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The research axis of materials for photonics remains an important theme in the light of the activities 
carried out on semiconductors and oxides films doped with rare earths during the evaluated period. This 
historical theme of the NIMPH team concerns the development of materials for photonics that can serve as 
a gain medium for optical amplifiers, lasers and light emitting diodes (LEDs) with specific emission 
properties. According to the type of host matrix used, this theme is mainly divided into two subgroups, the 
transparent conductive oxides (TCO) of the ZnO type and the matrices of the oxide, oxynitride and 
silicon nitride type compatible with CMOS technology. 

Transparent conductive oxides host matrix for photonics  

The research activity on transparent conducting oxides (TCOs) started in the NIMPH team in 2008 by a 
PhD thesis (C. Lecerf – defended in December 2011) on gallium oxide (β-Ga2O3) doped with Nd or Eu 
grown by magnetron sputtering. In 2012, gallium oxide has been replaced by zinc oxide (ZnO) and many 
studies have been led on various doping such as Tb, Eu and (Tb, Eu) codoping. Owing to a fruitful 
collaboration with the electronic Department of the University of Barcelona (team of Prof. B. Garrido) on 
realization of SiOxNy based LED, a first electroluminescent ZnO based device has been fabricated with very 
promising EL intensities [F. Ehré et al., ECS Journal of Solid State Science and Technology, 2019]. In 2015 
and 2016, in the framework of Master internships (N. Chery and C. Guillaume), we started new 
investigations on the effect of oxygen in the plasma on PL properties of Tb:ZnO films on Si substrate and 
on PL properties of Er:ZnO films. C. Guillaume pursued with a PhD thesis (defended in December 2019) on 
PL properties of Yb:ZnO and (Tb,Eu):ZnO as grown and annealed at extreme temperatures (1100°C) [C. 
Guillaume et al., Phys. Stat. Sol. A, 2018]. Up to 700°C, a diffusion and segregation process of the rare 
earths towards the bottom of the film (200 nm thick) has been observed and for higher temperatures, Si is 
also diffusing at the bottom of the film and new phases (zinc silicate and rare earth silicates) have been 
formed at the interfacial region. The presence of rare earth silicate (oxyapatite) upon high temperature 
annealing led to very intense PL emissions. EL properties of different structures and multilayers 
combining several RE:ZnO sublayers annealed at 700°C have also been studied [J.L. Frieiro et al., accepted 
in Nanoscale 2020]. The goal being to achieve white emission, cerium, terbium and (Tb,Eu) codoping for 
respectively blue, green and red contributions have been selected to grow an original EL structure: Ce:ZnO 
(20 nm)/Tb:ZnO (20 nm)/(Tb,Eu):ZnO (20 nm)/Si P. An invention declaration has been applied to the 
CNRS in 2018 and more data have to be provided and checked before a patent process. Anyway, the 
results are very promising and despite the lack of the blue contribution of Ce that diffused to the top of the 
multilayer stack, the green and red emissions have clearly been obtained in the EL spectra. The excitation 
of the rare earth by impact through the silica barrier at the bottom of the structure has also been 
evidenced. Regarding EL properties of these materials, further works are still necessary to investigate the 
effect of the thickness of the various sublayers in order to play with the quality of the white emission (CRI 
index). The effect of the silica thickness is also another interesting parameter influencing the EL 
intensities. Ce3+ being apparently inefficient in ZnO, Tm3+ would be another option for the blue emission in 
the EL structure. A comparison of these EL emissions with commercial EL devices already present in the 
market is also missing and has to be performed. All these questions and issues bring us to believe that this 
subject will continue in the research activity of the NIMPH team taking into account the work done by the 
team on rare earth ions deposited by ALD and the potential of this deposition technique. 

Oxide, oxynitride and silicon nitride type host matrix 

The development of thin luminescent films based on silicon of the oxide, oxyniture and nitride type in 
which rare earth ions or nanoparticles are incorporated finds its origin in the goal of producing specific 
absorbant / luminescent materials compatible with the silicon technology of microelectronics and thus 
being able to promote their integration via CMOS-type processes. With this perspective of moving away 



from the "photonics on silicon" subject, a new interest has emerged in the realization of a luminescent 
system containing chemical species of low criticality such as silicon, nitrogen and oxygen. By criticality we 
consider a combination of supply risk, environmental implications, and vulnerability to supply restriction 
according to T. E. Graedel et al. PNAS, 112, 4254, 2015. Despite their greater criticality, the rare earths are 
in the form of dopants which limits their impact on the global criticality. 

Following the work done in the previous evaluation period, some studies were pursued one silicon rich 
silicon oxide doped by rare earth (RE) ions such as Nd3+ and Er3+. As an example the study of the 
correlation between composition, microstructure and emission properties was done on Nd-doped Si-rich 
Si oxynitride among others by means of X-ray photoelectron spectroscopy. This work provides knowledge 
to optimize Si-based materials for favorable emission properties, but also, presents a universal 
methodology to investigate the nature of sensitizers for RE emitters [C.H. Liang et al., Nanotechnology, 
2019]. 

New RE- dopings in Si oxynitride host matrix such as Yb3+ and Ce3+ were investigated for potential 
applications in white light emitting diodes. The effect of concentration of Cerium was investigated through 
the fabrication and characterization of Ce-Doped SiOxNy films deposited by magnetron reactive sputtering 
from a CeO2 target under a nitrogen reactive gas atmosphere. A wide excitation range from 250 nm up to 
400 nm was evidenced and several excitation paths of Ce3+ ions were proposed involving direct or indirect 
mechanisms. It has been found that Nitrogen concentration plays an important role in Ce3+ emission by 
modifying Ce surroundings, reducing the Si phase volume in SiOxNy and causing a nephelauxetic effect. 
Varying the Ce concentration, under UV excitation, a maximum of emission was found visible to the naked 
eye with high Ce3+ concentration (6 at%). No saturation of this photoluminescence intensity was observed 
at this concentration, confirming again the lack of Ce cluster or silicate phase formation due to the 
nitrogen presence [F. Ehré et al, Nanoscale 2018]. 

Further works were done on silicon based host matrices doped with rare earth ions such as with Tb3+, 
Yb3+, Pr3+. The chemical, microstructural and spectroscopic characterizations were carried out in lab and 
through collaborations leading to some further scientific communications not detailed in this report [Klak 
et al., Thin Solid Films, 2019]. 

Since October 2019, in collaboration with CRISMAT laboratory, a new PhD thesis (C. Leroux) started to 
study in more details the atomic structure of the (Tbx, Euy)SiO7 oxyapatite and (Tbx,Euy)Si2O7 disilicate 
structures by using advanced transmission electron microscopy techniques (STEM HAADF imaging, STEM 
EDX and STEM EELS mapping at the atomic scale). The goal is to determine the atomic arrangement in 
these structures and to estimate the atomic distance between Tb3+ and Eu3+ that leads to the efficient 
energy transfer between Tb3+ and Eu3+. 

Based on results of a collaboration between CRISMAT and CIMAP on optical spectroscopy on organic-
inorganic hybrid materials [Bloyet et al, European Journal of Inorganic Chemistry, 2018; F. Beaubras et al., 
Dalton transaction, 2020] we successfully apply to a financial support (LABEX three years project called 
MAHYTER) on development of rare earth free efficient luminescent materials based on a new kind 
material from metallophosphonates family. This kind of materials shows interesting luminescence 
properties (aggregation induced/enhanced emission) with high thermal stability and quantum yield that 
pave the way to development of stable transparent rare earth free optical ceramic, a new kind of 
photonics material. 

 


