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(2) Equation of motion (Heisenberg Picture)

(3) Hamiltonian

(4) Anticommutation relations

{ak, ak0} = {bk, bk0} = 0
n
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(1) Semiclassical laser theory

Gain

Kinetic energy

Light-matter interaction

Coulomb interaction

−
X
k

³
μka

†
kb
†
−k + μ∗kb−kak

´
E (z, t)

+
1

2

X
k,k0,q

Vq

³
a†k+qa

†
k0−qak0ak + b†k+qb

†
k0−qbk0bk − 2a†k+qb†k0−qbk0ak

´

dE
dz
= gE = − ν

2�0nc
Im

ÃX
k

μkhb−kaki
!

H =
X
k

³
εeka

†
kak + εhkb

†
−kb−k

´



Quantum statistics: Identical particles

ψ (r1, r2) = c1φa (r1)φb (r2)− c2φb (r1)φa (r2)

2)  Bookkeeping 

{ak, ak0} = {bk, bk0} = 0
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1) Symmetry (or antisymmetry) of wavefunctions

Anticommutation relations

Second quantization

3)  Quantum statistics and Coulomb interaction

{A,B} = AB +BA

determines 
effective 
separation



Factorization into products of Fix

Bandgap renormalization and 
Coulomb enhancement

Screening and collisions

Many-body
Hamiltonian
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Polarization equation of motion
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Polarization equation of motion

ReservoirSystem
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b
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Polarization equation of motion

ReservoirSystem
a

b
Typical
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Free-carrier theory
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Many-body theory

γ = 1013s-1

WWC, P. M. Smowton, P. Blood, A. Girdnt, F. 
Jahnke and S. W. Koch, APL.71, 157 (1997)With many-body effects:

Fix absorption below bandgap
Eliminate dephasing rate as free parameter
Input: growth sheet and bandstructure parameters
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Free-carrier gain
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Visible and ultraviolet lasers: wide bandgap Group-III Nitrides
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Strong many-body and bandstructure effects in Wurtzite InGaN
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Conventional diode laser Strong many-body effects Strong many-body and 
quantum confined Stark effect

T. M. Al Tahtamouni, N. Nepal, J. Y. Lin, 
H. X. Jiang (KSU) and WWC, APL 89
131922 (2006) 
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Barrier Influence on Threshold Current Density in AlGaN Lasers
3nm Al0.46Ga0.54N / AlyGa1-yN, 300K, 280 nm
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Barrier Influence on Threshold Current Density in AlGaN Lasers
3nm Al0.46Ga0.54N / AlyGa1-yN, 300K, 280 nm
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WWC, M. Kneissl, J.E. Northrup and N.M. Johnson, APL 90, 101116 (2007)
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Dot-Well Hamiltonian

Active region

Quantum well
Wetting layer

Quantum dots
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−iΩα (neα + nhα − 1)
dpα
dt

= −iωαpα
+Sc−cα +Sc−pα

Renormalized energies

Carrier-carrier scattering

εσ’k'-q

εσ’k'εσk

εσα

Also, memory effects

Schneider, WWC and Koch, Phys. Rev. B 70, 235308, 2004.
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Complications with quantum dots
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dpα
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= −iωαpα
+Sc−cα +Sc−pα

Carrier-phonon scattering
QD level 1

QD level 2

ωLO

Complications with quantum dots



−iΩα (neα + nhα − 1)
dpα
dt

= −iωαpα
+Sc−cα +Sc−pα

Carrier-phonon scattering
QD level 1

QD level 2

ωLO

Nonperturbative treatment

Inoshita, Sakaki, PRB 56,4355, 1997; Seebeck et al, PRB 71,125327, 2005
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Homogeneously (intrinsically) broadened quantum-dot absorption and gain

InGaAs QD, ND=5x1010cm-2, T=300K
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Homogeneously (intrinsically) broadened quantum-dot absorption and gain

InGaAs QD, ND=5x1010cm-2, T=300K
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Quantum-dot gain saturation

Carrier density (1011cm-2)
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Homogeneously (intrinsically) broadened quantum-dot absorption and gain
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Near field measurements
P. M. Smowton, et al, APL 81, 3251, 2002

Linewidth enhancement (antiguiding) factor in quantum dots

Lorke, Jahnke, WWC, APL 90, 051112 (2007)
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Nonequilibrium dynamics in a quantum-dot laser

WWC and S. W. Koch, IEEE Journ. Quantum Electron. 41, 495 (2005)
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Nonequilibrium dynamics in a quantum-dot laser

300

320

340

T 
 (K

)

0

5

10

15

N
b e

(1
09

cm
-2

)

8

18

28

El
ec

tro
n 

oc
cu

pu
tio

n
(1

011
cm

-2
)

8

18

28

QD
QW

WWC and S. W. Koch, IEEE Journ. Quantum Electron. 41, 495 (2005)

0

8

16

0 200 400 600

I  
(1

05 w
/c

m
2 )

0

4

8

J 
 (k

A
/c

m
2 )

t (ps)

Intensity

Current

-20

0

20

40

0 200 400 600
t (ps)

D
et

un
in

g 
 (m

eV
)

Output



Nonequilibrium dynamics in a quantum-dot laser
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• Many-body effects
• Clean and understandable formulation
• Influences all semiconductor gain properties

1) Past: Free-carrier theory
2) Present: Many-body description
3) Evolving: Quantum-dot gain theory

Summary

Coulomb interaction



Free-carrier
Hamiltonian

Gain and refractive index

Collisions

Many body Free carrier

Schematic outline of gain approaches

Hartree-Fock

Screening 
and collisions

Many-body
Hamiltonian
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• Many-body effects
• Clean and understandable formulation
• Influences all semiconductor gain properties

1) Past: Free-carrier theory
2) Present: Many-body description
3) Evolving: Quantum-dot gain theory

Summary

Coulomb interaction

Many-body calculationFree-carrier calculation
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Extraction of 
extrinsic properties
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P.M. Smowton, P. Blood (Cardiff) and WWC APL 76, 12 (2000)



Antiguiding factor
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α = R = −d (δn) /dN
dg/dN
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Wide bandgap Group-III Nitrides: very strong many-body effects
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Polarization equation of motion
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Barrier Influence on Threshold Current Density in AlGaN Lasers

Simulation Model
• 3nm Al0.46Ga0.54N / AlyGa1-yN, 300K, 280 nm
• Many-body gain theory with carrier-carrier 

scattering treated at level of quantum kinetic 
theory (no T2 free parameter)

• Band structure calculated with 6x6 k·p theory 
and Poisson equation

• Threshold current contributions: spontaneous 
emission, non-radiative losses and carrier 
leakage 

Highlights
• Significant variation in threshold properties 

with barrier composition and threshold gain
• Gain structure optimization possible by 

changing only barrier configuration (and, 
hence, preserving emission wavelength)

• Predictive theory with only gain structure and 
bulk material parameters as input can 
facilitate laser design optimization
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Computational Simulation of UV Nitride Laser Heterostructures
(supporting information for simulation slide)

The graph in the lower left-hand quadrant illustrates the sensitivity of laser 

threshold current density to Al concentration, y, in an Al0.46Ga0.54N quantum well structure 

with AlyGa1-yN barrier regions. The quantum well composition is chosen to give an 

emission wavelength of approximately 280 nm, which is useful for excitation of important 

biomolecules.  The results suggest that optimization of laser gain configuration is possible 

by varying the barrier composition, with the quantum well width and composition remaining 

unchanged, thus preserving other desired laser properties such as the emission 

wavelength.  The appreciable changes in threshold properties arise from changes in the 

quantum confinement Stark effect as illustrated in the top left-hand diagrams.  The 

complicated behavior depicted in this slide is describable by a many-body theory that can 

be used to facilitate laser gain structure optimization for deep UV nitride laser 

heterostructures. Coordinating such computational optimization with growth of MQW 

heterostrutures will accelerate progress toward the realization of deep UV laser diodes.  




