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Mid and far infrared emitters

L

Stimulated emission
Quantum cascade lasers

Spontaneous emission lifetime ~ 10 – 100 ns
Non-radiative lifetime ~ 1 ps

Quantum efficiency ~ 10-5 (mid-infrared)

J. Faist et al., Science (1994)
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Growth: A. Baranov, R. Teissier 
(IES)



Cooperative emission in an 
ensemble of two-level emitters

𝜓 =   𝑒𝑔𝑔 … + 𝑔𝑒𝑔… + |𝑔𝑔𝑒… 𝑁𝑒

For an excitation distributed among all emitters (only one is excited):

Γψ =   Ne  Γ0

Superradiance

𝑔

𝑒
D << l

R. H. Dicke, PR 1954
M. Gross, S. Haroche, Phys. Rep. 1982
Skribanowitz et al. PRL 1973
Scheibner et al. Nat. Phys. 2007

Van Loo et al. Science 2013
Zhang et al. PRL 2014
Goban et al. PRL 2015
Laurent et al. PRL 2015
A. Angerer et al., Nature Phys. 2018

Γ0
Spontaneous emission
rate for a single emitter
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Aim of the project

• Realizing mid-infrared emitters based on superradiant plasmons in 
highly doped semiconductors

• Employing models and techniques used in plasma physics to 
efficiently excite the superradiant emission.



GaInAs/AlInAs quantum well
LQW = 18.5 nm
Doping 2.2 x 1013 cm-2

Observation of a single 
optical resonance at a 
completely different energy 
with respect to those of the 
intersubband transitions

Plasmon confined in 
the quantum well

A. Delteil et al., PRL 109, 246808 (2012)

Collective excitations in highly doped quantum wells

Single 
particle
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L=18.5nm

L=37nm

L=74nm
L=148nm

GaInAs/AlInAs
Nv~7x1018 cm-3

B. Askenazi et al. NJP 16, 043029 (2014)

Absorption spectrum of 2D plasmons

Quantum model to describe the 
plasmon modes based on the 
dipole representation

Y. Todorov and C. Sirtori PRB2012
G. Pegolotti et al., PRB 2014

TM polarized

The 2D plasmon carries a huge 
dipole, proportional to N, the 
number of particles involved

Review: A. Vasanelli, Y. Todorov, C. 
Sirtori, C. R.Physique 17, 861 (2016)



2D plasmons in highly doped semiconductors

𝑳𝑸𝑾(𝒏𝒎)10 100

Intersubband
Plasmon

Ando et al. Rev. Mod. Phys.1982

Multisubband
Plasmon

Delteil et al. PRL 2012

Berreman mode
Harbecke et al. Appl. Phys. A 1985

𝐸𝐹 n++

Highly doped
GaInAs layer

AlInAs

AlInAs

𝑤 < 𝜆



C. Ciuti and I. Carusotto, PRA 2009
F. Alpeggiani and L. C. Andreani, PRB 2014
T. Laurent et al. PRL (2015)

Spontaneous emission rate by Fermi 
golden rule for a given plasmon state 

(selected by θ angle):

𝛤𝜃 = 𝑁𝑠
1

2

𝑒2

𝑚∗𝑐 𝑛 𝜀0

𝑠𝑖𝑛2𝜃

cos𝜃

Spontaneous emission rate of a 2D plasmon

Superradiance

Spontaneous emission can be
the dominant relaxation 

mechanism for 2D plasmons!



How to electrically excite a superradiant plasmon?

Two possible excitation schemes:

Drain Source

Thermal excitation

• Application of an in-plane current
• Increase of the electronic temperature
• Excitation of the plasmon

Post-doc: S. Huppert (Labex), T. Laurent, 
G. Frucci

PhD: B. Dailly, S. Cosme

Resonant excitation

• Interaction between the injected
electrons and the plasmon

• Mechanism of the interaction?

Post-doc: S. Ribeiro (Labex), LSPM (to be
recruited)
PhD: S. Cosme
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To detector

Lens Emission
angle

Polishing
angle

The electron gas is heated by a current modulated at 10 kHz

T. Laurent et al., PRL 115, 187402 (2015) 

Thermal emission device

18.5 nm GaInAs/AlInAs QW 
n-doped 1x1019 cm-3



Fixed electronic density
Ns = 2.2 x 1013 cm-2

Fixed angle
θ=55°

Linewidth of the collective mode

T. Laurent et al., PRL 115, 187402 (2015) 
Γ𝑡𝑜𝑡 𝜃 = Γ(𝜃) + 𝛾

𝛤𝜃 = 𝑁𝑠
1

2

𝑒2

𝑚∗𝑐 𝑛 𝜀0

𝑠𝑖𝑛2𝜃

cos𝜃
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Ns = 𝟏.𝟐 ×𝟏𝟎𝟏𝟑 cm−𝟐 Ns = 𝟕.𝟓 ×𝟏𝟎𝟏𝟑 cm−𝟐Experiment Experiment

Theory Theory

S. Huppert et al, ACS Photonics 2, 1663 (2015)

Directional emission without photonic structure

Preferential direction of emission at an angle which
depends on the electronic density



Quantum model
Post-doc 

Simon 
Huppert 
(Labex)

Photon 
reservoir
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Thermal occupation at T

Emissivity
=

Absorptivity

Kirchhoff law of 
thermal emission

S. Huppert et al., Phys. Rev. B 94, 155418  (2016)



Photonic
reservoir

Electronic
reservoir

T Γ𝜃𝛾

𝛾 ≫ Γ𝜃

Weak coupling regime
Total emitted power:

To detector

Lens Emission
angle

Polishing
angle

𝑑𝜃

𝑑𝑃

𝑑Ω
→ 𝐴𝑐𝑜𝑠𝜃

1

𝑒
ℏ𝜔𝑃
𝑘𝑇 − 1

Γ(𝜃)

Weak coupling (perturbative) regime: 𝜸 ≫ 𝚪



Photonic
reservoir

Electronic
reservoir

T Γ𝜃𝛾

𝛾 = Γ𝜃

Critical coupling
maximum emissivity:  α(ωP)=1

Photonic
reservoir

Electronic
reservoir

T Γ𝜃𝛾

𝛾 ≫ Γ𝜃

Weak coupling regime
Total emitted power:

To detector

Lens Emission
angle

Polishing
angle

𝑑𝜃

Critical coupling: 𝚪 = 𝜸



Photonic
reservoir

Electronic

reservoir

T Γ𝜃𝛾

𝛾 ≪ Γ𝜃

Photonic
reservoir

Electronic
reservoir

T Γ𝜃𝛾

𝛾 = Γ𝜃

Critical coupling
maximum emissivity:  α(ωP)=1

Photonic
reservoir

Electronic
reservoir

T Γ𝜃𝛾

𝛾 ≫ Γ𝜃

Weak coupling regime
Total emitted power:

Strong coupling regime

Total emitted power:

To detector

Lens Emission
angle

Polishing
angle

𝑑𝜃

𝑑𝑃

𝑑Ω
→ 𝐴𝑐𝑜𝑠𝜃

1

𝑒
ℏ𝜔𝑃
𝑘𝑇 − 1

𝛾

Strong coupling (non perturbative) regime: 𝚪 > 𝜸



Critical coupling

The critical coupling angle depends on the density

Ns = 𝟏. 𝟐 × 𝟏𝟎𝟏𝟑 cm−𝟐

Ns = 𝟐. 𝟐 × 𝟏𝟎𝟏𝟑 cm−𝟐

Ns = 𝟕. 𝟓 × 𝟏𝟎𝟏𝟑 cm−𝟐

𝜸

𝜞𝜽

𝛤𝜃 = 𝑁𝑠
1

4

𝑒2

𝑚∗𝑐 𝑛 𝜀0

𝑠𝑖𝑛2𝜃

cos 𝜃
Radiative rate: 

S. Huppert et al., Phys. Rev. B 94, 155418  (2016)
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T. Laurent et al. APL 2015

Thermal excitation

Resonant excitation

Resonant excitation: experimental results

• Observation of luminescence signal at low
temperature

• Linear luminescence vs current characteristics
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Resonant excitation: experimental results

• Observation of plasmon emission
under vertical excitation

• The emitted luminescence depends
on the kinetic energy of the injected
electrons.

S. Cosme (in progress)





Anisotropic plasma  : 
Free in-plane 2D plasma 
Bounded 1D plasma along the growth direction

PIC/MCC simulations in 1D and then 2D to model plasma instabilities in the electron 
gas. 
We will consider the generation of plasma instabilities through the following 
processes:  

• Excitation of an electrostatic wave by subnanosecond pulsed voltage
• Coupling between the transverse electromagnetic wave and the charge density 

waves excited along the growth direction
• Application of a static magnetic field

• The radiative emission will be considered first a posteriori, then included in the 
calculation through a kinetic model.

A dense cold plasma: theoretical modelling (LSPM)
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Conclusions and perspectives

DOMANY

ADEQUATE

 Investigation of similar effects in other material systems: GaN, Hg(Cd)Te, 
ZnO, graphene…

 Investigation of plasmon – phonon interaction (S. Ribeiro)

 Investigation of optical pumping of plasmons

 Link between electronic transport and quantum optics (see work by 
Ebbesen’s group and Scalari/Faist): hot topic!!
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