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Understanding	
  the	
  high	
  temperature	
  limits	
  of	
  THz	
  QCLs	
  

IQE	
  Design	
  Tool	
  

No-­‐Fit	
  Performance	
  Simulator	
  

T=hv/kB	
  

I.	
  

II.	
  

III.	
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THz	
  !!!	
   1	
  THz	
  
1	
  ps	
  
33	
  cm-­‐1	
  

300	
  μm	
  
48	
  K	
  
4.1	
  meV	
  

0.6 THz image 
(from X. C. Zhang, RPI) 

u many	
  materials	
  (clothes,	
  packaging	
  materials)	
  are	
  transparent	
  	
  
u chemical	
  signatures	
  (THz-­‐fingerprints)	
  
u non-­‐invasive,	
  do	
  not	
  damage	
  biological	
  Dssue	
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Kazarinov/Suris	
  (1971)	
  
(proposed	
  amplificaDon	
  of	
  light	
  	
  
through	
  intersubband	
  transiDons)	
  

(showed	
  sequenDal	
  resonant	
  	
  
tunneling	
  through	
  many	
  quantum	
  wells)	
  

Capasso	
  et	
  al.	
  (1983)	
  

Faist	
  et	
  al.	
  (1994)	
  
(first	
  QCL	
  demonstraDon,	
  4	
  μ)	
  

(first	
  THz-­‐QCL	
  demonstraDon,	
  4.4	
  THz)	
  

Koehler	
  et	
  al.	
  (2002)	
  

MIR-­‐QCLs	
  

THz-­‐QCLs	
  

The	
  path	
  to	
  room	
  temperature….	
  

Quantum	
  Cascade	
  Laser:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  "Engineered	
  collecDon	
  of	
  quantum	
  wells	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  with	
  discrete	
  eigenstates"	
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T=hv/kB	
  
But	
  why?	
  
Is	
  there	
  a	
  	
  

fundamental	
  limit?	
  

QuesDon	
  from	
  all	
  potenDal	
  sponsors:	
  
	
  	
  	
  

“Can	
  I	
  get	
  a	
  room	
  temperature	
  THz	
  QCL?”	
  

TMAX	
  ≤	
  hv/kB?	
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T=hv/kB	
  

How	
  do	
  you	
  ‘improve	
  understanding’?	
  
(and	
  preferably	
  in	
  an	
  efficient	
  way)	
  

Maybe	
  by	
  comparing	
  the	
  different	
  QCLs?	
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Comparing	
  QCLs:	
  

Luo (2007)

3.4 THz

142 K

Barbieri (2004)

2.9 THz

70 K

	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  have:	
  

§  	
  different	
  depleDon	
  (BTC	
  vs	
  RP)	
  
§  	
  different	
  number	
  of	
  quantum	
  wells	
  (9	
  vs	
  3)	
  
§  	
  different	
  photon	
  energy	
  (12	
  vs	
  13	
  meV)	
  
§  	
  different	
  wavefuncDons..	
   whole	
  lot	
  of	
  ‘different’	
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It	
  would	
  be	
  really	
  helpful,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  we	
  could	
  start	
  with	
  one	
  difference	
  first	
  	
  

e.g.	
  the	
  photon	
  energy	
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XXX meV

YYY meV

Start	
  with	
  one	
  difference	
  first	
  

But	
  how	
  can	
  we	
  design	
  like	
  this?	
  How	
  do	
  we	
  do	
  this?	
  
	
  

‘ConvenDonal	
  way’	
  (trial	
  and	
  error)	
  won’t	
  work	
  here.	
  
We	
  need	
  a	
  systemaDc	
  approach.	
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20 nm GaAs 50 nm GaAs

How	
  can	
  we	
  change	
  	
  
the	
  photon	
  energy???	
  

eigenstates	
  can	
  be	
  
changed	
  over	
  	
  
layer	
  thickness	
  	
  

YYY meV
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External Control Panel: Layer Thicknesses [Å]

A B C D

E F G H

A	
  	
  	
  B	
  	
  	
  	
  	
  	
  C	
  	
  	
  D	
  	
  E	
  	
  F	
  	
  G	
  H	
  

This	
  gives	
  us	
  a	
  	
  
number	
  of	
  'knobs’:	
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Uniform	
  Thickness	
  TransformaDon:	
  	
  
shrink	
  or	
  stretch	
  whole	
  structure	
  

(concept	
  from	
  Beere	
  et	
  al,	
  2007)	
  	
  

A B CDE FGH

Scaling Factor
External:

External Control Panel: Layer Thicknesses [Å]

A B C D

E F G H
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Scaling Factor
External:

upper	
  laser	
  	
  
subband	
  

lower	
  laser	
  	
  
subband	
  

upper	
  laser	
  	
  
subband	
  

lower	
  laser	
  	
  
subband	
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Scaling Factor
External:
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UTT	
  

Scaling Factor
External:
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Scaling Factor
External:

changing	
  ONE	
  structure	
  parameter	
  	
  
did	
  not	
  only	
  change	
  the	
  photon	
  energy	
  	
  

UTT	
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Changing	
  ONE	
  structure	
  parameter	
  	
  
changed	
  ALL	
  physical	
  quanDDes	
  !	
  

I	
  don't	
  see	
  it...	
  

REALLY?	
  	
  	
  WHY?	
  	
  	
  HOW?	
  	
  

Well,	
  
all	
  the	
  wavefuncDon	
  shapes	
  	
  

and	
  	
  
all	
  the	
  separaDon	
  energies	
  	
  

changed.	
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carrier-­‐carrier	
  scaoering	
   carrier-­‐phonon	
  scaoering	
  

diff. Coulomb matrix elements: Vabcd
k||

∝ 1
|k|||

�
dz

�
dz� φa(z)φb(z�)φc(z)φd(z�) e−ik|||z−z�|

diff. Froehlich matrix elements: gab
q ∝ 1�

q2
|| + q2

⊥

�
dz φa(z)φb(z) eiq⊥z

And	
  different	
  wavefuncDon	
  shapes	
  means:	
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And	
  different	
  separaDon	
  energies	
  means:	
  

diff. allowed transitions for cc-scattering:

diff. allowed transitions for cp-scattering:

δ(�a,k + �b,k� − �c,k+q + �d,k�−q)

δ(�a,k − �b,k+q ± �ωLO)

ELO ELO
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Different	
  wavefuncDon	
  shapes	
  	
  

and	
  different	
  separaDon	
  energies	
  	
  

very	
  different	
  carrier	
  transport!	
  

whole	
  lot	
  	
  
of	
  ‘different’	
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How	
  do	
  we	
  have	
  to	
  	
  
change	
  ALL	
  structure	
  

parameters	
  	
  
so	
  that	
  	
  

only	
  'ONE'	
  physical	
  quan=ty	
  	
  
is	
  changed???	
  

HOW?	
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Replace EXTERNAL with INTERNAL Control Panel

Transition Energy [meV]

Inverse	
  Quantum	
  Engineering	
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Optimal Configuration: Layer Thicknesses [Å]

Å Å Å Å

Å Å Å Å

A B C D

HGFE

16042 37 93

67258148

Internal Control Panel 
Inverse	
  Quantum	
  Engineering	
  (IQE)	
  

Evolu=onary	
  algorithm	
  
coupled	
  with	
  

Schroedinger-­‐Poisson-­‐Solver:	
  
find	
  op=mal	
  configura=on	
  

for	
  specific	
  system	
  
under	
  specific	
  constraints	
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Internal Control Panel 
Internal Control Panel 

mutate	
  to	
  generate	
  children	
  

IQE	
  Design	
  Tool	
  !!!	
  

iterate	
  	
  
un=l	
  

sa=sfactory	
  agreement	
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Frequency	
  Tuning	
  with	
  IQE	
  

Transition Energy [meV]
Internal:

Optimal Configuration: Layer Thicknesses [Å]

Å Å Å Å

Å Å Å Å

A B C D

HGFE

16042 37 93

67258148

12meV
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Transition Energy [meV]

Frequency	
  Tuning	
  with	
  IQE	
  

12meV7meV

Optimal Configuration: Layer Thicknesses [Å]

Å Å Å Å

Å Å Å Å

A B C D

HGFE

16044 36 97

69358346

IQE	
  !!!	
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12meV19meV

Transition Energy [meV]

Frequency	
  Tuning	
  with	
  IQE	
  

Optimal Configuration: Layer Thicknesses [Å]

Å Å Å Å

Å Å Å Å

A B C D

HGFE

16241 38 88

65178151

IQE	
  !!!	
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Transition Energy [meV]
Internal:

Frequency	
  Tuning	
  with	
  IQE	
  

changed	
  ONLY	
  targeted	
  transi=on	
  energy	
  !	
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Tuning	
  the	
  emission	
  frequency	
  of	
  a	
  THz	
  QCL	
  with	
  IQE	
  

1.69	
  THz	
  
to	
  

4.6	
  THz	
  

“Inverse-­‐Quantum-­‐Engineering:	
  a	
  new	
  methodology	
  for	
  designing	
  	
  
	
  	
  quantum	
  cascade	
  lasers”,	
  IEEE	
  JQE	
  46,	
  1414	
  (2010)	
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And same wavefunction shapes means:
same Coulomb matrix elements:

same Froehlich matrix elements:

Vabcd
k||

∝ 1
|k|||

�
dz

�
dz� φa(z)φb(z�)φc(z)φd(z�) e−ik|||z−z�|

gab
q ∝ 1�

q2
|| + q2

⊥

�
dz φa(z)φb(z) eiq⊥z

And same separation energies means:
same allowed transitions for cc-scattering:

same allowed transitions for cp-scattering: δ(�a,k − �b,k+q ± �ωLO)

δ(�a,k + �b,k� − �c,k+q − �d,k�−q)

And	
  same	
  separa=on	
  energies	
  means:	
  

And	
  same	
  wavefunc=on	
  shapes	
  means:	
  

ONE	
  difference:	
  photon	
  energy	
  (laser	
  frequency!)	
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Fabrication  

Experiment	
  	
  

Series	
  of	
  IQE-­‐designed	
  lasers	
  	
  
at	
  11	
  frequencies	
  

lasing 

Low Current 

High Current 

High Current 

Low Current 

High Current  

x x 
x 

x 

x x 
x 

original 

Growth	
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Growth	
  

Fabrication 

Experiment	
  

original 

	
  PROOF:	
  IQE	
  Design	
  Tool	
  WORKS	
  !!!	
  

Observed	
  lasing	
  at	
  7	
  frequencies	
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Internal Control Panel 
Internal Control Panel 

iterate	
  	
  
un=l	
  

sa=sfactory	
  agreement	
  

mutate	
  to	
  generate	
  children	
  

Already proven useful for 
Qswitch RTBF and  4-wave mixing LDRD! 
Just starting to also use for GaN LDRD! 

IQE	
  Design	
  Tool	
  !!!	
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T=hv/kB	
  
But	
  why?	
  
Is	
  there	
  a	
  	
  

fundamental	
  limit?	
  

Ques=on	
  from	
  all	
  poten=al	
  sponsors:	
  
	
  	
  	
  

“Can	
  I	
  get	
  a	
  room	
  temperature	
  THz	
  QCL?”	
  

TMAX	
  ≤	
  hv/kB?	
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Tuning	
  the	
  emission	
  frequency	
  of	
  a	
  THz	
  QCL	
  with	
  IQE	
  

1.69	
  THz	
  
to	
  

4.6	
  THz	
  

“Inverse-­‐Quantum-­‐Engineering:	
  a	
  new	
  methodology	
  for	
  designing	
  	
  
	
  	
  quantum	
  cascade	
  lasers”,	
  IEEE	
  JQE	
  46,	
  1414	
  (2010)	
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Growth	
  

Fabrication 

Experiment	
  

“Optical bistability from domain formation in terahertz quantum cascade 
lasers”, IEEE JSTQE 17, 222 (2011) 

“Index	
  Tuning	
  for	
  Precise	
  Frequency	
  Selec=on	
  of	
  Terahertz	
  Quantum	
  Cascade	
  Lasers”,	
  IEEE	
  
Photonics	
  Technology	
  Legers	
  23,	
  30	
  (2011)	
  

Experimental	
  Result:	
  
	
  1/kT	
  NOT	
  true	
  !!!	
  	
  

QUESTION:	
  Is	
  Tmax	
  	
  
limited	
  by	
  1/kT	
  ????	
   T=hv/kB	
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Simula>on	
  

Code	
  

Needed:  
Performance simulator to study 1/kT limit theoretically 

* Taken from: Appl. Phys. 42, 025101 (2009), PRB 81, 205311 (2010), JAP 103, 103113 (2008)   

Variety of performance simulators described 
in literature* 
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Status quo of Performance Simulators 

II.	
  ensemble	
  Monte-­‐Carlo	
  model	
  

III.	
  simplified	
  density	
  matrix	
  approach	
  

I.	
  rate	
  equa=on	
  model	
  	
  

Literature results*: 

* Taken from: Appl. Phys. 42, 025101 (2009), PRB 81, 205311 (2010), JAP 103, 103113 (2008)   
??? 

??? 
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Status quo of Performance Simulators 

II.	
  ensemble	
  Monte-­‐Carlo	
  model	
  

III.	
  simplified	
  density	
  matrix	
  approach	
  

I.	
  rate	
  equa=on	
  model	
  	
  

Literature results*: 

* Taken from: Appl. Phys. 42, 025101 (2009), PRB 81, 205311 (2010), JAP 103, 103113 (2008)   
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Simula>on	
  

Code	
  

Needed: Performance simulator 
without fit parameters !!! 

Fully-microscopic, k-resolved, 
quantum kinetic simulator 
(for electrons and phonons): 

	
  	
  	
  	
  	
  	
  	
  	
  carrier-­‐field	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  carrier-­‐phonon	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  carrier-­‐impurity	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  carrier-­‐carrier	
  

+ + + + 
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Simula>on	
  

Code	
  
Needed: Performance simulator 

without fit parameters !!! 

VALIDATED 
Experiment	
  

8 Volt 8 Volt 
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4 Volt 8 Volt 

Experiment	
   Simula>on	
   Simula>on	
  Experiment	
  

Performance Simulator 
NO fit parameters !!! 

(confirms exp. results by Vitiello et al on bias-depending Joule heating) 
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Understanding	
  the	
  high	
  temperature	
  limits	
  of	
  THz	
  QCLs	
  

IQE	
  Design	
  Tool	
  

No-­‐Fit	
  Performance	
  Simulator	
  

T=hv/kB	
  

I.	
  

II.	
  

III.	
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Extras	
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Frequency-shift design A Frequency-shift design B 

Tlat=100 K Tlat=100 K 

Use quantum kinetic performance simulator to investigate 1/kt 
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  Cannot “simply” simulate… can actually start understanding… 

Which design is better??? 

And WHY ??? 

gain… current density… 

electrons… phonons… diff. gain contrib.… 

all 2-1 

2-3 


