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QC laser’s birthday: 14 / 01 / 1994
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Photo taken by Federico Capasso (the Boss) after a night of work.



The quantum cascade lasers

‘ Is an electrically injected
semiconductor laser o|F

‘ Radiative transitions occur
in the conduction band

Laser diode (1962)

Low dimensional structures ,

‘ with electrons only (unipolar) J@fﬂ




The quantum well: the building block
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Growth direction

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

Conduction band
guantum well

|

Energy

i\ Valence band _ o
i quantum well The confinement potential is only

in the direction of growth ( z)

v

Positionz —— >

Electrons are free particles in the plane



Intersubband absorption

The absorption of a photon is related only to the energy difference
between the subbands et does not depends on k,

En,k - Em,k — Enm

E

m) Absorption peaks like in 3D confined potentials : atoms

=) Zero dimensional joint density of states



Absorption measurements

Modulation doping allows to observe narrow lines LE 50
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Far Infrared Optics in Si-Inversion layers

n=2
VoLUME 32, NUMBER 22 PHYSICAL REVIEW LETTERS 3 JunE 1974

Resonance Spectroscopy of Electronic Levels in a Surface Accumulation Layer T iy A 52

A. Kamgar, P. Kneschaurek, G. Dorda,* and J. F. Koch
Physik-Deparvtment, Technische Universitat Miinchen, 8046 Garching, West Germany
(Received 25 March 1974) £

Resonance transitions are observed between electronic levels in an accumulation layer E
onn-type (100)Si, Signals are studied at the 220-, 171-, and 118-um lines of a water-
vapor (H,0, D,0) molecular laser. Strong transitions from the lowest two-dimensional
sub-band to the next higher band are observed. For 118-um radiation the resonance FIG. 2. Surface potential well and energy levels for
oceurs at about 0,6x 10" electrons/cm’, an accumulation layer on n-type (100)Si. For a surface

charge density of 10! electrons/cm? the energy-level
separations are on the order of 10 meV and only the
first sub-band is occupied. Possible transitions be-
tween the parabolic two-dimensional sub-bands are in-
dicated.

Vorume 37, NUMBER 2| PHYSICAL REVIEW LETTERS 22 NovEMBER 1976

Voltage-Tunable Far-Infrared Emission from Si Inversion Layers

E. Gornik and D, C. Tsui
Bell Labovatorvies, Muyvay Hill, New Jevsey 07974
(Received 7 September 1976)

We have observed voltage-tunable far-infrared emission from inversion layers of n-
channel metal-oxide-simiconductor field-effect transistors fabricated on p-type (100) Si.
The radiation is emitted by the electronic transition from the two-dimensional excited-
state E; sub-band of the inversion layer to its ground-state E; sub-vand. Population of
the excited-state sub-band is realized by heating up the electron distribution with an elec-
tric field applied along the channel,




Coupled -guantum -wells quasi molecules

Quantum engineering of intersubband transitions is enabled
by coupling of quantum wells through thin tunneling barriers:

Symmetric coupled-quantum-wells Asymmetric coupled-quantum-wells
N N VN, —
LN VTN v qf\_,//\\z

- NN
Formation of a symmetric and Hybridisation of orbitals with
antisymmetric doublet different quantum numbers
p2
HO = Hcrysta/ + V(Z) * Vfie/d * VH = 2m* t V(Z) +efFz + VH




Two-coupled -quantum wells

"\/\ The wavefunctions are coherent across a thin tunnel
E,=329 ____/ \)pt barrier

E, =226 4
E,=92meV T
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Complex potentials for A nnAoOe
perpendicular transport R

TEM Courtesy of . Sagnes, LPN



Quantum Cascade lasers



Population inversion between subbands

O-order approximation

» Population inversion between two excited subbands

» Electrically injection



Intersubband lifetime

Photon emission (10 - 100 ns)

\ Phonon emission (1 ps)

== Elastic scattering (2 -5 ps)

>
Ky
Electrons leave excited subbands by spontaneous emission of
optical phonons (bleu arrow)

This time can be estimated using bulk phonons

Radiative efficiency = 104 - 10"




Population inversion between subbands

- 3 00000000 ..

i

‘ Tphonon

R N

» Injection and extraction of electrons from quantum wells by tunnelling

» Population inversion condition 15,> T,



QC laser design

é fiw=5-400 meV

o e —

‘ 2 _000Q000 Minigap
1
= i 00Q000 Minigap
I: i ) | >, _ocogece Minigap
Injector : =
1 Active |
I region
|
|

Cascade Action:
1) N, photons per electron traversing the structure (N, ~100 @THz)
2) The total population inversion is distributed over all the period



Quantum cascade design and material

Band diagram

INJECTOR EMITTER
HH | g
X 25




Applied bias on a QC laser =4.3um)

1100 -
1000 -
900 -
800 - V=0
S ]
D 700_ N /\\ |
E  eood AINIR
S 500—1=¥ A
[aT) ] |
cC 400 4 = 2N JAN
Y 300 = ?L}_— Saw tooth
200 HF
100
0_ I | IS IS IS by SN NN A B A N SN G A N A AN I N
T T T T T T T T 1100_
0 200 400 600 800 1000]
Z A 900-'_4/.\.
800 %
— i ”
—_— % 7004 T
: I\
% é 600 - = /\ =i i Ravan
V=V > 500
th = ]
Q400
m J el
3004 T
-4 -\-\-\- _\_\-\-
200—. o Bt L e —
100 L
Stair case i%: op, 4 :
0 200 400 600 800

Z (A)



Wavelength agility



Intersubband transition energies

hv,

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

Same material system
Different quantum well widths

—)

Diffeferent transition energies
hv, =4 hv,

OO%OO

hv,

guantum well
rostructure



Material systems for QC laser

GaAs/AlGaAs//GaAs

AlGaAs
390 meV —AE0
GaAs X=45%

m%=0.067 m,

GaAs/AlAs
~ 1000meV

Indirect discontinuity
limits to 400meV

520

AllnAs/GalnAs//InP

meV

GalnAs

AllnAs

700

m*=0.043 m,

AllnAs/GalnAs/InP

strain compensated
~ 600/700 meV

meV

Even in strain compensated
materials no evidence of
lateral valleys

AISb/InAs//InAs or GaSb

~ 2000 meV _ A AISb
" InAs |
N
400meV
— |

InAs Band gap

GaN?



T ., of QC lasers vs. wavelength

Pulsed operation

[1I-V compounds

Atmospheric windows phonon bands
€«—> <> €«—>
500 Data (some are unpublished):
= ETH-Z
400 =>» THALES
— =>» Walter Schottky (Munich)
X I =>» Northwestern University
% 300 =>» AOI (Houston)
= Peltier =» TU Vienna
o > MIT
c 200 ‘ => University of Sheffield
2 ‘ =>» University of Montpellier
100 |
|
. | 0 ®e
2 5 10 20 50 100 200
Wavelength (um)
Uni. Montp. 2.6um! Range of operation:

2.7 - 400um or 100 — 0.8THz



Quantum Cascade laser
performances



QC laser performances

=» Threshold Current
= Lowest possible

=» Emitted Optical power
= Highest possible within a well defined spatial mode

_ Optical power

Electrical power
= Highest possible to limit thermal stresses

= Wall plug efficiency

=» Spectral and spatial control
= Monomodo operation : single frequency and single lobe

=» Reliability

= Monomodo operation : single frequency and single lobe



Burried heterostructures

for optimum power dissipation

Threshold current density [kA/cmZ]
0 35
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L. Dhiel et al. APL (2006) Division of Engineering and Applied Sciences

Harvard University




Burried heterostructures

a) b) c)
d) e) f)

Ml Resist I InP n-doped substrate
1 Sio, I QCL Active region
Ohmic contacts B Insulating InP (Fe-doped)

B InP n-doped cladding " Insulating layer (SiN)



Burried heterostructures SEM Picture

10 pm EHT =10.00 kV Signal A = InLens Date :27 Jun 2010 ZEIS)
WD = 59mm Photo No. = 8720 Time :11:27:03




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

Voltage (V)

Wall Plug Efficiency (%)
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27% wall plug efficiency!

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




Very High power broad area QCLs

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

16 . r . ; ' '
[ i I 4120
14 HR coated device
12 ' < 100
> 10 480 2
o } @
o : 2
% ° i / 60 2
> 6 pulse width = 200 ns . a
duty cycle = 0.2% 440 g
4 h~4.45 um L
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2} W=400pm 80 40 0 40 80 20 B T T . B E——
L Far field angle (degree) 1 80 40 0O 40 80
0 1 L A 1 A § 0
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Y. Bai, et al., APL 95, 221104 (2009)

NORTHWESTERN
UNIVERSITY




High power QCLs with no Buried Het

> Au plated, HR coating and epi down mounting

1000

— 14 UM 1
—12 um
10 um’]|
—F um

— G Um
4600

800

HR coating 1400
Epi down
L=4 mm

CW i
RT on TEC

Voltage (V)

N
3
Output power (mW)

1 A 1 A 0

» #

”I\ . 00 05 10 15 20

“ICP Etching Current (4)

20hm

1i-v lab

Courtesy of X. Marcadet  ALCATEL-THALES



List of companies providing QCL wafers,
sources and sensor systems

Mech optics ﬂ -
Company hame -/

- A .
1) JAdTech Optics Inc. \

2) Aerodyne Research Inc. FP characterization for QCL device # CS-HR17
3) Alcatel-Thales llI-V Lab

4) Alpes Lasers
5) Archcom Technology Inc.

6) Cascade Technologies Hata Cetmen
7) Daylight Solutions Inc. Cavity dim. 12;m x 2 mm Emitter width x length
8) Hamamatsu Submount dim. 25x25x10 mm Mounted epi-down on Cu— CS mount
9) IQE Oper. Temp. 15 -40C All data at 15C

10) Laser Components Inc. Center wavelength 4.72 ym T=15C, cw

11) Maxion Technologies Inc./PSI (Physical Thresh. Current 056 A I=15C, cw

12) Nanoplus Inc. Max. Current 1.75A T=15C, cw

13) Neoplas Control Inc. Thresh. Voltage 122V T=I5C, cw

14) nLIGHT Corporation Mazx, 147V T=15C, cw

15) Pranalytica Inc. Max Power out 1.5W HR coated, single facet

16) QuantaRed Technologies Max Efficiency 5.8 % Total power

17) Spire Corporation



Applications

= QC lasers are a mid infrared laser technology based on
l11-V semiconductor compounds such as GaAs and InP

@ Spectroscopic applications (Gas, molecular detectio n)
Output power = 10mW, CW operation, control on the |  inewidth

» Medical

» Environmental

> In line quality control

» Food storage

» Security (Explosive detection)

@ Optical countermeasure (High power devices)
Output power > 1W, CW operation non strictly necess  ary

» 3-4um for missile out-steering
» 8-10um for night vision blinding
» 8-10um furtive illumination system



Quantum cascade lasers

Quantum cascade lasers are semiconductor devices based on IlI-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 um)

However fundamental physical differences have not been yet fully exploited:
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e Photonic structures based on metal guiding

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



Three terminal devices for
integrated functions



Integration of different functionalities

Active Region QCL

/

Laser mode

Function structure

Emission

AM or FM modulator

Pumping nonlinear structures



Three terminal devices: AM and FM of QCL

Cladding

Active Area

Cladding

Control region
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Addition of electrically tunable
optical losses within the laser cavity

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



Amplitude and Frequency modualtion
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Amplitude and phase modulation of QCL

~0,45 W modulation depth with < 1ImW of electrical
power injected into the control region
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Wavelength tuning

Refractive index variation associated
with the absorption feature
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Rafrective index variation

Refractive index variation
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Quantum Cascade lasers
@ THz frequencies



1THz =| 300cm? =| 4.1meV =| 300um
Frequency |Energy (cm™)|Energy (meV)| Wavelength

Optics
: 5 £ =
2 . 2| infrared 8 S
radio nirared o = v
lll]lll 1 1 O - 1 LL L 1 1111l Illll]l L 1 I
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T
o —
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= ©
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THz QC lasers

Applications: medical imaging, bio-sensing, communications



Longueur d'onde (um)

30000 3000 300 30 3
100000
100004— e THz Gap
. < >
S 10001+— i
é 100 4——~+ m L
@ [ |
e 10 . . o
S gt =§
7)) |
3 1
~ PS
Q 0.1 oﬁT
0.01 e —— ........’it e
0.01 0.1 1 10 100

Fréquence (THz)

Amplificateurs e Qscillateurs ®THz QCLs ¢ Multiplicateurs = Lasers



Performances of a 3THz QC laser

Voltage (V)

Thax = 96K(pulsed); 70K (cw)

Current (A)

0,0 05 1,0 1,5

3F Pulsed
3 x 0.2mm?2 device

/ 95K

70K

80K
90K

0 100 200 300

Current density(A/cm 2)

@ 2% peak wall-plug efficiency at 4K
@ 0.4% wall-plug efficiency in CW

25

Peak power (mW)

2
J. (Alcm?)

300

N
o
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[EEY
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100

250

20 40 60 80

7100
Temperature (K)

S. Barbieri et al., APL (2004)



THz QCL main challenge: T__, Operation

Operation of terahertz quantum-cascade
lasers at 164 K in pulsed mode and at

117 K in continuous-wave mode

Benjamin 5. Williams, Sushil Kumar, and (ling Hu

Denartment of Efecmical Engirearing and Compiter Scence and Reseanch Labors,
Elodtrondes, Massachasets Instituie of Technedssy:
Canilar e, Massaolisens 02139

epl G g

Johin L. Reno

Sandia Nattenal Laboratories Dept 1123, MS 063!, Albuqguergue, Mow Mexico 8718
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2 May 2005 /Vol. 13, No. 9/0PTICS EXPRESS 3331



Terahertz QCLs performance vs. wavelength

Temperature [K]
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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
I1I-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



Double-metal waveguide

Q10-
/ E AR

> Qs I =100%
= a=13am’
2 006+
s s S 5 n+ host-substrate
> g 5 |5
£ ao 3 £ 5
E = S =
5
= 0@ B. S. Williams et al., Appl. Phys. Lett, vol. 83, 5143 (2003)

Q0 : !

0
Disarce ()

Top metal contact

Bottom metal contact
Advantage:

Overlap factor 100%, independent from | and doping; strong lateral confinement

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



Far field of a metal-metal QC THz laser

substrate

Metal-metal devices

mode intensity
X profile
12mm

52mm Yy

Phi {Deg)

Theta (Deg)

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



Horn antenna

Reglon active / | E P

Facette Normale

-40

-20
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0 130 160
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QC laser with horn antenna

|

Teraherz .«




Résultats expérimentaux : laser de 41 um de largeur
muni d’'une antenne cornet

¢ (Deg)

¢ (Deg)

Maineult and al., APL 93, 183508 (2008)



Phase-locking of a 2.7 THz QC laser to
a mode-locked Er-fiber laser



Nature Photonics 1, 411 (2007)

Terahertz transfer onto a telecom
optical carrier

SUKHDEEP S. DHILLON't, CARLO SIRTORI™#**, JESSE ALTON? STEFANO BARBIERI",
ALFREDO DE ROSSF®, HARVEY E. BEERE* AND DAVID A. RITCHIE

1 Matériaux et Phénomenes 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 OWS, UK

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

4 Cavendish Laboratory, University of Cambridge, Madingley Rd, Cambridge, CB3 OHE, UK



THz transfer on an
optical carrier w

- WTHz

sideband= Wtelecom

L

L L

THz inscribed onto NIR
Sideband leaving QCL

Wtelecom

NIR beam entering
QCL

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



THz side band generation
at telecom frequencies

NIR waveguide core

W
THz laser W,

NIR W

THz laser
W

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



THz side band generation
at telecom frequencies

Frequency (TH2z)
234 232 230 228 226
1E-7 0y
1E8. | 28THz | 28THz |
g : < > < >
%’ 1E-9 L
8 150 ooJ:rQ oo-:Q
@ F0 L, 17 243
1E-12 0 it |

1280 1290 1300 1310 1320 1330
Wavelength (mm)

THz up-conversionto  N-
IR wavelength!

Modulation of a telecom beam at
THz frequencies

Transmission of THz through
optical fibre



THz side band generation
@ 1.3mm and 1.5mm

Frequency (THz) Frequency (THz)

234 232 230 228 226 196 194 192 190 188
T ‘ \ ‘ ‘ \ ‘ \ 1E-4 I ‘ ‘ ‘ ‘ h) ‘ ‘ ‘

1E-7 W, 1
: | i 1E-5 |

1E-8 . 2.8THz 2.8THz | —~ e 2.8THz 2.8THz |

g : < > < > < < > >

1E-9 | | ~

a;j : ! | g e g ! !

e 1E—10§— wt+ Qg w;- Qg S 1E8; w+ Qg w;- Qg
1E-11 1 1E—9%— I l
1E-12E g e WWMM 1E-10¢ | | ‘ ‘ ‘ ‘

1280 1290 1300 1310 1320 1330 1540 1560 1580
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Typical NIR input power 100mW — 1mW
By injecting 100mW of power - ~ 1mW on the sidebands
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Phase Locking of a THz QCL to a fs-fibre laser

opt f

\ > < rep
A >

~ 90MHz

.‘I‘|‘||H .
AM of a fs laser using / \

opt rep

/ /
/& = (Vopt + VQCL -NX fr/ep) - (Vopt tmX frep) = VQCL - (n + m)frep

h

* Suppression of v . = The ultimate stability is given by fgg, (~*90MHz)
e THz = MHz coherent link

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



RF spectra of the beat-note signhals vs RBW
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S. Barbieri, et al., Nature Photonics (2010)



Ultrafast unipolar optoelectronics



Frequency response function of a diode laser
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Frequency response function of QC lasers

=» Short non-radiative lifetime ~ 1ps = no relaxation oscillations!
The system acts as an over-dumped oscillator: the equilibrium of carrier population
is restored within a round photon round trip

=>» Short stimulated lifetime ~ 1ps = very wide band of modulation
The cascade enhance the number of photon in the cavity

[ THz QC laser,; U= 2ps; T, =9ps
- 50um x 12um 2-metal ridge
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Results on QCLs RF modulation
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Double-metal waveguide allow for a low parasitic i i

capacitance without any additional processing = Frequency (THz)
High f modulation limited by wire-bond

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




Modulation at 21GHz

» Narrow-band impedance adaptation I I B I N B B B B
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S. Dhillon et al., Nature Phot. 94, (2007)
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Conclusions

=» QC lasers are a technology based on IlI-V semiconductor compounds

=» Semiconductor lasers can be fabricated in 3 — 300um 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: py-wave, telecom,
femto second fibre lasers



