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2 Development of III-nitride LED 
technology and basic research
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Features of III-nitride LED modeling

Critical physical mechanisms

− carrier recombination in InGaN QW 

− polarization doping

− current crowding in LED dice

− light conversion

Unsolved problems

Future developments



4 Multi-scale problem and 
simulation approach

Epi level

Chip level

Device level
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5 Interrelation of physical phenomena 
involved in LED operation

carrier transport 
in heterostructure, 
recombination and 

light emission

heat 
transfer

current spreading 
in LED die and 
light extraction

light scattering 
and conversion in 
LED lamp/arrays 

� elasticity & electro-mechanical coupling
� dislocations & interaction with carriers
� electrostatics & spontaneous polarization
� band structure with strain effects
� carrier transport & recombination
� quantum mechanics

� current flow in a complex structure
� ray tracing and scattering by surface

textures

� electrodynamics & wave scattering
� light conversion, including multi-phosphor

interaction 
� spectral ray tracing
� colorimetry

� heat transfer

Multi-disciplinary physicsMechanisms involved in LED operation

Epi level

Chip level
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Features of III-nitride LED modeling 

Critical physical mechanisms

− carrier recombination in InGaN QW 

− polarization doping

− current crowding in LED dice

− light conversion

Unsolved problems

Future developments
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Carrier recombination 
in InGaN  QW active 

region



8 Non-radiative recombination in III-nitride 
materials: effect of TDs
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S. Yu. Karpov and Yu. N. Makarov, Appl. Phys. Lett. 81 (2002) 4721

being non-radiative recombination 
centers, TDs affect appreciably the 
life times of electrons and holes : 
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9 Auger recombination in III-nitride 
semiconductors
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10 Localized and delocalized states 
in InGaN quantum wells
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11 IQE of InGaN SQW LED structure vs
current density and temperature
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Distributed polarization 
doping in LED structures



13 Distributed polarization doping (DPD) 
in graded-composition materials
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14 Using DPD for performance 
improvement in deep-UV LEDs
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Current crowding in 
LED dice



16 Current localization in LED die with 
ITO spreading layer

(a) (b) (c)

J , A/cm 2 J , A/cm 2 J , A/cm 2

nnspns dPLR /ρ≈

dITO= 20 nm d ITO= 50 nm d ITO= 100 nm

the principal origin of current crowding is nonlinear 
resistance of the p-n junction, depending on temperature 

a more pronounced current crowding results in a lower 
LED series resistance:

Ρn and dn are the specific resistance and thickness of 
the n-contact layer, Lsp is the current spreading length 
and Pn is the outer perimeter of the n-electrode
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17 Current crowding effect on light 
extraction efficiency in a vertical LED die
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18 Reduction of the crowding effect on 
LEE via LED chip design
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Light conversion in 
LED lamps



20 Modeling of light conversion in 
white-LED lamps
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21 Effect of white LED operation conditions  
on the white light quality
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Outline

Features of III-nitride LED modeling 

Critical physical mechanisms

− carrier recombination in InGaN QW 

− polarization doping

− current crowding in LED dice

− light conversion

Unsolved problems

Future developments



23 Overestimated operation voltage 
in III-nitride LEDs
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24 Using of quantum potential for 
solution of transport equations
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25 Prediction of emission spectra and 
their blue shift with current
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Features of III-nitride LED modeling 

Critical physical mechanisms

− carrier recombination in InGaN QW 

− polarization doping

− current crowding in LED dice

− light conversion

Unsolved problems

Future developments



27 Technological factor:  effect of In surface 
segregation on InGaN QW profile

Experiment:
C. Kisielowski et al., 
Jpn. J. Appl. Phys. 

36 (1997) 6932
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Indium surface segregation results in:

� delayed indium incorporation at the
bottom QW interface

� indium tail in the AlGaN or GaN cap layer

Now it has become possible 
to make coupled simulation 
of LED structure growth by 
MOVPE and operation of the 

grown device 

Other transient effects:

� indium deposition prior
InGaN QW growth

� growth interruption
� temperature ramping, etc.



28 Technological factor:  redistribution of 
impurities during LED structure growth

@ 1000°C @ optimal T

(optimal T)

back diffusion of Mg removes the acceptors from the active 
region toward the AlGaN EBL and p-contact layer

K. Köhler et al.,          
J. Appl. Phys. 97 
(2005) 104914 ;      

Phys. Stat. Solidi (a) 
203 (2006) 1802

optimum 
doping for 
high LED 
efficiency



29
Conclusions

to account for and utilize in practice unique properties of III-nitride 
materials, a number of critical mechanisms should be considered: multi-
channel recombination in LED active region, distributed polarization 
doping, 3D coupled current spreading & heat transfer in LED dice, multi-
phosphor light conversion, etc. 

a number of issues, like enhanced electrical conductivity in LED 
structures, impact of carrier localization on the emission spectra, cavity 
effects, microscopic nature of Auger recombination, etc. should be 
studied experimentally and theoretically in future to generate respective 
physical models 

strong influence of technological factors on III-nitride LED properties 
requires a coupled simulations of the heterostructure epitaxial growth and 
device operation
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