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Starting with the demonstration of lasing 

more than 50 years ago, the special 

properties of rare-earth crystals and glasses 

have given rise to the development of 

numerous solid-state lasers and amplifiers, 

which are crucial for the functioning of 

today’s Internet. As a fascinating 

generalization of their use in optical 

communication infrastructure, it became 

clear during the past decade that, when 

cooled to cryogenic temperatures of a few 

Kelvin, rare-earth crystals also promise the 

creation of technology for quantum 

communication networks [1].  

 

I will discuss recent advances towards the 

development of key ingredients of such 

networks: the reversible storage of quantum 

states of light in large ensembles of rare-

earth ions (fig. 1) [2], as well as the creation 

of single photons using individual emitters 

coupled to a nanophotonic cavity (fig 2) 

[3,4]. This is interesting from a fundamental 

point of view, and paves the path towards 

a quantum repeater, which will ultimately 

enable quantum communications over 

arbitrary distances [5].    
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Figure 1: A Tm:Y3Ga5O12 crystal used for storing 

quantum states of light.  
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enabled proof-of-principle demonstrations of heralded entanglement between individual atoms [10, 119], NV 

centers [120] and quantum dots [121], as well as between ensemble memories [122, 123]. Lately, a quantum 
repeater without memory has been reported [124] and the repeaterless bound has been violated [22, 125]. 

 

While the rapid progress supports that quantum repeaters and hence large-scale quantum networks will become 

feasible within the next decade, their development still faces significant challenges. In particular, only the 
twin-field QKD demonstration [125] employed telecom-wavelength photons, but it is by nature not scalable. 

Also, only the ensemble-based demonstrations [122, 123] allow in principle multiplexing, but the probabilistic 

nature of photon emission severely restricts scalability, similar to the use of SPDC-based photon pairs.  
 

 

Section b. M ethodology 
 

Entanglement. Our first objectives are to create individual photons through the inter-
action between single thulium ions and modes of nanoscopic si l icon-nitr ide cavities; to 
combine four such photons into one heralded entangled pair; and to improve the effi-
ciency of l inear-optics Bell-state measurements. 

 
1) Single photons from single thulium ions coupled to nanoscopic photonic-crystal cavities 

 
Device fabrication 

  
To create a suitable cavity, we have to find a compromise between a small mode volume and the need for the 

evanescent field to extend into the adjacent crystal where the Tm ions are located. Fig. 6 shows a configuration 

in which a TE optical mode is evenly split between silicon nitride (SiN) and YGG. We assume silicon-enriched 

SiN with a refractive index nSiN=2.5 and nYGG = 1.95. The width of the SiN strip is 500 nm (ensuring single 
mode propagation at 795 nm), and its thickness 250 nm. The nanobeam cavity is created by periodic patterning 

the SiN layer with elliptical holes, which induces an index modulation in the propagation direction, i.e. a 

photonic crystal [126]. A pitch of 195 nm allows propagation of light at 795 nm wavelength. By reducing in 
the center of the structure both the spacing of the holes (by 23%) as well as their width (from 210 to 100 nm), 

we create a defect, resulting in strong localization of the field. Our early simulation on a computer with limited 

memory yields a mode volume of around 1 μm3 and a Q of around 2500. Using Eq. 2, we find a Purcell 

enhancement of around 400 for an ion at the interface between SiN and Tm:YGG. To improve our design, we 
will perform additional simulations using a more powerful workstation of a longer nanobeam with larger-range 

periodicity. They will allow optimizing over parameters such as hole size, pitch displacement, tapering, and 

waveguide dimensions and require at least one fabrication-measurement cycle for conversion. 
 

The case of Tm:YAP is more complicated as the thulium ion has to interact with two different wavelength—

795 nm for optical pumping of population into the 3F4 level and 1450 nm for photon storage. Two possibilities 
will be explored. First, we will investigate if we can use the same waveguide for both wavelengths, even 

though it will be slightly multimode for the pump light. Second, inspired by [127], we will explore the creation 

of one waveguide for 795 nm light, and a second waveguide (including a cavity) for 1450 nm light that crosses 

the first at right angle. An interesting question is the extend by which the 795 nm waveguide affects the mode-
volume and quality factor of the photonic-crystal cavity, i.e. the achievable Purcell enhancement. 

 

Fabrication of these devices is possible using standard cleanroom procedures. Two strategies, illustrated in 
Fig. 7, will be evaluated and the most promising will be picked. (i) Starting with a commercially available Tm-  

doped crystal, we will create a layer of SiN by means of  plasma-enhanced chemical vapor deposition [128].  

 

 
Fig.6: (a) Schematics of a SiN nanobeam photonic crystal cavity on top of a YGG crystal. (b) Simulated cross-
section of the propagating mode. (c) Field distr ibution at 795 nm wavelength. (d) SEM image of an array of 
si l icon nano-cavities, fabricated as a precursor to REQUIRE.  
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Figure 2: Silicon nano-photonic cavity on 

Er:LiNbO3 (in collaboration with S. Gröblacher).  

 

 


