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QC laser’s birthday: 14 / 01 / 1994

Photo taken by Federico Capasso (the Boss) after a night of work.



The quantum cascade lasers

Is an electrically injected 

semiconductor laser 6 
m

m

Laser

Cu-Block

Radiative transitions occur 

in the conduction band n+ GaAs
p+ GaAs

Laser diode (1962)

Conduction band 

Low dimensional structures 

with electrons only (unipolar)
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Growth direction

The quantum well: the building block

AlSb AlSbInAs

2.5nm

E12

E1

E2

The quantum well is the 
elementary constituent of 
our system

Light-matter interaction with 
photon energies lower than the 
band gap



Energy vs. position in a quantum well structure
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Electrons are free particles in the plane 
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The confinement potential is only
in the direction of growth ( z)



Intersubband absorption

The absorption of a photon is related only to the energy difference 

between the subbands et does not depends on k//

Absorption peaks like in 3D confined potentials : atoms
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Zero dimensional joint density of states
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Far Infrared Optics in Si-Inversion layers



Coupled -quantum -wells quasi molecules

Quantum engineering of intersubband transitions is enabled
by coupling of quantum wells through thin tunneling barriers:
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Formation of a symmetric and
antisymmetric doublet

Symmetric coupled-quantum-wells
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Asymmetric coupled-quantum-wells

Hybridisation of orbitals with
different quantum numbers 

H0 = Hcrystal + V(z) + Vfield + VH =          + V(z) + eFz + VH

p2

2m*



Two-coupled -quantum wells
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Complex potentials for 
perpendicular transport

TEM Courtesy of I. Sagnes,  LPN

8.3nm

Position

E
n

e
rg

y



Quantum Cascade lasers



Population inversion between subbands

� Population inversion between two excited subbands

� Electrically injection

0-order approximation
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EF 

K

E 

ELO

Intersubband lifetime

Photon emission (10 - 100 ns)

Electrons leave excited subbands by spontaneous emission of

optical phonons (bleu arrow)

This time can be estimated using bulk phonons

Radiative efficiency = 10-4 - 10-5

Phonon emission (1 ps)

Elastic scattering (2 -5 ps)



Population inversion between subbands

� Injection and extraction of electrons from quantum wells by tunnelling 
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� Population inversion condition τ32 >  τ2

τout

τphonon
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Injection barrier

Minigap

Electron reservoir

QC laser design

1

2 Minigap

1

2 Minigap

Cascade Action:
1) Np photons per electron traversing the structure (Np ~100 @THz)

2) The total population inversion is distributed over all the period

1

2 Minigap

Active
region

Injector

hω = 5 – 400 meV
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Band diagram
TEM Micrograph

Quantum cascade design and material

Courtesy of C. Gmachl
Bell Labs, Lucent Tech.



Applied bias on a QC laser (λλλλ = 4.3µµµµm)
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Wavelength agility



hνννν1 

Same material system
Different quantum well widths

Diffeferent transition energies
hνννν1    = 4 hνννν2

hνννν2

Energy separation between the levels depend on the quantum well
width and not on the materials constituent the hete rostructure

Intersubband transition energies



Material systems for QC laser

GaInAs

= 0.043 m0 

AlInAs/GaInAs//InP

AlGaAs
x=45%

me
* = 0.067 m 0

GaAs/AlGaAs//GaAs
AlSb

AlInAs

520 meV

~ 2000 meV

GaAs

InAs

AlSb/InAs//InAs or GaSb

= 0.024 m 0 

GaAs/AlAs
~ 1000meV

AlInAs/GaInAs/InP
strain compensated
~ 600/700 meV

~~

390 meV

Indirect discontinuity
limits to 400meV

Even in strain compensated
materials no evidence of
lateral valleys 

Exact position of the lateral
minima is unknown

me
* me

* 

700 meV

InAs is the upper limit
at 400meV

~~

400meV

InAs Band gap

GaN?



Tmax of QC lasers vs. wavelength
Pulsed operation

Data (some are unpublished):

� ETH-Z

� THALES

� Walter Schottky (Munich)

� Northwestern University

� AOI (Houston)

� TU Vienna

� MIT

� University of Sheffield

� University of Montpellier

Range of operation:

2.7 - 400µµµµm or 100 – 0.8THz
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Quantum Cascade laser

performances



� Threshold Current 
� Lowest possible

� Emitted Optical power
� Highest possible within a well defined spatial mode

� Wall plug efficiency =

� Highest possible to limit thermal stresses

� Spectral and spatial control
� Monomodo operation : single frequency and single lobe 

� Reliability
� Monomodo operation : single frequency and single lobe 

QC laser performances

Optical power
Electrical power
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Burried heterostructures
for optimum power dissipation

Burried heterostructures for
optiumum power dissipation

InP cladding

re-grown Fe:InP

InP cladding 

n+ InP substrate

re-grown Fe:InP

Plated Au n+ InGaAs layer

2 µm

Active core

Division of Engineering and Applied Sciences

Harvard University



Burried heterostructures



Burried heterostructures SEM Picture



Y. Bai, et al., APL 98, 181102 (2011)

CW operation of QC lasers (State-of-the-art)

27% wall plug efficiency!



Y. Bai, et al., APL 95, 221104 (2009)

Very High power broad area QCLs

Wide strip lasers are used to increase the volume of the active material



High power QCLs with no Buried Het

� Au plated, HR coating and epi down mounting

ICP Etching 

Courtesy of X. Marcadet
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sources and sensor systems
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R.F. Curl et al. Chem. Phys. Lett. 487 (2010) 1–18



Applications

� QC lasers are a mid infrared laser technology based  on
III-V semiconductor compounds such as GaAs and InP

Spectroscopic applications (Gas, molecular detectio n)

Optical countermeasure (High power devices)

� Medical
� Environmental
� In line quality control
� Food storage
� Security (Explosive detection)

� 3-4µµµµm for missile out-steering
� 8-10µµµµm for night vision blinding
� 8-10µµµµm furtive illumination system

Output power = 10mW, CW operation, control on the l inewidth

Output power > 1W, CW operation non strictly necess ary



Quantum cascade lasers

Quantum cascade lasers are semiconductor devices based on III-V 

compounds materials with physical properties that differ 

fundamentally from those of diode lasers.

1) Unipolar devices based on Intersubband transition

2) Operate at very different wavelength (5 – 100 µm)

However fundamental physical differences have not been yet fully exploited:

• Gate contacts for carrier depletion

• Three terminal devices

• Parallel transport (acceleration of electron in the quantum well) 

• Phonon engineering

• Photonic structures based on metal guiding 

• Extremely short upper state life-time (Ultrafast modulation)

However fundamental physical differences have not been yet fully exploited:

• Gate contacts for carrier depletion

• Three terminal devices

• Parallel transport (acceleration of electron in the quantum well) 

• Phonon engineering

• Photonic structures based on metal guiding 

• Extremely short upper state life-time (Ultrafast modulation)



Three terminal devices for 

integrated functions



Emission

Function structure

Active Region QCL

Laser mode

Integration of different functionalities

AM or FM modulator

Pumping nonlinear structures



Vlaser

Vwells
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Three terminal devices: AM and FM of QCL

Addition of electrically tunable

optical losses within the laser cavity

J. Teissier et al. APL 94, 211105 (2009)

Vwells = 0 Vwells > 0
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LaserIntersubband absorption

Photon energy

Amplitude and Frequency modualtion



~0,45 W modulation depth with < 1mW of electrical

power injected into the control region
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Wavelength tuning 

ΛeffDFB n2~λ E
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wellsαRefractive index variation associated

with the absorption feature 
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Quantum Cascade lasers

@ THz frequencies



1 THz   =     300cm-1 =       4.1meV    =       300µµµµm

Frequency  Energy (cm-1)  Energy (meV)   Wavelength



0.01 0.1 1 10 100
0.01

0.1

1

10

100

1000

10000

100000

P
ui

ss
an

ce
 (

m
W

)

Fréquence (THz)

30000 3000 300 30 3
 Longueur d'onde (µm)

 

  

THz Gap

THz QCLs LasersMultiplicateursAmplificateurs Oscillateurs



0,0 0,5 1,0 1,5 2,0

0

50

100

150

0 100 200 300
0

1

2

3

95K

77K

70K

60K

40K

20K

4K

 

 

 

P
ea

k 
po

w
er

  (
m

W
)

V
ol

ta
ge

  (
V

)

Current (A)

90K

80K

Current density(A/cm 2)

Performances of a 3THz QC laser

Pulsed

0 20 40 60 80 100

100

150

200

250

300

 

 

J th
  (

A
/c

m
2 )

Temperature (K)

�Tmax = 96K(pulsed); 70K(cw) 

● 2% peak wall-plug efficiency at 4K
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THz QCL main challenge: Tmax Operation 

Balkin et al. APL 2008
Tmax = 178K



Terahertz QCLs performance vs. wavelength

Data from:
Nest-Pisa

ETHZ
MIT 
Teraview-Cavendish
Paris 7-Thales

Harvard/Leeds

1 THz3 THz

Courtesy of G. Scalari, ETHZ



Metal guiding



Metal guiding

In the mid infrared quantum cascade lasers have imported 

material, processing and device architecture from the well know 

III-V platform for diode lasers

This has allowed to produce rapidly high performance devices.

However in the THz region this is not possible because of the scaling of the 

dimensions with the wavelength 

Ideas and concepts and  have been imported from the other side of the 

spectrum: in the microwave region.

The optical guiding has been developed using metal-metal 

structures as for microwave strips 
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Double-metal waveguide

Advantage:  
Overlap factor 100%, independent from l and doping; strong lateral confinement 

Drawback:
Low out-coupling (R > 0.9); More difficult fabrication

AR

Top metal contact

Bottom metal contact

B. S. Williams et al., Appl. Phys. Lett, vol. 83, 5143 (2003)

n+ host-substrate



Far field of a metal-metal QC THz laser
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mode intensity
profile

The strong interaction between the guided mode and the metal excite 
the top contact which act as an antenna

Metal-metal devices
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Horn antenna

Impédance du guide DM  ≈ 20 Ω
Impédance de l’antenne: ≈ 50 Ω

Impédance du vide: 377 Ω

14µm
15o

Substrat 
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100 µµµµm

Guide double métal

Teraherz

Antenne Cornet

QC laser with horn antenna
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Phase-locking of a 2.7 THz QC laser to 

a mode-locked Er-fiber laser



1 Matériaux et Phénomènes Quantiques, Université Paris 7, 10 rue A. Domont et L. Duquet, 75205 Paris Cedex 13, France

2 Teraview Ltd, St John’s Business Park, Cambridge, CB4 0WS, UK

3 Thales Research and Technology, Route Départementale 128, 91767 Palaiseau Cedex, France

4 Cavendish Laboratory, University of Cambridge, Madingley Rd, Cambridge, CB3 0HE, UK

Nature Photonics 1, 411 (2007)



THz inscribed onto NIR 
Sideband leaving QCL

NIR beam entering
QCL

wtelecom

wsideband= wtelecom - WTHz

THz transfer on an
optical carrier

The THz QCL is both the THz source and non-linear medium



THz laser
W

w1

NIR

NIR waveguide core

THz side band generation
at telecom frequencies

THz QCL is both the THz source and non-linear medium

w1 + W

w1

w1 - W

THz laser
W



THz side band generation
at telecom frequencies

THz up-conversion to     N-
IR wavelength!

Modulation of a telecom beam at 
THz frequencies 

Transmission of THz through 
optical fibre 
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S. Dhillon et al. APL (2005)

THz side band generation
@ 1.3mm and 1.5mm

Typical NIR input power 100mW – 1mW
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Phase Locking of a THz QCL to a fs-fibre laser

νopt

νopt + νQCL

νopt + m x frep
νopt + νQCL - n x frep

δf = (νopt + νQCL - n x frep) – (νopt + m x frep) =  νQCL – (n + m)frep

• Suppression of νopt � The ultimate stability is given by fREP (~90MHz)

• THz � MHz coherent link

frep ~ 90MHz

See for example: A. Amy-Klein, et al. Opt. Lett. 30, 3320 (2005)

AM of a fs laser using

a THz QC laser



S. Barbieri, et al., Nature Photonics (2010)
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Ultrafast unipolar optoelectronics



ττττ3 ~ 1nspττsτ3 >> >�
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Frequency response function of QC lasers
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50µm x 12µm 2-metal ridge

� Short non-radiative lifetime ~ 1ps ���� no relaxation oscillations! 

� Short stimulated lifetime ~ 1ps ���� very wide band of modulation

The system acts as an over-dumped oscillator: the equilibrium of carrier population 

is restored within a round photon round trip

The cascade enhance the number of photon in the cavity



Results on QCLs RF modulation

Double metal QCL; f=2.9THz

3mm x 50µm x 12 µm ridge

S. Barbieri et al., Appl. Phys. Lett. 91, 143510 (2007)

R. Paiella et al., Appl. Phys. Lett. 77, 169 (2000)

8.1µm QCL

3.75 mm x 4.5 µm ridge with chalcogenide glass 

insulation layer to reduce device

capacitance

Double-metal waveguide allow for a low parasitic 

capacitance without any additional processing �

High f modulation limited by wire-bond 

inductance



Modulation at 21GHz

� Narrow-band impedance adaptation
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Conclusions

� QC lasers are a technology based on III-V semiconductor compounds

� Semiconductor lasers can be fabricated in 3 – 300µm region using the same 
physical principles

� QC THz lasers are the only semiconductor solutions the 2 – 6 THz range

� QC lasers are a field of research in connection with the industrial world.

� QC lasers are a field of research in connection with the industrial world :
� Opportunity to develop new ideas and intellectual property
� Engineering of integrated new functionality
� Merging QC lasers with other important technologies as: µ-wave, telecom, 
femto second fibre lasers


