

= 
1

Q
coup

+ 
1

Q
int

Fabry-Perot cavity from 

partially reflecting facets
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Fano Resonance Analysis

15

• Resonance had Fano shape

• Fitting Fano function [1]:

December 15, 2022

First High-Q Ring on SiGe in the MIR

𝜎 𝐸 = 𝐷2
𝑞 + 𝛺 2

1 + 𝛺2

𝜎 – spectrum

q = cot(δ) Fano parameter

δ – phase shift between coupled states

D = 4sin2(δ)

Ω = 2(E-E0)/Γ

Γ – resonance width

E0 – resonance energy

[1] M.F. Limonov et al, Fano resonances in photonics, Nature photonics vol. 11, pp. 543-554, 2017
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First High-Q Ring on SiGe in the MIR
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Fano Resonance Analysis

15

• Resonance had Fano shape

• Fitting Fano function [1]:

• Γ = 17.7 pm (Qtot = 236,000)

• Nature of Fano resonance not entirely clear

December 15, 2022

First High-Q Ring on SiGe in the MIR

17.7pm

𝜎 𝐸 = 𝐷2
𝑞 + 𝛺 2
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Simulation of Frequency Comb
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Using our Experimental Q-factor Results for the Rings

Lugiato-Lefever equation

Simulation taking into account ring parameters:

• R = 250 µm

• Q = 236,000

• Waveguide nonlinear parameter γ = 0.63 W-1m-1

• Threshold pump power Pth= 200 mW  

• Waveguide dispersion (simulated):

ψ – Intracavity field

F – External pump field intensity

θ – azimuthal angle along circumference

α – frequency detuning

β – dispersion parameter 

(Loss is included in α and β)
[1]

[1] C. Godey et al., Phys. Rev. A 86, 063814 (2014)

Soliton state at P = 1.5 Pth : 
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Summary and Future Work

17December 15, 2022

• First demonstration of an integrated high-Q ring resonator

on SiGe in the MIR

• Loaded Qtot = 236,000 at λ = 4.18µm (intrinsic Q higher)

• Next batch will start fabrication soon (improved designs)

• Rings show great potential to be used for Kerr frequency

comb generation very soon (now already promising for 

linear sensing applications) 

500 µm
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17December 15, 2022

• First demonstration of an integrated high-Q ring resonator

on SiGe in the MIR

• Loaded Qtot = 236,000 at λ = 4.18µm (intrinsic Q higher)

• Next batch will start fabrication soon (improved designs)

• Rings show great potential to be used for Kerr frequency

comb generation very soon (now already promising for 

linear sensing applications) 

Thank you for your attention! Questions?

500 µm
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Q-Factor Measurement Principle

38

ring 

resonance

December 12, 2022

time

Wavelength

modulation

resonance wavelength

time (=optical path difference of interferometer)

Transmitted Power
ringFabry-Perot

removing power 

modulation

• Spectrum shows ring 

resonance and Fabry-Perot 

resonances from chip facets

• Ring resonance can be 

isolated
Fabry-Perot cavity from 

partially reflecting facets

4177.27nm

4177.89nm
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Q-Factor Measurement

39

• Investigation of different radii, gaps, widths:

– Q is decreasing if R goes below 250µm due to increased bending loss

– Critical coupling likely not reached yet (no resonance observed for gap > 250nm)

– Resonance depth weakens for increasing w=3.25, 3.50, 3.75µm 

December 12, 2022

Investigation of Other Parameters

Increasing waveguide width
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Why Ring Resonators for Sensing?

40December 12, 2022

Many Different Sensing Schemes 

(b)

λ

T λ0

Q0

λsh

Qsh

λ

(c)

T

MIR pump

(a)

molecules with MIR 

absorption lines

Rings for Kerr frequency 

combs generation

(broadband light source for 

sensing)

Rings for enhancement of 

light-molecule interaction 

(for example with a 

supercontinuum source)

Rings as sensors through

• Shift in resonance 

wavelength

• Shift of Q-factor
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Threshold Power

December 12, 

2022
41

Calculated for our scenario

Used parameters:

• Wavelength λ = 4.18 µm

• Ring radius R = 250 µm

• Q = 236,000

• 𝑄in= 1,600,000

• Group index 𝑛𝑔 = 3.67

• Mode area 𝐴𝑒𝑓𝑓 = 6.87 µ𝑚2

• 𝑛2 = 4𝑥10−14
𝑐𝑚2

𝑊
(Optica paper)

[1] P.-S.Wang et al.,Sci Rep 11.1 (2021): 1-10.

[1]
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QCL
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Simulation of Straight Directional Coupler

December 12, 

2022
43

Dependence on Coupling Gap

Zoom in

• Example for the following parameters: λ=4µm, 

width=3.5µm, height 3.3µm, SiGe-on-Si

• Calculation performed in Lumerical

• 𝐿𝐶 =
λ0

2 Δ𝑛𝑒𝑓𝑓
where Δneff is the difference 

between the two supermodes
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Simulation of Straight Directional Coupler

December 12, 

2022
44

Dependence on Waveguide Width

Conclusion: As expected intuitively, the coupling strength decreases with increasing waveguide with (the two mode centers 

are further apart and the evanescent field is weaker) 

Example for the following parameters: λ=4µm, height=3.3µm, gap=500nm, SiGe-on-Si

Calculation performed in Lumerical with the method from the previous slide
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Comparison of our Coupling with Literature

December 12, 

2022
45

Some Examples of Coupling Lengths of SiGe and Ge resonators from Literature

Simulation Lumerical: Lc=1800µm Simulation Lumerical: Lc=251µm

g = 0.5µm

Simulation Lumerical: Lc,TE=562µm, Lc,TM=520µm

Conclusion: The typical coupling lengths in literature for comparable platforms are lower than ours. But this likely comes from some differences, like gap 

underetching. So this is something we can also try if we want to increase the coupling
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Dispersion Comparison for Different Etch

December 12, 

2022
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Conclusion: Underetching will move us to all-normal dispersion at some point. Overetching has the opposite effect, the 

anomalous dispersion gets stronger. 

Example for the following parameters: width=3.5µm, gap=500nm, SiGe-on-Si

Calculation performed in Lumerical
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Decreasing the modulation
And hence narrowing down the resonance wavelength

time (=optical path difference of FTIR)

- transmission

1 period

Δλ

We know how much one period in time is in terms of wavelength, so we also know 

the width of the resonances

We are sure that these are resonances from the chip, because if we heat the chip 

the resonances move 

Q = 90 000 for this ring
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Analytical Treatment of Fano Resonances

December 12, 

2022
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To try to understand the jump in our ring resonator measurements

ts – amplitude transmissivity

r – amplitude reflectivity at waveguide facet

δ – ωl/c phase shift aquired by waveguide mode (l – half length of Fabry-Perot cavity)

ω0 – resonance frequency

γ – width of resonance

• “The shapes of the resonant 

features depend critically 

on the relative positions of 

the resonant frequency in 

relation to the 

background.”

• But no parameter 

combination seems to lead 

to a jump

• Can maybe still be useful to 

estimate resonance 

visibility
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More general, not in the limit of a narrow ring resonance

T – transfer matrix

r – amplitude reflectivity at waveguide facet

φ = ωl/2c phase shift aquired by waveguide mode (l – length of Fabry-Perot cavity)

ω0 – resonance frequency

W – width of resonance (HWHM)

Does not reproduce the asymmetry either
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Through supercontinuum generation

Fit gives γ = 0.63 W-1m-1
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Lugiato-Lefever equation

Spectrum

Cavity 

field

Turing rolls Chaos Soliton

[1]

[1] C. Godey et al., Phys. Rev. A 86, 063814 (2014)
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Sensing schemes:

Rings for filters:
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