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1. Work package summary  
 

 
MICROCOMB WP10 Report 

 
Work package title: Frequency conversion in microresonator with chi(2) nonlinearity 

 

Beneficiary Principal Investigator ESR 

1 – BATH D. Skryabin 
ESR N° 5 - Mr Vladislav Pankratov; 
ESR N°6 – Mr Zhiwei Fan 

10 – KTH K. Gallo ESR N°8 – Mr Halvor Rogers Fergestad 

11 – FRB K. Buse & I. Breunig ESR N°10 – Mr Nicolás Amiune 

12 – IBM P. Seidler ESR N°12 – Mr Alberto Nardi 

Lead 
Beneficiary 

11 – FRB / K. Buse & I. Breunig 

 
 

2. Partner progress on tasks in Work Package 10 
 

Milestones 
MS3 ESRs 5,6 have numerical codes for modelling of comb solitons and comb generation in the 

experimental schemes developed by consortium 

MS4 Demonstration of octave spanning dual dispersive wave comb spectra, solitons and low phase 
noise microwaves on SiN and GaP platforms 

MS10 Operational and characterised microring resonator for generation of a visible, broadband and 
flat spectrum with mode spacing > 10GHz suitable for integration into AstroComb module; 
design of the module 

MS11  Demonstration of supercontinuum generation in quasi-phasematching (QPM) LNOI 
waveguides; fabrication and characterisation of microresonator samples 

MS13 Design and fabrication of AgGaSe2, CdSiP2 microresonators, demonstration of chi(2) 
frequency conversion (sum frequency, second harmonic); measuring cascading (effective 
chi(3)) nonlinearity; preliminary comb observations 

 
The research progression reports covering work packages WP7 -WP10 were gathered on a quarterly 
basis from September 2019, as then ESR recruitment started taking up the momentum, until 
December 2020. This periodical review allowed the Coordinator and the beneficiaries working on the 
results delivery, to identify any difficulties and keep the project on track. 



 

2.1. Task 10.1 Fabrication of low-loss microresonators based on bulk non-
oxide crystals 

 

Beneficiaries and partners involved in the task: ESR 10 (FRB) 

ESR 10 has fabricated millimeter-sized microresonators made of AgGaSe2 and CdSiP2. In order to 
determine their qualify factor in the near and mid infrared, he has set up a continuous-wave optical 
parametric oscillator delivering single-frequency laser light tunable from 1.7 to 3.6 µm wavelength 
with output powers up to several 100 mW. Figure 1 shows the quality factors of the resonators as a 
function of wavelength. The measured values range from 3 x 106 to 2 x 107. Both materials provide 
similar quality factors in the target spectral range. Due to the better thermal properties and the 
higher nonlinearity, we have concentrated our further investigations on resonators made of CdSiP2. 
 

 

Figure 1: Quality factor of millimeter-sized 
optical resonators made of CdSiP2 and 
AgGaSe2 as a function of wavelength. The 
insets show photographs of the 
resonators. 

 

2.2. Task 10.2 Investigation of cascaded second order nonlinearities and 

optimization regarding efficiency, broadband output, and coherence 

properties 

 
Beneficiaries and partners involved in the task: ESR 10 (FRB); ESR 6 (BATH); ESR 12 (IBM); ESR 8 

(KTH), TOPTICA 

Objectives of this tasks are to demonstrate microcombs based on second-order nonlinearities 
 
ESR 10 (FRB): 
 
ESR 10 has demonstrated optical parametric oscillation tunable from 2.8 to 3.5 µm wavelength 
(Figure 2a). In order to observe cascaded second-order nonlinearities, he operated the system close 
to the point of degeneracy. Here, four free spectral ranges of the resonator separate signal and idler 
frequencies (Figure 2b). Simultaneous frequency doubling generates sidebands at the respective 
second harmonics of the signal and idler waves. They appear as sidebands four free spectral ranges 
away from the pump frequency. Thus, we have experimentally demonstrated cascaded second-order 
nonlinearities, i.e. an effective third-order nonlinearity.  
 
Hence, milestone MS13 is reached. 
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The efficiency of the cascaded process is low. Most probably, this is due to the comparatively low-
quality factor (< 107 at 1.5 and at 3 µm wavelengths). If this turns out to hamper comb generation, 
ESR 10 might switch to the near infrared spectral range and resonators made of LiNbO3 for further 
experiments. Here, ESR 10 has demonstrated quality factors far beyond 107. Furthermore, the 
research group already demonstrated the comb generation with microresonators made of these 
crystals (see Tasks 10.3 and 10.5) 
 

 
 
Figure 2: a) Wavelength tuning of optical parametric oscillation in a resonator made of CdSiP2. b) Operating 
the parametric oscillator close to the point of degeneracy allows us to observe cascaded nonlinearities 
generating sidebands at the frequencies 2νs and 2νi as sidebands around the pump frequency νp.  

 
ESR 12 (IBM): 
 
ESR 12 has not been doing any work on task 10.2 in the period from January 2020 through December 

2020. (Note:  ESR 12 started on 12 January 2020.)  However, groundwork supporting this task has 

been performed as part of WP8. (See task 8.3.) 

 

ESR 8 (KTH):  

Objectives of this task are to demonstrate microcombs based on second-order nonlinearities. See 
work of KTH ESR 8 outlined in Task 8.4, for what concerns device design, fabrication and experiments 
at KTH and further collaboration with BATH at the design stage ( ‘virtual secondment’ of ESR 8 for 
the theory part) and in the final analysis of the experiments to be carried out at KTH (with the BATH 
ESR mission in year 3).  
 
Also, the collaborations and secondments of ESR 8 at CUT and Toptica described in Task 8.4 fall within 
the scope of task 10.2, as the optimizations regarding efficiency, broadband output and coherence 
properties are essential for and go hand-in-hand with the demonstrators of Objectives 1 and 2 in 
Task 8.4. 
 

ESR 6 (BATH): 

Task 10.2 will be addressed in the later stage of the project. 



 

2.3. Task 10.3 Design of electrode structures and implementation of electro-

optic tuning 
 

Beneficiaries and partners involved in the task: ESR 10 (FRB); ESR 8 (KTH); 

Objectives for this task are to demonstrate electro-optic tuning and stabilization of microcombs 

ESR 10 (FRB): 

 

We have performed frequency-comb generation via cascaded second-order nonlinearities using 

optical resonators made of LiNbO3 (see also Task 10.5). Here, we have deposited electrodes onto the 

resonator surfaces and successfully demonstrated electro-optic tuning between different frequency-

comb states. This will be investigated further in the second phase of the project by ESR 10. 

 

ESR 8 (KTH): 

 

ESR 8 is now proficient in the design and nanopatterning of electrodes alongside LNOI optical devices. 

(in the framework of his current work on the poling described in Task 8.4). Otherwise, work on this 

task has not been initiated, as it is contingent on the demonstration of quadratic microcombs (Task 

8.4, Objective 2) 

 

2.4. Task 10.4 Benchmark with state-of-the-art chi(3)-based comb 
 

Beneficiaries and partners involved in the task: ESR 10 (FRB); ESR 8 (KTH); TOPTICA  

ESR 10 (FRB): 

 

Before benchmarking the frequency combs generated by cascaded second-order nonlinearities with 

the state-of-the-art, we will improve bandwidth and efficiency of comb generation in the second 

phase of the project. 

 

ESR 8 (KTH): 

 

For ERS 8, see also discussion of the final secondment at Toptica. The objective is to test and assess 

the system performance and noise properties of the final deliverable in Task 8.4 (associated with 

milestone MS11) and compare them with ‘conventional’ ch(3) microcombs with experiments to be 

performed by ESR 8 at Toptica at the end of the project.    
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2.5. Task 10.5 Prediction, demonstration and interpretation of two-frequency 

𝝌(𝟐) combs 
 

Beneficiaries and partners involved in the task: ESR 10; (FRB); ESR 8 (KTH); ESR 5 (BATH); 

Objectives for this task are to develop a numerical model and theory of microcomb generation due 

to χ(2) effects 

ESR 10 (FRB): 

We have experimentally demonstrated the basic concept of cascading second-order nonlinearities 

for comb generation in a microresonator for the first time. For this proof of concept, we employed 

LiNbO3 as nonlinear-optical material. At pump powers of only 2 mW at 1064 nm wavelength, we 

generated 2-THz-wide frequency combs around the pump wavelength and around its second 

harmonic, simultaneously (Figure 3). We observed different comb states, e.g., Turing rolls and quasi-

continuous comb spectra. 

Colleagues from BATH have developed a theoretical model describing the experimental observations 

quite well. 

 

 
 

Figure 3: Frequency comb generation via cascaded second-order optical nonlineraities. Sketch of the 
experimental setup (left) and spectra of the light fields emitted (right). 



ESR 5 (BATH):  

BATH has developed a theoretical model and numerical codes for frequency combs formation in 𝜒(2) 

whispering-gallery mode (WGM) microring resonators. The model is derived from the Maxwell 

equations using the coupled-modes theory1. We developed two numerical approaches for the 

frequency combs formation simulation: split-step method based on the Lugiato-Lefever equations 

and pseudo-spectral method based on the coupled-modes equations. Simulation parameters 

correspond to lithium niobate (𝐿𝑖𝑁𝑏𝑂3) bulk resonator with quality factor 𝑄 ~ 1082.  

Two regimes of frequency combs formation were studied: solitons generation and Turing pattern 

rolls. Both require the phase matching condition, but Turing pattern rolls unlike soliton generation 

regime does not need group velocities matching. Varying detunings according to the developed 

model we can generate a frequency comb with selected distance between neighbour peaks. Also 

𝜒(2) resonators are able to provide much lower pump thresholds because the quadratic nonlinearity 

effects is generally much stronger than the cubic ones. Because of these reasons Turing patterns, or 

primary combs, promise to be a good alternative mechanism of frequency combs formation in 

𝜒(2)microring resonators. 

 

Figure 4. (a) Dynamic simulation result for 5000 round trips of an ordinary polarized wave in the resonator. 

Horizontal axis is angle theta azimuthal coordinate, vertical axis is time coordinate in round trips (1/FSR, Free 

Spectral Range of the resonator), colour bar shows the power in Watts. The panel represents how solitions are 

forming from a stationary solution inside the cw-bistability range.  

(b) Dynamic simulation result for  15 × 104 round trips of an ordinary polarized wave in the resonator with the 

Turing pattern rolls formation process corresponding to the relative resonator’s mode number μ = 10 . The 

panel utilises the same axes as the previous one. Oblique lines are clearly visible and evidence of the repetition 

rate is different from the one of the linear resonator at the pump frequency.  

 
1 Dmitry V. Skryabin, "Coupled-mode theory for microresonators with quadratic nonlinearity," J. Opt. Soc. Am. B 37, 2604-

2614 (2020) 

2 J.  Szabados,  D.  N.  Puzyrev,  Y.  Minet,  L.  Reis,  K.  Buse,  A.  Villois,  D.  V.  Skryabin,  and  I. Breunig, ”Frequency Comb 

Generation via Cascaded Second-Order Nonlinearities in Microresonators”,  Phys. Rev. Lett. 124, 203902 
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(c) The spatial modes spectrum taken from the end of the simulation on the panel (a). Red colour corresponds 

to ordinary wave, green one corresponds to extraordinary (second harmonic) wave.  Horizontal axis shows the 

mode number μ, vertical axis is mode amplitude in dBm. The soliton frequency comb is much wider and dense 

than the Turing pattern one, cf. panels (c) and (d) 

(d) The spatial modes spectrum taken from the end of the simulation on the panel (d). The panel utilises the 

same axes as the previous one. The distance between neighbour peaks in the spectrum is 10 × 𝐹𝑆𝑅 which is 

corresponding to the relative resonator’s mode number μ = 10. 

 

ESR 8 (KTH):  
 
Work in progress as KTH-BATH collaboration (see task 8.4 for further details) 

 

2.6. Summary of publications, talks and conferences 
 

J.Szabados, D.N. Puzyrev, Y. Minet, L. Reis, K. Buse, A. Villois, D. V. Skryabin, and I. Breunig 
“Frequency comb generation via cascaded second-order nonlinearities in microresonators”, in 
Physical Review Letter, paper accepted on 6 May 2020 

D.V. Skryabin “Coupled-mode theory for microresonators with quadratic nonlinearity”, in J. Opt. 
Soc. Am. B 37, 2604-2614 (2020) https://doi.org/10.1364/JOSAB.397015 

Microcomb Early-Stage Researcher webinars:  

• 4 April 2020 https://www.microcomb-eu.org/esr-intro-webinar  

• 26 October 2020 https://www.microcomb-eu.org/26-october-webinar  

• 7 December 2020 https://www.microcomb-eu.org/7-december-webinar  

https://www.microcomb-eu.org/esr-intro-webinar
https://www.microcomb-eu.org/26-october-webinar
https://www.microcomb-eu.org/7-december-webinar


 

2.7. Planned Secondments 

   ESR/ 
month 

5 
BATH 

6 
BATH 

3 
EPFL 

14 
EPFL 

13 
MPL 

2 
CUT 

1 
GENT 

11 
UPV 

15 
KIT 

16 
KIT 

7 
MENLO 

8 
KTH 

9 
MPQ 

10 
FRB 

12 
IBM 

ESR/Month                 

1 (2019)                                 

2                                 

3                                 

4                                 

5                                 

6                                 

7                                 

8                                 

9                                 

10                                 

11                 LGT EPFL             

12 EPFL               LGT       BATH     BATH 

13 (2020) EPFL             CUT LGT       BATH   BATH   

14                                 

15   MPL       BATH Luceda LGT           GENT Toptica   

16   MPL       MPL Luceda LGT           GENT Toptica   

17           MPL   LGT           GENT Toptica   

18                                 

19 IBM   VLC IBM MPQ   BATH   GENT CUT EPFL   Toptica   KTH UPV 

20 IBM   VLC IBM MPQ Toptica   VLC UPV CUT EPFL   Toptica       

21   
  
MPQ 

    Airbus Toptica             Toptica       

22           Toptica                     

23     LGT                     MPL     

24     LGT             Menlo     CUT MPL   EPFL 

25 (2021)      LGT       IBM   EPFL Menlo     CUT MPL   EPFL 

26                                 

27 GENT       Airbus                       

28   FRB     Airbus                     EPFL 

29   FRB     Airbus                    EPFL 

30                                 

31  CUT   Menlo     MPQ KIT     KIT      BATH   

32  FRB CUT   Menlo     MPQ       KIT EPFL         

33   KTH   Menlo               EPFL  Toptica       

34                          Toptica       

35                          Toptica       

36                                 

37 (2022)                                  

38                                 

39                                 

40                                 

41                                 

42                                 

43                                 

44                                 

45                                 

46                                 

47                                 

48                                 

 

 

 

 

 

  Original secondment schedule as per GA  
  

Completed secondments 

 Virtual secondments delivered by online meetings via Zoom and Teams 

  Estimated plans for secondments providing the lockdown restrictions are lifted 

  Beginning of each project year  
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Beneficiary/PI ESR Secondment plans 

University of Bath (BATH) 
Prof Dmitry Skryabin 
 

ESR N° 5  
Mr Vladislav Pankratov 

Current plans for ESR Vladislav Pankratov is a month-long 
secondment at FRB in the Summer 2021. 

ESR N°6  
Mr Zhiwei Fan 

Current plans for ESR Zhiwei Fan is a month-long 
secondment at UPV in the Summer 2021. 

Ecole Polytechnique 
Federale de Lausanne 
(EPFL) 
Prof Tobias Kippenberg 
 

ESR N°3  
Mr Mikhail Churaev; 

EPFL planned for the secondments to be carried out in 

2020. It was more feasible to implement them at the 

beginning of the ESR PhD projects as they were to be 

trained on certain skills needed for their projects. EPFL were 

severely impacted by the COVID travel restrictions, as were 

most of the ESRs.  EPFL will evaluate the secondment 

planning later as the COVID situation evolves. 

ESR N°14  
Mr Aleksandr Tusnin 

Chalmers Tekniska 
Hoegskola AB (CUT) 
Prof Victor  
Torres-Company 
 

ESR N°2 
Mr Krishna Twayana 

 

CUT prefers to wait until summer 2021 to evaluate the 

secondment possibilities for ESR Krishna Twayana. The 

reason is twofold. Firstly, the pandemic situation, which 

adds uncertainties to when exactly are we allowed to 

travel. Secondly, CUT had originally planned for ESR 

Krishna Twayana a visit at Pascal Del’Haye’s group at NPL, 

UK, but since he has recently moved to MPL, Germany, it is 

preferable to until Pascal Del’Haye settles in his new 

laboratory in Germany. 

Chalmers are not allowed to let in visitors for the time 

being because of the pandemic situation.  

CUT will evaluate the secondment planning later as the 

COVID situation evolves. 

Universiteit Gent (UGent) 
Prof Bart Kuyken 
 

ESR N°1 
Mr Ewoud Vissers 

No travelling (in or out) is currently allowed at UGent, so 

there are currently no plans for any secondments.  

UGent will evaluate the secondment planning later as the 

COVID situation evolves. 

Universitat Politecnica de 
Valencia (UPV) 
Prof Pascual  
Muñoz Muñoz 
 

ESR N°11  
Mr Roel van der Zon 

The secondment to Chalmers will be delayed until their 

PCVD furnace is back and running, probably in the Summer 

2021. Moreover, there both institutions are limited by the 

restrictions imposed by COVID. 

Secondments to Ligentec and KIT will be evaluated later as 

the COVID situation evolves. 

Karlsruher Insitute Fuer 
Technologie (KIT) 
Prof Christian Koos 
 

ESR N° 15 
Mr Yung Chen 

KIT is currently planning for the secondments and will 
evaluate the secondment planning later as the COVID 
situation evolves. ESR N° 16 

Mr Innokentiy Zhdanov 

Menlo Systems GmbH 
(MENLO) 
Dr Ronald Holzwarth 

ESR N°7 
Mr Ignacio Baldoni 

According to the original project plan, we anticipated two-

month secondment of ESR Ignacio Baldoni (ESR7) from 

Menlo Systems to EPFL in July/August 2020. The current 



 

Deputised by Dr Klaus 
Stockwald 
 

situation with Covid-19 makes it very hard to plan 

secondments, which normally take a decent amount of 

preparation. Therefore, we plan to deviate from the project 

plan and anticipate the secondment for summer of 2021. 

Max-Planck-Gesellschaft 
Zur Feorderung De 
Wissenschaften EV  
(Institute for Quantum  
Optics – (MPQ)) 
Dr Nathalie Picqué 
 

ESR N°9 
Ms Ruyu Ma 

MPQ will evaluate the secondment planning later as the 
COVID situation evolves. 

Max-Planck-Gesellschaft 
Zur Feorderung De 
Wissenschaften EV 
Institute for the Science 
of Light – (MPL)) 
Dr Pascal Del’Haye 
 

ESR N°13 
Mr Toby Bi 

ESR Tobi Bi spent the time from 21st September to 9th 

October 2020 at Airbus in Munich. He was testing 

microresonators for frequency comb generation there. 

The secondment was successful but MPL don’t have 

currently further plans.  

Kungliga Tekniska 
Hogskolan (KTH) 
Prof Katia Gallo 
 

ESR N°8 
Mr Halvor Fergestad 

The secondment to Bath has been replaced by meetings 

and interactions via zoom, email and data sharing of ESR 

Halvor Fergestad with members of the Bath team (Prof 

Dmitry Skryabin and PhD student from the CPPM research 

group at the University o Bath - Will Rowe) 

Albert-Ludiwigs-
Universitaet Frieburg 
(FRB) 
Prof Karsten Buse 
Deputised by Dr Ingo 
Breunig 
 

ESR N°10 
Mr Nicolás Amiune 

The COVID restrictions make planning for secondments 

difficult, however, FRB plans to send ESR Nicolás Amiune 

by mid of 2021 for one month to Bath and we would host 

ESR Vladislav Pankratov from Bath for one month before 

or after that.  

IBM Research GmbH 
(IBM) 
Dr Paul Seidler 
 

ESR N°12 
Mr Alberto Nardi 

April-May 2021 is currently considered for secondment of 
ESR Alberto Nardi at the EPFL, but this still needs to be 
discussed with Prof Tobias Kippenberg, and it will depend 
on the situation at the time with COVID-19. 


