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Outline 

• QCL as an example of  quantum engineering 
– A small look at history of  the key ideas 

– Computing energy states 

– Rate equations and the parameters 

– Active region optimization 

– Resonant tunneling in QCLs 
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Superlattice – Bloch oscillator 

•  Original proposal 

–  Esaki and Tsu, IBM JRD 14, 61 (1970) 

•  Gain predicted in the semiclassical model  

–  Ktitorov et al., Fiz.tverd.Tela., 13, 2230,  (1971), Ignatov and Romanov, Phys. Stat. Sol. B73, 327, (1976) 
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Resonant/non-resonant tunneling 

1986-93: Proposals for 
 QCL’s using resonant tunneling  
in superlattices: 
F. Capasso et al, JQE (1986) 
H. C. Liu et al, JAP (1988) 

1971: R. Kazarinov and R. 
Suris propose using 
intersubband transitions in a 
biased superlattice for light 
amplification 

R. F. Kazarinov, R.A. Suris, Sov. Phys. Semicond. 5, 707 (1971)  
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New ideas: 

•  Energy states by quantum confinement 
•  Lifetime engineering by tunneling 

•  Electrical injection 

• Missing:  
– electrical stability 

– Better extraction 

– Waveguides  
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Electrical stability 
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First intersubband luminescence 

M. Helm et al, PRL 63, 74 (1989)  

- Resonant tunneling in a periodic 
superlattice 
- Emission observed in the Far-Infrared 
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First quantum cascade laser 
1994: First intersubband laser (quantum cascade laser) is  
demonstrated in Bell Labs 
Tmax = 125K (pulsed), Pmax = 10mW, λ = 4.26µm 

J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A.L. Hutchinson, A. Y. Cho, Science 264, 553 (1994) 
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•  Active region optimization 

•  Injection mechanism: the Kazarinov and Suris 
model 
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Active region: electrons interacting 

Solve first this part 
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Intersubband transition in QW’s: textbook 1D 
potential 
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Optical transitions in QW 

Kane kp approach at kperp=0 
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Matrix elements and energies 
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Electron transport and gain 

Rate equations in the basis 
of the electronic states 
(Perturbation and independent 
Electrons) 
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Rate equations 
Atomistic model captures nevertheless key elements 

All the population is lumped together in k=0 state! 
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Lifetimes: Fermi's golden rule 
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Optical phonon scattering rate 

Scattering Rate: 

Form factor 

Using 

Fermi's golden rule, Froelich interaction 

P. J. Price, Surface Sience 113, 199 (1982); R. Ferreira and G. Bastard Phys. Rev. B 40, 1074 (1982) 
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Lifetime in a square well 
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Threshold current (set S=0) 



IQCLSW Monte Verita 2008 

How does one engineer lifetimes? 
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Tunneling 
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Improves also the figure of  merit 
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Engineering lifetimes (II) 
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Superlattice 
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Architectures 
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Active region design rules 

•  Avoid electron escape 
•  Avoid backfilling 

• Discontinuity 

•  Injection efficiency 

•  Extraction efficiency/bottleneck effects 
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Active region optimization 
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First QC laser at 4.26µm 

Jth = 15kA/cm2 
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Vertical transition (1995) 

Jth = 2kA/cm2 @ 10K 
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Avoid Backfilling 
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Influence of  the discontinuity 
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Injection efficiency 
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Three QW active region 

Jth = 5-10kA/cm2 @300K 
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Chirped Superlattice (1998) 

Jth = 4.6kA/cm2 @300K 
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Bound-to-continuum 



IQCLSW Monte Verita 2008 

Two phonons  
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Maximum wallplug efficiency 
Wallplug efficiency good figure of merit 

Jth Jmax 

U Popt Slope efficiency 

“Voltage defect“ 

Transition efficiency 
Doping dependence 
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Maximum wallplug efficiency in QCLs 

J.Faist, Appl. Phys. Lett. (2007) 

Rate equation approach 

Free carrier absorption is proportional 
to doping 
Mirror losses are optimum 
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Resonant tunneling 
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τ2, τ1 ! τ3

Enables selective depopulation Mid-infrared: used only  
For the injection 
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Dephasing Upper state lifetime 

Coupling 

Detuning 
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Limits at resonance 

Strong coupling 

Jmax: 

Weak coupling: 



IQCLSW Monte Verita 2008 

Kazarinov-Suris model: single barrier 

Resonant tunneling current through a barrier

Coupling  frequency

Detuning

Scattering  time  of

Dephasing  time

A lorentzian of FWHM:

J

∆

0

J max

C. Sirtori, F . Capasso, J. Faist, A. Hutchinson, D. Sivco, 

and A. Cho, IEEE J. Quantum Electron. 34, 1722 (1998)

R. Kazarinov and R. Suris, Sov . Phys. Semicond. 6, 120 (1972)
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critical role of  the in-plane 
scattering time 

Total transport time: 
As an effective lifetime
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time

Lifetime 
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Single quantum well emitting at 3.7 THz 

GaAs/Al0.15Ga0.85As 

140 repetitions to fill  
the waveguide 

ns=3.8 x 1010 cm-2 

Very similar to Rochat et al., Appl. Phys. Lett., Lett. 73, 3724 (1998)  
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Density matrix at injection and extraction on a tight-binding basis 

G. Scalari, R.Terazzi et al., Appl. Phys. Lett., 91, 032103 (2007), R. Terazzi, unpublished (2008)) 

Relaxation through            
(populations) 
 and           (coherences)  

τu, τ2

τ
i

‖, τ
e

‖

h̄Ωi ≈ 0.8 meV

h̄Ωe ≈ 0.4 meV

ih̄ρ̇ = [H, ρ]

H =









Eg −h̄Ωi 0 0

−h̄Ωi E2 0 0

0 0 E1 −h̄Ωe

0 0 −h̄Ωe Eu









We use  a system of   rate equations for the two 
radiating subbands. S will be the photon flux density 
in the cavity.  
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Experimental results 

Laser action with extremely reduced threshold (Jth< 30 A/cm2) at 
80 µm (3.7 THz) in a double metal configuration 

G. Scalari, R.Terazzi et al., Appl. Phys. Lett., 91, 032103 (2007) 
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Couplings of  the doublets as a function of  electric field 

Signature of  the resonant 
tunneling:  
Laser rollover far from 
injection resonance 
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Density Matrix derivation 

•  Elements: two states 
coupled by tunneling 

•  In-plane scattering 

• Density matrix equation 

• Keep off-diagonal elements 

(H. Willenberg et al., Phys Rev. B 67, 085315 (2003)
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Resonant tunneling current (ver II) 

- Assume classical distributions in both subbands (same mass) 

n2 
n1 

J 

Kazarinov: 

Equal for high temperatures 

Enables computation of the I-V laser characteristics 

R. Terazzi et al., submitted 
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IV curves predictions 

R. Terazzi, A. Wittmann, T. Gresch et al., submitted 
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Also possible to include the light 
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Theory 

Experiment 

One “free” parameter: waveguide roughness scattering 1cm-1 
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Conclusion 

• Designability of  intersubband  
•  In the mid-IR, “ab initio” computations are 

now possible 
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