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Interband vs. Intersubband Optics:
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The Challenge: Intersubband Lasing
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Kazarinov and Suris, 1971
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The Quantum Cascade Laser
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LO-Phonon Assisted THz Design

S. Kumar et al.,
Appl. Phys. Lett., Vol. 84, No. 14, 5 April 2004
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GREEN’S FUNCTION MODELLING OF
QUANTUM CASCADE LASERS
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Electron transport through quantum cascade lasers Is determi-
ned by the balance between coherent transport and scattering:
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Hamilton operator: H = H(% + Hyon

Coherent transport governed by single-particle Hamiltonian:

HO = Hy + Vsr + Veeld

Scattering through many-body interactions in Hycay:

e LO-phonon scattering

e acoustic phonon scattering {(currently modelled by using an
artifical LO-phonon dispersion)
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Both coherent transport and scattering can conveniently be de-
scribed on the same footing using Green’s functions:

GEg (@) = f dt (W} ()W (0)) €@

Relation to (single particle} density matrix:

Papx = [do Gsp (@)

S.-C. LEE and A. WACKER, Phys. Rev. B 66, 245314 (2002).
S.-C. Leg, F. BANIT, M. WOERNER, and A. WACKER, Phys. Rev. B 73,
245320 (20086).

@ Sheffield <D

. . MATERI AND ENGINEERIN
Hallam Universzit RESEARGH INSTITUTE.




a, B: Wannier-Stark states
(eigenstates of superlattice + external field)
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k — In-plane wavevector:
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Other Green functions:
G () = —i f dt (W (0%} (1)) &

Spectral function:

Gapx(0) = i[Ggg (@) —Ggg x(0)]

Retarded Green function (Lehmann representation):

Copx(®)
Gt day GoBx(
ap (@ 29:[ i o +ie

(= Gaﬁ,k(a)) —ZImG{:;,' (@) if G is purely imaginary)

@ Sheffield <D

. . MATERI AND ENGINEERIN
Hallam Universzit RESEARGH INSTITUTE.




[©

(retarded) Dyson equation
Gap k(@) = (165 (@)
(G5 7p (@) =h0>- 8o —H ) +i€, HO = Hyn +Ver. + Vaela

Keldysh relation (Dyson equation for G2)

aﬁ,k(w) = a’Zﬁ!Gma’k )" Ea,ﬁ,k(co) ( !'k(w))'

+ initial condition term

— G as functional of X
Sheffield <D

. . MATERI AND ENGINEERIN
Hallam Universzit RESEARGH INSTITUTE.



lllustration:
only one slate, constant damping ™ (®) =i’

1

G&(®) - =T

Specitral function

|
(hw—Ey)? +I2

Gi(w) =

Electron djstribution in thermal equilibrium

GE(G)) =i f(hw) (h&)—Ei)z FI2
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LO phonon self-energy (second Born approximation)

2 (—qz) Mpp(q:) o

k, QII

Map(as) = \/"" L 1) fdre i@ vp(a)

Lehmann representation for X:

f Jo  Lapx(0) — 2ap (@)
~ 27 0—a—Ig

aﬁk

— X as functional of G
— self-consistent system of equations!
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Approximation In current state-of-the-art simulator due to com-
putational demand:

Evaluate matrix elements at ‘typical wavevectors’ kiyp, ki,

- Moar(—qz) Mpig(gz)
2 ()= Y —=bh3(+KO G2, . (0FQ
aﬁ( ) a);;,! ( LO) (ktyp_k{yp)z_q% a'p ,k’( FQLo)
k’:ﬂzni

Choose kiyp, kiy, (for a = B):

522

P=m
>m LO,
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lterative cycle:

initial guess:
G™Y(w, k,0.p)
G~ (w,k,a.p)

l

l

evaluate:
X w,k,0.f)
> (w,k,0.p)

G™(w, k,a.p)
G~ (w,k,0.p)

evaluate anew:
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converged?

new guess:
G™*Y(w, k,0.p)
G~ (w,k,0.p)

T

evaluate
current densities
populations
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Self-Energy Z(w,k,a,B)
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Self-Energy (w,k,5,5)
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Self-Energy (w,k,5,5)
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G<(w,k,5,5)
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G<(w,k,4,4)
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G<(w,k,3,3)
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G<(w,k,2,2)
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G<(w,k,1,1)
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Energetically and Spatially
Resolved Density
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Energetically and Spatially
Resolved Current
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