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Electron transportn QCLs
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Otheringredients
- Coherenteffects? (tunneling vhioppingbetweeneigenstate$
- Broadeningeffects? isenergyconservedor eachscatteringevent?
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A Essential ingredients fomodelingQCLs: electronic structure
and scattering processes

A Different formalisms from sendlassical to quantum transport

A Rateequationfor populations
A Densitymatrix
A NonequilibriumD NB Swidiéns(NEGF)

A Development of a commercial NEGF simulatextnano.QCL

A New physical insights QCLs
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Hamiltonianof anelectronin a QCL

WV“ photons

))) ohonons

Hamiltonian of a single charge carrier (3D problem)

H = HZD—I— He—e -+ He-phonon + He—photon
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Hamiltonianof anelectronin a QCL

H — HzD—I— He_e _I_ He_phonon _I_ He—phOtOIl

U Separatanto anexactlysolvable part and acatteringpart (treated in perturbation)

H = HO + Hsca,tt

N\

H() _ Hédeal Hmean field scatt Hdlsorder 1+ Hscatt 4+ He shonon
e T \, Hopo
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1De8zr!§g:]nger 2three A Chargedmpurity scattering
motion
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ldealcase: 1D and 2D motiowgcoupled

If no scattering no transport,
only Bloch oscillations

(k + k)

E, =h
= 2m*

Freein-planemotion: subbands
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Scatteringprocees

<

H.(z) = pz -+ V(z) —eF2
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Eigenstatess WannierStark states

k2 4 k2
g = D)
2m* .
Scatteringprocessesouple the
Freein-planemotion: subbands 1D and 2D motions
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Nonradiativescatteringprocesses

A Disordereffectsthat breaks the 2D invariandaduceselastic
scatteringprocesses

A Chargedmpurities (ionizeddopants)
A Alloydisorder
A Roughinterfaces

FromJirauschel& Kubis(2014)  *

A Couplingo phonons:nelatic scattering
processes

A Optical phonons
A Acoustigphonons (suallyveryweak)
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Nonradiativescatteringprocesses

A Electronelectronscattering

A Conservation of totaénergyand total
momentunt inelasticprocesdor a given
electronbut energyconservation irtotal
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Nonradiativescatteringprocesses

Elasticscatteringprocesseslone?

k\% infinitely increasingelectrontemperature

A Combinatiorof elasticandinelasticscatteringprocesses

Intersubbancdelasticprocess
+intrasubbandnelasticprocess
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A Essential ingredients fanodelingQCLSs: electronic structure an
scattering processes

A Different formalisms from semtlassical to quantum transport

A Rateequationfor populations
A Densitymatrix
A Nonrequilibrium D NB Swidiéns (NEGF)

A Development of a commercial NEGF simulatextnano.QCL

A New physical insights QCLs
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Rateequationsfor populations

dn,
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Scatteringatescanbe calculatedusingFermi Goldemule.
For elasticprocesses

elastic

R P o B2k B2
elastic — 3 Z(ZJ k|HSCEVEt|]Jk,>O (E% T D * T E T )

. . *

U Convenienexpression ofcatteringrate
U Ensemble MonteCarlomethodcanbe used
U Fastsimulations
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Rateequationsfor populations

X but problemfor describingesonanttunneling
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Transport time = injection time + extraction time
Tunneling timadoesnot dependon thebarrierthickness

Rateequationapproachworksonly if tunnelingprocessedasterthan scatteringprocesses
Thomas Grange, nextnano IQCLSW 2018 13



Resonantunneling
/ WannierStark states \ ﬂht—binding states(decouplingstah
from left and rightfrom the barrier)
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Tunneling rate :Q in the coherentcase

— ZWhQQp(E) in theincoherentcase (Fermi golderule)
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Hybridapproach

Satiallydecouplingthe wavefunctionganto different modules:
- rate equationfor populationsinsideeachmodule

- tunneling ratebetweenmodules . .
Kazarino\and Suris, 1972
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Limitation:arbitrary distinctionneededbetweentunneling andscatteringprocesses
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Densitymatrix

A Basis invariancesingequationsfor the full densitymatrix

_ih—= —[p H
Zh@t p. H]

Twoexistingapproaches

A Lindbladequationwith phenonenologicabarametersfor
dephasing
Williams, Kumar

A Perturbativetreatment of scatteringprocesses
lotti & RossiTerraziet al
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Timeenergyuncertainty

Sequentialscatteringprocesses D NB Sufidiéns energyresolved
(rate equation/ densitymatrix) description

\

i

Energy conservation is enforced for

each scattering process .
gp Account for highorder processes

Butwe knowthat §tdF >

h
2
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Non-equilibriumD NB Swyidiéns(NEGF

In steadystate transporttwo independentquantities

/ Spectraffunction (i.e. densityof states)

llo
-8

RetardedD NB Swyidién:
1 Imaginarypart

T E— Hy— 2R(E)

G (E)

o

/ Energyresolvedcarrierdensity

LesseD NB Suwyidién:
energyresolveddensitymatrix

p(E) =5 [ dEG(E)
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CouplingbetweenD NB Suyidiiéns

4 )
il tian - Scatterin
Electron distribution - g

N/
Densityof state

- J

U Thedensityof state and theslectrondistribution needsto be solved
selfconsistently
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Solving settonsistent NEGF equations

Initial guess —> (SSGD NS Suyicién Meanfield electr&

G » potential
t 2 A 4 dgRayian A

A
Keldysh Selfconsistent
equation Bornapprox for

- B ~A scattering
G>=G"2X"G
\4
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Dysonequation scatterigg 3
1
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Linewidthsof radiative transitions

Broadeningof radiative transitions:

1
T. Ando (1985) Fop(E)=E[Fintra(E)+Finter(E)]s

Iyl E)=2m kZ {|(OK'| H|0k) — (1K'| H{| 1K) [*>3(e(k) — e(k")| g = o x>
Finter(E)=2n; <|(Ok’|H1|1k)|2>5(8(k)_s(k’)+E10)lE=e(k)s

Pure dephasingarisesfrom
the differencein

Intersuband A//v intrasubbandscattering
ntersuban

scattering ‘//v

(lifetime limit)

U Linewidthcanbe smallerthan individualsubbandbroadeningf

Intrasubbandorocessesare correlated
U NEGF: selfonsistentcalculationof gainneededto accountfor these

correlationeffects
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A Essential ingredients fanodelingQCLSs: electronic structure an
scattering processes

A Different formalisms from sendlassical to quantum transport

A Rateequationfor populations
A Densitymatrix
A NonequilibriumD NB Swidiéns(NEGF)

A Development of a commercial NEGF simulatoextnano.QCL

A New physical insights QCLs
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nextnano.QCL

& Input file: B a Electronic structure N
A Heterostructuregeometry
A Material parameters - Effective mass approximation
A Simulationparameters with non-parabolicity
(energygridc X 0 - Wurzite materials (piezo and
- / pyro-electric effects)
Group IV materials

a Scattering processes

- Charged impurities

- Interface roughness NEGEolver

- Alloy disorder

- Electronrelectron

- Optical phonons

- Acoustic phonons Ve ™
< Simulationresults

A Physical observables
(currentdensity gain)
A Analysidgn different basis
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Input file

N’ nextnanomat - C:\Results\THz_QCL_GaAs_AlGaAs_Amanti09\THz_QCL_GaAs_AlGaAs_Amanti09.xml
File Edit Run View Tools Help

input | Templste | Run Output | New Template
THz_QCL_GaAs_AlGaAs_Amanti09.xml

=1" "= IF: ) [kl

<Material>

<Name>Al (x) Ga (1-x)As</Name>
_Composition>0.15</Alloy Composition>
<Alias>barrier</Alias>

<Effective mass from kp parameters>yes</Effective mass_ from kp parameters>
</Material>

<NonParabolicity>yes</NonParabolicity>
<UseCs ctionBandOffset>yes</UseConductionBandOffset>
</Materi 3

<Material>barrier</Material>
<Thickness unit="nm">1.8</Thickness>

</Layer>

<

Ln70 Col 10 input file for nextnano.QCL
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Visualizatiorof results

Thomas Grange, nextnano IQCLSW 2018 25



