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Lighting : energy consumption ... 

“Lighting represents almost 20% of global electricity 
consumption. This consumption is similar to the amount of 

electricity generated by nuclear power.” (Int. Energy Agency) 

      

   

lm = Lumen = SI unit for the total visible flux emitted by a source  
Includes luminosity function ; 1 W of green light (555 nm) => 683 lm  
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Efficiency of light-emitting diodes : 

decades of improvements 

 

Wall plug efficiency : ratio between electrical power (in) and optical power (out) 

Red … blue ...  Nobel prize in physics 2014 Akasaki, Amano, Nakamura 

+ phosphor => PC-White : Phosphor converted white-light 
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Electroluminescence : Light-emitting diode 

Applying an adequate 
difference of potential inject  

holes in the p-region and  

electrons in the n-region 

=> electron-hole pairs 
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(In, Ga)N semiconductor chip + phosphors  White light 

Blue chip, 420-480 nm          yellow phosphor              cool white  

Blue chip, 420-480 nm      R+G phosphor blends        warm white 

                                                                

Standard white PC-LED 
The most efficient white  

LEDs are phosphor-based : 

downconversion of blue light 
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Blue+yellow LED emission spectrum 

BLUE 

YELLOW 
Lacking RED 
=> cool white 

Downconversion of blue light 

photoluminescence 
UV IR 

by Yttrium Aluminum Garnet : Ce 

InGaN diode 

YAG:Ce phosphor 
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Compare with solar spectrum  
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Wide diversity of LED+phosphors 

Conventional type 

      

   

Phosphor tuning ? Host/dopant ? Selection criterion ? 
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Overview

1.  Role of phosphors in white-LEDs 
2.  Working principles, selection criteria, 4f-5d phosphors 

3.  How to model ? First-principles ... but not too much ! 

4.  Theoretical study of lanthanum silicon nitrides hosts + Ce 

5.  Scaling up : results for 28 different hosts 

6.  Thermal quenching, width of emission, beyond 1D model 
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 Absorption/emission/Stokes shift

Stokes 
shift 

(1) Absorption occurs 
(2) Atomic configuration 

changes, decreasing the energy  
(3) Emission occurs 

photoluminescence 

Absorption Emission 

Width 
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Thermal  

quenching 

wavelength / nm 

See e.g. C. Braun … W. Schnick, Chem. Eur. J. 16, 9646 (2010) 
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Criteria for selecting phosphors

1.   Emission spectrum that complements adequately  

           the LED (+ other phosphors if use more than one) 

     Importance of linewidth (missing: good red narrow width phosphor) 

 

2.   Excitation spectrum with good overlap with   

  the pumping LED, and large absorption strength 

 

3.   Optical characteristics unchanged at elevated temperature (450K) 

4.   Quantum efficiency approaching unity 

5.   Chemical stability 

6.   Absence of emission saturation at high fluxes 
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Ce- and Eu- doped inorganic hosts

Best choice (at present) :  
Ce3+ and Eu2+ - doped « inorganic hosts » : 4f – 5d transition 
[ternary/quaternary silicates, phosphates, (oxy)nitrides, (oxy)sulfides, etc] 

Ce and Eu substitutional to trivalent or divalent ions 

 

Large absorption strength 

Excellent quantum efficiency (>90% for YAG:Ce) 

Tunable 
 

But : Thermal quenching ? Adequate emission band ? 
 

 How can theory help for such complex materials ? 

 High-throughput search, but which indicators ? 
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Dorenbos, PRB, 62, 15640 (2000) 
Dorenbos, PRB, 62, 15650 (2000) 

Dorenbos, PRB, 64, 125117 (2001) 

Dorenbos, PRB, 65, 235110 (2002) 

Liu et al, J. Lumin, 166, 106 (2016)

4f – 4f transitions : 
-  do not show as nice a tunability 

-  narrow absorption range => colour drift with T 

Dorenbos model for 4f – 5d transition

Depend on type of  

coordination incl. # NN 

Ce (Xe) 4f25d06s2      Ce3+ (Xe) 4f15d06s0       Eu (Xe) 4f75d06s2      Eu2+ (Xe) 4f75d06s0 
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How to model ? 

First-principles ... 

but not too much ! 
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!  Empirical or semi-empirical search (cf Dorenbos) 

 exp. data (e.g. emission) for >100 doped hosts 

 ? quality of material 

 ? data for linewidth, thermal quenching 

!  Machine-learning based on such exp. data ? 

!  First-principles : 

 either give new data for machine-learning (need accuracy) 

 or allow direct high-throughput search (need speed) 

Search for better phosphors
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!  Optical excitations => electron-hole interaction !  

!  Bethe-Salpether equation (BSE) ?! 

!  Supercells – 60 ... 120 atoms (Eu, Ce 6.25% - 12.5%) 

!  Ce, Eu => 4f electrons ! 

!  “Big”cells : cannot afford BSE  

!  Need to relax the geometry !  

!  Simpler approaches to generate indicators ?  

  Ground state only ? Doped ? Bulk undoped ? 

  … And how address linewidth ?  

  … Thermal quenching ? 

Challenge for first-principles  
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Indicators : speed vs accuracy 

Bethe-Salpeter Equation  

   (+ geometry relaxation) 

Doped ground-state + Dorenbos model 

Undoped bulk 
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Absorption: GGA + Dorenbos model 

Still :  

How to predict 

emission ? 

What is the excited 

state geometry ? 

GGA + Dorenbos 
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!  ΔSCF method: mimic the interaction between electrons and a 4f-hole. Comparison 
of total energies of ground and excited states. 

!   Calculate transition energy based on configuration coordination diagram 
 (Seitz 1938, Mott 1938, Gurney 1939 …). 

ΔSCF method 

Excitation Emission

Configuration diagram 

Absorption Emission 

For scintillator absorption see also  : Chaudhry, Canning et al,  
PRB 83, 125155 (2011),  JAP 109, 083708 (2011), PRB 89, 155105 (2014) 

ΔSCF 
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Indicators : speed vs accuracy 

Bethe-Salpeter Equation  

   (+ geometry relaxation) 

Doped ground-state + Dorenbos model 

Undoped bulk 

ΔSCF with 1D configuration diagram 
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!  Density functional theory (DFT) +U => Total energy + bands  

!  Abinit software (http://www.abinit.org) 

!  Projector Augmented Wave (PAW) + Plane Waves 

!  Cutoff energy:  30Ha 

!  Supercells – 60 ... 120 atoms (Eu, Ce 6.25% - 12.5%) 

 

First-principles calculations
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ABINIT software project 
Implementing Density-Functional Theory + Many-body Perturbation Theory. 

For solids and nanosystems, computation of : 

 energetics, electronic structure, vibrations, dielectric responses,  

 optic, Raman, thermodynamics, ... 

 

1997 Ideas :  

1)  Target a wide range of capabilities => need a worldwide collaboration 

2)  Linux software development : ‘free software’ model 

1997... 2019 Development : 

Releases of ABINIT (v1.0.0 to v8.10.2) 

8 international ABINIT developer  

workshops (40 ... 60 participants) 

2019  Assessment :  

>2000 members on the forum 

800 kLines of F90 

about 50 contributors to ABINITv8 
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Ab Initio at work:  

Ce-doped  

lanthanum silicon nitrides 
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LaSi3N5:Ce 

La3Si6N11:Ce4c 

!  The reason for the different emission color ? 

!  The luminescent center in the La3Si6N11:Ce ? 

Suehiro et al,  APL, 95, 051903(2009) 
Kijma et al, ECS Trans. 25, 247  (2009)

La3Si6N11:Ce2a 

Ce3+ ion in LaSi3N5 and La3Si6N11 (LSN) 

? 

? 

3.43 eV 2.58 eV 

2.95 eV 2.25 eV
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!  Ab-initio simulation: Density functional theory (DFT), GGA level 

LaSi3N5 La3Si6N11 

3.21eV 2.99eV 

LSN DFT electronic structure 
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!  The description of Ce4f state relies on the DFT+U method, U = 4.6eV 
!  Ce5d state not located inside band gap in ground state calculation  

 (DOES NOT correspond to luminescent excited state of LSN:Ce) 

LaSi3N5:Ce La3Si6N11:Ce2a 
La3Si6N11:Ce4c 

La5d La5d La5d 

Ce-doped LSN : DFT electronic structure 

Ce4f 
Ce4f Ce4f 
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!  ΔSCF method: mimic the interaction between electrons and a 4f-hole. Comparison 
of total energies of ground and excited states. 

!   Calculate transition energy based on configuration coordination diagram 
 (Seitz 1938, Mott 1938, Gurney 1939 …). 

ΔSCF method 

Excitation Emission

Configuration diagram 

Absorption Emission 

For scintillator absorption see also  : Chaudhry, Canning et al,  
PRB 83, 125155 (2011),  JAP 109, 083708 (2011), PRB 89, 155105 (2014) 

ΔSCF 
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Ce5d 

Ce5d 
Ce5d 

Ce5d Ce5d 
La5d 

!   Core-hole interaction and anti-bonding character affect position of Ce5d state  

LaSi3N5:Ce La3Si6N11:Ce2a  La3Si6N11:Ce4c 

Excited-state 

Absorption geometry 

Excited-state 

Emission geometry 
(non- 
 Luminescent) 

Ce-doped LSN : excited state electronic structure 
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!  Accurate absorption and emission energy, within 0.2eV error.  
!  Stokes shift value is provided within 20% difference.  

!  Luminescent center in La3Si6N11:Ce is determined to be Ce2a site 

Y. Jia et al, PRB, 93, 15111 (2016)

Case  LaSi3N5:Ce  La3Si6N11:Ce2a  La3Si6N11:Ce4c

A0  -20774.76eV -25363.89eV -25363.98eV

A0*  -20771.26eV -25361.10eV -25360.70eV

A -20774.53eV -25363.68eV -25363.52eV

A*  -20771.42eV -25361.28eV -25360.92eV

∆Eabs(A0*-A0)  3.50eV 2.79eV 3.28eV

∆Eabs(Exp.)  3.43eV 2.58eV -------- 

∆Eem(A*-A) 3.12eV 2.40eV 2.60eV

∆Eem(Exp.)  2.95eV 2.25eV -------- 

∆S(Cal.) 3080cm-1  3160cm-1  5456cm-1 

∆S(Exp.)  3815cm-1  2717cm-1  -------- 

ΔSCF Energies in ground- and excited-states 

1000cm-1=0.124eV 
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Ce environment and Dorenbos model parameters 

9 NN 

8 NN 

8 NN 

Depend on type of  

coordination incl. # NN 



Moscow, November 11, 2020 32 

Scaling up :  

results for 28 Ce- and Eu- 

doped hosts 
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Thirteen Ce-doped hosts covering 2-5 eV range 

YAG 

Jia, Poncé, Miglio, Mikami & Gonze, Adv. Opt. Materials, 5, 1600997(2017) 

LSN 

LSN 
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!  First-principles absorption and emission energy are within 0.3 eV of 

experimental data, with two exceptions at 0.4 eV and 0.5 eV 

!  First-principles Stokes shifts are within 30%, except two values at 50%  

Wide applicability of the first-principles methodology 

Jia, Poncé, Miglio, Mikami & Gonze, Adv. Opt. Materials, 5, 1600997(2017) 

First-principles 



Moscow, November 11, 2020 35 

Using first-principles geometrical parameters  

in Dorenbos model : larger dispersion 

Jia, Poncé, Miglio, Mikami & Gonze, Adv. Opt. Materials 1600997(2017) 

Dorenbos Dorenbos Dorenbos 
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Statistical analysis ME       Mean Error 
MAE  Mean Absolute Error 

MRE  Mean Relative Error 
MARE  Mean Absolute Relative Error 

First-principle methodology clearly better than semi-empirical Dorenbos approach 
Still, the latter has the correct trends, and single out important factors  

Jia, Poncé, Miglio, Mikami & Gonze, Adv. Opt. Materials, 5, 1600997(2017) 
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Fifteen Eu-doped hosts covering 2-3.5 eV range 

Jia, Poncé, Miglio, Mikami & Gonze, PRB 96, 125132 (2017). 
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Fifteen Eu-doped hosts covering 2-3.5 eV range 

Jia, Poncé, Miglio, Mikami & Gonze, PRB 96, 125132 (2017). 
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Thermal quenching ? 

Emission width ? 

The 1-D model and beyond 
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Thermal  

quenching 

wavelength / nm 

See e.g. C. Braun … W. Schnick, Chem. Eur. J. 16, 9646 (2010) 
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Models for thermal quenching 

!  The 4f-5d energy barrier (EA) can be estimated in a 1-D picture + 

parabolic approximation, with only the usual 4 total energy calculations 

!  For the fifteen Eu-doped hosts, the energy barrier is estimated to be 

1.9 eV or (much) larger. In favor of auto-ionization ! 
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Emission : Full width at half maximum 

Jia, Poncé, Miglio, Mikami & Gonze, PRB 96, 125132 (2017). 
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Emission : shape/shift of the spectrum 

Recently discovered 
Sr[Li2Al2O2N2]:Eu2+ phosphor 

Theory 

Experiment 

J. Bouquiaux, Y. Jia, S. Poncé, A. Miglio, M. Mikami & 
X. Gonze, arXiv:cond-mat.mtrl-sci 2010:00423 (2020) 
and in preparation 

G.J. Hoerder et al, Nature Comm. 10, 1824 (2019) 
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Beyond the 1D model: 4f-5d crossing 

Jia, Poncé, Miglio, Mikami & Gonze,  
Phys. Rev. B 100, 155109 (2019) 

 

!  More general statement of problem: 

in full coordinate space, find lowest EA for a given 

ΔE(5d-4f)   (that might be zero) 

 

!  Adressed by Lagrange multiplier technique: 

geometry optimization on linked 4f and 5d systems  

  

!  Example for YAlO3:Ce 

!  Energy barrier is indeed 

lowered w.r.t. 1D model 

!  But not so much w.r.t 

parabolic approximation  

 (eV) 

 (
e

V
) 



Moscow, November 11, 2020 45 

Wrap-up 

-  First-principle methodology 

-  Absorption, emission & Stokes shift 

-  Study of 13 Ce-doped hosts and 18 

Eu-doped hosts, to validate the 

methodology. 

      

   

The most efficient white LEDs are phosphor-based : 

downconversion of blue light 

Need to optimize : Emission spectrum ;  

Excitation spectrum ; Quantum efficiency ;  

Optical characteristics at elevated temperature ; … 

Ce3+ and Eu2+ - doped inorganic hosts :  

   tunable 4f – 5d transition  

-  Outperform the semi-

empirical methodology (useful 

to get physical insights !) 

-  Thermal quenching & width 
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Units for the visible spectrum 



Moscow, November 11, 2020 47 

Detailed information of semi-empirical fitting
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The bright present and future of  

blue and white LEDs 

-  blu-ray technology (high-density DVDs, laser printers) 

-  white lighting (public, home, industry, greenhouse, transportation...) 

-  dominant technology in back-illuminated liquid crystal displays (mobile 

phones, tablets, laptops, computer monitors, TV screens ...) 

Future 

-  UV for water purification 

-  Optical RGB white-LED wireless transmission (> 3 Gbits/sec) 
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Excitation Spectra of Ce3+ and Eu3+ 

Important effect of 
spin-orbit coupling. 

Kim et al, Sci. Reports 5, 7866 (2015). 
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Geometry relaxation : Ba3Si6O12N2 
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Geometry relaxation : Ba3Si6O9N4 
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Host band structure comparison (GW) 
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Eu-doped band structure (excited state - GW) 

Black : Eu I 
Red : Eu II  

Blue : Eu I 
Black : Eu II 

Red : Eu III  

Absorption geometry, 

primitive cell, 

4f core-hole + G0W0 
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The DFT bandgap problem 

Comparison of DFT/LDA and  

Many-Body Perturbation Theory GW 

band structures with photoemission  

and inverse photoemission  

experiments for Silicon. 

 

Eg (GW)=1.2 eV 

Eg (DFT/LDA)=0.6 eV 

Eg(exp)=1.17 eV 

  

 
 
From "Quasiparticle calculations in solids",  

by Aulbur WG, Jonsson L, Wilkins JW,  

  

Solid State Physics 54, 1-218 (2000) 

Problem ! 

GW 

DFT/LDA 

Silicon 



Moscow, November 11, 2020 55 

Excited-state 

Emission geometry 

La3Si6N11:Ce2a  partial Density Of States 

Valence Gap Conduction 
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Motivation 
Example : DOE Roadmap 


