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Introduction
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University of Caen Normandie, Ensicaen, CNRS, CEA
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7 teams with various activities : irradiation
with heavy ions, optical materials for laser and
photonics, material for energy, defects studies
in SC + biosourced materials…+ CIRIL platform
leading the researches at the GANIL facility

In Caen, Normandie (2h with
car in the west from Paris)
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NIMPH Team
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Laboratory

Atomic Layer Deposition
Magnetron sputtering

Microscopy

Optical/electrical carcterizations

Modeling
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Losses in solar cells
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Missmatched of optical
étendue introduces
irreversibility

Loss of carrier energy to reach the 

band gap energy by transferring it 
to the lattice

Loss by

emission

of photons

conversion of
thermal energy TS>TA

into entropy free
work (Carnot factor)

Not

absorbed

photons

Fundamental losses in solar cells, Prog. 

Photovolt: Res. Appl., LC Hirst, N J Ekins-

Daukes, 19:286–293, 2011
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Losses in Solar Cells : limited efficiency
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Different kind of losses:
• Emission : recombination of carrier->PL
• Carnot limit : unavoidable heat loss to the surroundings
• Boltzmann : irreversible entropy generation
• Thermalization : carrier with energy largely above SC Eg
• Below SC Eg: photon with energy bellow SC Eg

Fundamental losses in solar cells, Prog. 

Photovolt: Res. Appl., LC Hirst, N J 

Ekins-Daukes, 19:286–293, 2011
Yao Zhu et al, 7 January 2013, SPIE Newsroom. DOI: 10.1117/2.1201212.004585
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Solar irradiance conversion with solar cell
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Rare earth ions for donnor-acceptor system
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Pr3+ , Tb3+

Yb3+

Emission at about 1000nm (1,24eV)
-> once the SC BG

Absorption at about 500nm (2,48eV)
-> twice the SC BG
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G. H. Dieke and H. M. Crosswhite, Applied 

Optics Vol. 2, Issue 7, pp. 675-686 (1963)
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SiNxOy:Tb3+:Yb3+ efficient QC for
frequency conversion layer

2016 SiNx:Tb3+:Yb3+ efficient 
DC layer

2017 SiNx:Tb3+:Yb3+ efficient DS layer

SiNx:Tb3+:Yb3+ based efficient DC
layer topped on SI solar cell with an
relative increase by 1.34% in the
conversion efficiency

SiNx:Tb3+:Yb3+ efficient Multilayer
DC layer topped on Si solar cell.

2013 

2016 

2017 

2019 

Development of frequency conversion layer

PhD YT An

PhD L Dumont
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Growth of thin films by RF magnetron 
sputtering
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Important parameters

• Chemical : 

– rare earth (RE) ratio

– activation of rare earth(RE3+)

– high concentration required

• Physical : 

– energy matching between host matrix density of states and RE states

– RE low excitation cross-section (10-21 cm²)

– Cross relaxation between same kind of RE

– Excitation of Donor ions directly or indirectly (matrix sensitization)->Matrix (SiOx, SiNx, 

SiOxNy) properties

– Cooperative energy transfer from donor (D) to acceptor (A) ion->D-A distance dependent 

– Relaxation mechanisms trough energy transfer between the same kind of ions->distance 

dependent

• Optical : 

– transparent in 550-1200nm range and efficient in UV (DC) or in IR (UC)

• Technological Process : 

– Compatible with Si solar cell process

– stable in time (20-25years), non toxic
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Si based down shifting and down conversion layers 
in homogenous and multi layer configurations

• SiOy

• SiNxOy

• SiNx
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Silicon sub

Thin film

Silicon sub

Thin film ML

Silicon sub

Thin film

: Tb3+Yb3+
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Growth of thin films by RF magnetron sputtering
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• Depositions parameters:

• Deposition Temperature , Tdp (°C)

• Plasma Pressure, Ptot (sccm)

• Gaz : Argon and nitrogen
• Nitrogen rate, rN2

• RF Power density on target,  Ptarget

(W/cm²)

• Depositing time, tdp (s)

Confocales
targets conf.

Plasma 

Grown of thin film by magnetron 
sputtering

Si

Yb

Tb
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• Depositions parameters:

• Deposition Temperature , Tdp (°C)

• Plasma Pressure, Ptot (sccm)

• Gaz : Argon and nitrogen
• Nitrogen rate, rN2

• RF Power density on target,  Ptarget

(W/cm²)

• Depositing time, tdp (s)

• Annealing with rapid or slow ramp of T 
under specific gas (N2, Forming…) 

Confocales
targets conf.

Plasma 

Grown of thin film by magnetron 
sputtering

Si

Yb

Tb

16



Substrat: Si

SiNx:Yb3+ 

SiNx:Tb3+ 

Layer

Si

Homogenous thin film and multilayer systems
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Cross-section view of the optimized

multilayer system.

Cross-section view of the optimized

homogenous layer system
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Si based doped with rare earth ions luminescent 
layer: SiNx-Tb3+[PHOTOLUMINESCENCE]

Control of refractive index by tuning the 
sputtering parameters : SiNx [ELLIPSOMETRY]

Brewster LO 1120 cm-1

TO 840 cm-1

Amorphous and homogenous films: SiNx

[HRTEM]

Control of the stoichiometry by tuning the sputtering 
parameters: SiNx [FTIR]

Structural and physical properties of Si based 
layer grown by magnetron sputtering
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Frequency layer optimization
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Down conversion layer
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SiNx matrix photoluminescence

energy transfer may occurs
Matrix Emission around 400nm
 fit with Tb3+ absorption by level 5D4

Level Tb 5D4

Excitation at 285 nm
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Energy transfer to Tb3+

• Extinction of SiNx matrix luminescence 

• Increase of Tb3+ luminescence with Tb content

Optimum at 0,45 W/cm²

 Indirect excitation of Tb3+ ions

Energy transfer (ET) from matrix to Tb3+ ions
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Excitation at 266 nm

Tb3+concentration effect on luminescence 
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① ②

• Extinction of Tb3+ luminescence and Tb3+ lifetime decrease with 
[Tb] increase

Concentration quenching

7th International Conference "Nanotechnologies and Nanomaterials" NANO-2019, 27 - 30 August 2019, Lviv, Ukraine



Energy transfer to Yb3+

• Yb3+ PL Intensity appears in the presence of Tb3+ ions

• Non-resonant excitation of Yb3+

Excitation at 325 nm

Cooperative Energy transfer (CET) between Tb3+d Yb3+ ions 
24
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Energy transfer from Tb3+ to Yb3+

• Tb3+ PL Intensity decrease with increasing Yb3+ content

• Yb3+ PL Intensity increase with increasing concentration

• Non-resonant excitation of Yb3+

Cooperative Energy transfer (CET) between Tb3+d Yb3+ ions 

Excitation at 285 nm Excitation at 285 nm
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SiNx:Tb3+Yb3+
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SiNx:Tb3+,Yb3+ versus SiNxOy:Tb3+,Yb3+ 

• Internal efficiency of SiNx based film is about 29 times larger than the one obtained with SiNxOy

based film

• ExternaI efficiency of SiNx based film (with extraction into the Si solar cell) is about 12 times 
larger than the one obtained with SiNxOy based film
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• Highly Efficient Infrared Quantum Cutting in Tb3+− Yb3+ Codoped Silicon Oxynitride for 
Solar Cell Applications, YT An et al, Advanced Optical Materials 1 (11), 855-862, 2013

• SiNx:Tb3+–Yb3+, an efficient down-conversion layer compatible with a silicon solar cell 
process, L Dumont et al, Solar Energy Materials and Solar Cells, 2016



Down shifting layer
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• Reff

2,0 < n < 2,2
70 nm < d < 80 nm

DS layer optical properties preliminary studies
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• Aeff and Teff

compromise under n=2,2 and 100 nm 

300-550 nm 550-1200 nm

300-1200 nm
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Larger efficiency of the DS layer with the
SiNx matrix than with SiNxOy due to larger
Tb content and to larger extraction into the
Si PV cell
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PL Extraction efficiency SiNx:Tb3+

• Down-shifting Si-based layer for Si solar applications, L Dumont et al, Solar Energy 
Materials and Solar Cells 169, 132–144, 2017



Integration in an industrial process
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Silicon Solar cell

Thin film ML

Integration in an industrial process
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Silicon Solar cell

Thin film



Modeling of Donor (Tb3+)-
Acceptor(Yb3+) ions system
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Modeling of Donor(Tb3+)-Acceptor(Yb3+)
ions system

Donor(Tb3+)-Acceptor(Yb3+) ions system 34
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Rate equations modeling of steady state 
of electronic energy levels

•

•

•

Energy transfer
between Tb3+ ions
(cross-relaxation)

energy transfer
between Yb3+ ions
(cross-relaxation)

Cooperative energy
transfer between
Tb3+ Yb3+ ions
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Look on modelling parameters

• KCET, KET(Tb3+) and KET(Yb3+) distance dependent (r) and therefore
function of concentration [Tb3+] and [Yb3+]

• Those parameters are depending on statistical  distribution of rare 
earth ion in thin films

Silicon sub

Thin film

Silicon sub

Thin film ML

• Homogenous thin film and ML thin film allow to reach different kind 
of spatial distribution and concentration of rare earths ions

[RE3+]≤10+20 cm-3 [RE3+]≤10+21-22 cm-3
36
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Comparison of homogenous thin film and 
multilayer systems

• Monte Carlo method for determination of average 
distance between first, second…neighbors
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Thin film and multilayer systems

 ML prevent aggregation quenching and allow therefore higher doping rate
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Integration in an industrial process
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Multilayer Integration on silicon solar cell
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Reflectance of three layers (SiNx,

SiNx:Yb3+/SiNx:Tb3+ MLs, SiNx:Yb3+/SiNx:Tb3+ MLs

with forming gas post treatment) deposited on textured

emitters.

I‐V curves corrected of series resistance for three c‐Si solar

cells topped with SiNx, SiNx:Yb3+/SiNx:Tb3+ MLs and

SiNx: Yb3+/SiNx:Tb3+ MLs with forming gas post treatment

Established Improvement
of solar cell efficiency

7th International Conference "Nanotechnologies and Nanomaterials" NANO-2019, 27 - 30 August 2019, Lviv, Ukraine



41

Diagram of c-Si solar cells with
spectrum conversion layers

Process flow of c-Si solar cells
with spectrum conversion layers.

Reflectance of three layers
deposited on textured emitters

Pseudo I-V curves for three c-Si solar
cells with SiNx, SiNx:Tb3+ and SiNx:Tb3+-
Yb3+ layers, respectively.

PV performances of c-Si solar cells with SiNx, SiNx:Tb3+ and SiNx:Tb3+-Yb3+ layers

relative increase by 1.34% in the conversion efficiency

Monolayer Integration on silicon solar cell
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Conclusion
• Established results:

– SiNxOy and SiNx based DC, DS layer

– Integration of ML and homogenous DC layer in an 
industrial process of Si PV cell

– relative increase by 1.34% in the conversion efficiency

• Perspectives:

– Ce3+ emission in SiNxOy/SiNx layer ->increase of 
excitability

– Distance distribution model in material -> further 
improvement

– Up conversion layer with Er3+
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