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1970  Pankove demonstrates GaN LEDs
1986  Akasaki demonstrates Low Temp AlN buffer
1989  Akasaki p-type GaN by electron beam
1991  Nakamura two-flow MOCVD
1992 Nakamura p-type GaN by thermal annealing
1992  Nakamura demonstrates first InGaN growth
1993  Nakamura Blue LED
1995  Nakamura 1st Blue Laser Diode

A Brief History
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Application Examples (LED)

green traffic light white LED headlight
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blue lasers for optical data storage (HD-DVD)

Application Examples (LD)
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• large bandgap ~ 1 – 6 eV
• wide wavelength range
• high electron velocity
• high breakdown field
• high thermal conductivity 
• chemically inert
• mechanically strong

Nitride Material Properties

wurtzite (hexagonal)
crystal structure
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Material Parameters

needed: more than 40 material parameters as function of layer composition

mobility  (n,p) µ(T,N,F) bandgap Eg(T)
SRH lifetime (n,p) τ electron affinity χ(T) 
spont. recomb. coeff. B electron effective mass  m 
Auger coefficient (n,p) C hole effective mass par.    A1- A6
optical dielectric constant ε∞ valence split energies ∆1 - ∆3
dc dielectric constant εo deformation potentials a, D1- D4
refractive index n(λ) elastic constants C13, C33
absorption coefficient α(λ) lattice constant a
thermal conductivity κ dopant activation energy Ea
LO phonon energy             ELO etc.

most of these parameters are not exactly known for nitride compounds

=>  main source of uncertainty in nitride laser simulations
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GaN Bandstructure: Strain Effects

6 x 6 kp method for valence bands

HH - heavy hole bands
LH - light hole bands
CH - crystal-field split-hole band
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Band Structure Parameters

[Vurgaftman & Meyer, JAP 94, 3675, 2003]
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Built-in Polarization

fixed interface charges due to 
• spontaneous polarization
• strain induced polarization

quantum well effects
• longer emission wavelength
• less transition strength

[Fiorentini et al., APL 80, 1204 (2002)]
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Polarization Field 
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GaN-based Light Emitting Diodes
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Ultraviolet LED Design

[Thomas Katona, PhD Thesis, UCSB 2003]

AlGaN Multi-Quantum Well (MQW) Structure
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UV Emission Measurement
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Power Measurements
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LED Simulation

Spontaneous emission spectrum
from wurtzite kp band structure
of strained quantum wells

Drift-Diffusion model (incl. thermionic emission)
for electrons n(x,y) and holes p(x,y)

Internal temperature T(x,y)
from heat flux equation

Ray tracing model for light extraction
from every source point

APSYS by Crosslight Software

three-dimensional physics-based model
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MQW Band Diagram
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3D Simulation Results

Internal Emission Rate              Vertical Current Density

current = 100 mA,    bias= 6.5 V
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Self-Heating

Heat Source                                  Temperature

75% Joule heat
24% recombination heat

Tmax= 360.6 K
Tmin = 360.4 K
Rth = 100 K/W
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10 nm disagreement
• non-ideal QW growth
• band gap to small
• polarization to strong

thermal red-shift
• no peak shift measured
• 1 nm red-shift simulated

=> self-heating overestimated
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LED Efficiency

ηdet = ηint ηopt ηcap

detected eff. ηdet =  0.035 %

internal eff.   ηint =  1.0 %
optical eff.    ηopt =   4.5 %
capture eff.   ηext =    82 %
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GaN-based Laser Diode
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Rigde-Waveguide Laser Diode

30nm     GaN contact
600nm   AlGaN-SL  cladding
100nm   GaN waveguide
20nm     AlGaN barrier
38nm     InGaN active
100nm   GaN waveguide

1200nm AlGaN-SL cladding

100nm   InGaN compliance

3000nm GaN ELOG substrate

Sapphire substrate

p-contact

n-contact

2 x 4nm   In0.15GaN wells (1.6% cs)

3 x 10nm  In0.02GaN barr. (0.2% cs)

[ Nakamura et al., Jap. J. Appl. Phys, 37 (1998) L1020 ]

ridge width = 3µm,  cavity length = 450 µm,  facet reflectivity = 0.18 / 0.95

SiO2
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Layer Parameters
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Laser Simulation

Strained-QW gain g(λ,n,p,T,x,y)
from wurtzite kp band structure

Drift-Diffusion model (incl. thermionic emission)
for electrons n(x,y) and holes p(x,y)

Internal temperature T(x,y)
from heat flux equation

Transversal optical mode intensity W(x,y) 
from effective index method

two-dimensional physics-based model

LASTIP by Crosslight Software
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Comparison to Measurements

CW simulation vs. measurement

fit parameters   αi = 12 cm-1   τSRH = 0.5 ns (QW)    Rth = 75 K/W
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Optical Modes

vertical profile of index and mode near field profile

optical confinement factor 
= 0.015 per quantum well
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Far-Field Pattern (2µm ridge width)
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Self-Heating
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Heat Sources

heat power contributions vs. current
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Optical Gain

considered: 

wurtzite band structure incl. strain
independent quantum wells
self-consistent carrier density
band gap renormalization:

∆Eg = (- 4.5 x 10-8 eVcm)  N1/3

thermal band gap shrinkage:

dEg/dT = - 0.6  meV/K
dλe/dT =  0.09  nm/K

(QW polarization and screening)
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Quantum Well Active Region

energy band diagram 
at power maximum

QW carrier density profile

band offset  ∆Ec / ∆Ev= 0.7 / 0.3
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2D current flow
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Electron Leakage (2D)

laser threshold power roll-off

2D surface plot of vertical electron current density jn,y(x,y) [A/cm2]

p-side
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vertical electron leakage into p-region 
limits maximum lasing power
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Optimization: Facet Coating
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Optimization: Heat Sinking

0.0 0.5 1.0 1.5 2.0 2.5 3.0
300

400

500

600

700

800

MQW

heat-sink 
thermal 
resistance

30 K/W

0 K/W

n-GaN                  n-Superlattice (SL)                p-SL

 

 

Te
m

pe
ra

tu
re

 [K
]

Vertical Position [µm]

removed heat-sink (sapphire) thermal resistance (30 K/W)

temperature profile 
at maximum power

Pmax= 770 mW

NUSOD ’05 Tutorial MB2, Joachim Piprek 9/19/05 43

Summary 

1. GaN optoelectronics creates new opportunities and 

challenges for device simulation

2. Realistic results possible by careful investigation of 

material properties

3. New results on GaN-VCSELs: TuC2

further information: piprek@ieee.org


