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Review of semiconductor laser gain

Gain spectrum
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Review of semiconductor laser gain

Gain spectrum
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Review of semiconductor laser gain

Gain spectrum
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(1) Semiclassical laser theory
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(2) Equation of motion (Heisenberg Picture)
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(3) Hamiltonian
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Quantum statistics: Identical particles

1) Symmetry (or antisymmetry) of wavefunctions

Y (r1,72) = C1¢a (T1) Pp (12) — 20 (1) Pa (12)

2) Bookkeeping —» Second quantization
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Polarization equation of motion
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Polarization equation of motion
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Polarization equation of motion
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Quantum well gain spectrum
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TE gain (10%cm?)
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Fix absorption below bandgap
Eliminate dephasing rate as free parameter
Input: growth sheet and bandstructure parameters



Energy gap (eV)
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Free-carrier gain Many-body gain
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Free-carrier gain Many-body gain Temperature dependence of VCSEL
threshold current
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Energy gap (eV)
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Visible and ultraviolet lasers: wide bandgap Group-Illl Nitrides
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Strong many-body and bandstructure effects in Wurtzite InGaN
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Conventional diode laser

Strong many-body and bandstructure effects in Wurtzite InGaN
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Bandstructure
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Uses of gain theory
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Barrier Influence on Threshold Current Density in AlGaN Lasers
3nm Aly 46Ga, 54N / Al,Ga, (N, 300K, 280 nm
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E (eV

Barrier Influence on Threshold Current Density in AlGaN Lasers
3nm Aly 46Ga, 54N / Al,Ga, (N, 300K, 280 nm

y

B
o
1

\\
T \\ T

=0.61 y =0.52

Ji (KA/cm?)

Ji, (KA/cm?)

3.6
\ I'G,, =40 cmt
\
— AN
\\
\\ 'Y = 2 'Y
28 - 1= 0 \\\| nr
— —  TE
----TM
2_0 | | |
0.45 0.55 0.65
Barrier Al concentration
4.8
I'G,, =120 cmt
"
[ N //”
NN 2 Yy et
\ "
40 — \\ "
/7
\ 7
\\ y
~_"77
— _ O - / TE
e e
3.2 L ~e 2 '
0.45 0.55 0.65

Barrier Al concentration

WWC, M. Kneissl, J.E. Northrup and N.M. Johnson, APL 90, 101116 (2007)



# states/volume

Quantum well

ninl 7
f

— 1,

Energy

Quantum dot

nm

# states/volume

Energy

?
Quantum dot = atom



Active region Quantum dots

IR
Wetting layer ———» Quantum well

Dot-Well Hamiltonian
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Complications with quantum dots
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Complications with quantum dots
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Complications with quantum dots
dpa .
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Inhomogeneous broadening
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Homogeneously (intrinsically) broadened quantum-dot absorption and gain

InGaAs QD, Np=5x101%m-=2, T=300K
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Homogeneously (intrinsically) broadened quantum-dot absorption and gain

InGaAs QD, Np=5x101%m-=2, T=300K
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Quantum-dot gain saturation
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Quantum-dot gain saturation
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Homogeneously (intrinsically) broadened quantum-dot absorption and gain

InGaAs QD, Np=5x101%m-=2, T=300K
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Linewidth enhancement (antiguiding) factor in quantum dots

Many-body calculation Near field measurements
P. M. Smowton, et al, APL 81, 3251, 2002
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Microscopic theory in laser modeling Current injection
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Nonequilibrium dynamics in a quantum-dot laser
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Nonequilibrium dynamics in a quantum-dot laser
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Nonequilibrium dynamics in a quantum-dot laser
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Summary
1) Past: Free-carrier theory
2) Present: Many-body description
3) Evolving: Quantum-dot gain theory

 Many-body effects <—= Coulomb interaction
» Clean and understandable formulation
 Influences all semiconductor gain properties




Schematic outline of gain approaches
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Summary
1) Past: Free-carrier theory
2) Present: Many-body description
3) Evolving: Quantum-dot gain theory

 Many-body effects <—= Coulomb interaction
» Clean and understandable formulation
 Influences all semiconductor gain properties

Free-carrier calculation g Many-body calculation
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Gain per well (10°m™)

Bandstructure
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Uses of gain theory
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Polarization equation of motion
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Barrier Influence on Threshold Current Density in AlGaN Lasers
Chow (Sandia), Kneissl (Technical U, Berlin), Johnson and Northrup (PARC)
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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 Al, ,4Ga, s,N quantum well structure
with Al,Ga, N 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
guantum 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.





