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• New generation of semiconductor lasers operating in  
   the so called strong light-matter coupling regime 
 
• Electrical control of polariton interactions and   
  nonlinearities in biased semiconductor microcavities 
 

- Forward bias     GaAs Polariton LED 
 
- Reverse bias     Dipolaritons: dipole oriented polaritons 
 

 - exploit tunneling to create oriented polaritons with    
 enhanced dipole moments 
 

 - enhance nonlinearities 

Outline 

Выступающий
Заметки для презентации
2) 
3)I will show you some results to assess how well new electrical injection scheme works



The concept of the semiconductor laser diode  
proposed by Basov in 1959 
 N. G. Basov, B. M. Vul and M. Popov 
Soviet  JETP, 37(1959) 
 
 
First GaAs laser diode demonstrated by  
Robert N. Hall in 1962.  
 
 
 
 
 
 
 
In 1970, Zhores Alferov, Izuo Hayashi and Morton Panish  
independently developed CW laser diodes at room temperature 
 
- the laser disc player, introduced in 1978, was the first successful consumer   
     product to include a laser 
-   laser-equipped device became truly common in consumers' homes in 1982.  

Pulsed operation at 
liquid nitrogen 
temperatures (77 K) 

The History of Semiconductor Lasers 

Bulk 

Electronic confinement 
in heterostructures 



Three-level laser energy diagram                             Basov Nobel Lecture 

To achieve non-equilibrium conditions, an indirect method of populating 
the excited state must be used.  

• Population inversion when (N2 > N1)  optical amplification at the frequency ω21  
 

• At least half the population of atoms must be excited from the ground state 
          - to get population inversion laser medium must be very strongly pumped  

      This makes three-level lasers rather inefficient. 

Negative Temperature & Population Inversion Lasing 

Level 1 

Level 2 

Level 3 

Atoms             Semiconductors 

N2 

N1 



d∼λ 

 Engineering Light Matter Interactions 

• modify photonic and electronic wavefunctions 
 in semiconductor heterostructures 

Confined electronic states:  
band gap energy modulation 

photons: refractive index modulation 

• enhance, inhibit spontaneous radiation 
• new properties, novel interactions, novel emitters 

AlAs 

GaAs 

AlAs 

e- 

high finesse 
cavity 
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QD 

Выступающий
Заметки для презентации
Key to engineering light matter inter is the ability to modify wavefunctions.
For example it is possible to achieve confined electr state by…band gap energy modulation. 
On the other hand it is possible to confine photons and modify their density of states if you place an emitter such as QD for example inside a cavity depending if the QD transition matches the cav mode reson. or not the spont emis will be enhanced to suppressed. The so called Parcel effect.




 

 

Weak Coupling Regime 

γ Ω γ:  loss channel (e.g. imperfect 
mirror) 

Ω   coupling strength between 
optical transition of the material and 
the resonance photon mode 

Weak Coupling Regime (γ>>Ω) : 
 
emitted photon leaves the resonator 
(after some reflections) no  
reabsorption 
 
⇒  Spontaneous Emission is 
    irreversible 
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Strong Coupling Regime 

γ:  loss channel 

Ω   coupling strength between 
optical transition of the material and 
the resonance photon mode 

Strong Coupling Regime (Ω>>γ) : 
 
emitted photon will be reabsorbed  
before it leaves the cavity 
 
⇒   Spontaneous Emission is a 
    reversible process 
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γ Ω 
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Monolithic Semiconductor Microcavity  

• Combine electronic and photonic  confinement  
   in the same structure 

QW’s 

Bottom DBR 
Mirror 

  Top DBR 
Mirror 

• QWs placed at the E-field maxima 

AlGaAs 

InGaAs 

h 

e 

+ 
- 

AlGaAs 



Strong Coupling Regime in Semiconductor Microcavity 

• Polaritons directly accessible by shining light on MC 
 

• Strongly modified dispersion relations              
     reduced density of states near k//=0 
 

• small polariton mass mpol ≈ 10-4me 
 

• strong non-linearities  χ3 (exciton component) 
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Strong  Coupling Regime 



Bosonic character of cavity polaritons 
could be used to create an exciton-
polariton condensate that would emit 
coherent laser-like light.   

Bose-Condensation and Concept of Polariton Lasing 

Polaritons accumulate in the lowest energy state by bosonic final state 
stimulation.  
 

The coherence of the condensate builds up from an incoherent equilibrium 
reservoir and the BEC phase transition takes place.  

  Non resonant  
optical excitation 

Polariton  
condensate Extremely light 

effective mass  
( )5 4

010 10 m− −∝ −

Imamoglu et al., PRA 53, 4250 (1996) 

reservoir 

The condensate emits spontaneously coherent light without 
necessity for population inversion  



Polaritons are Bosons 
 
 
  - Bose condensation 
  - stimulated scattering 
   

• Strong-coupling provides a new insight into a number of very interesting 
fundamental physical processes and applications 
                 

New Physics & Applications 
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- ultralow threshold polariton lasers   
- all optical switches, transistors and amplifiers 

Polariton vs Photon   
             Laser 
Deng, et al. Natl. Acad.  
Sci. 15318 (2003) 

Выступающий
Заметки для презентации
opened new ways for fabrication of mlasers …switches



Polariton Condensation in CdTe/CdMnTe MC  
J. Kasprzak et al. Nature 443, 409 (2006)  

• polaritons 109 times lighter than Rubidium atoms 
• observation of polariton BEC at cryogenic temperature is possible 

Narrowing of the momentum distribution 



300K p-BEC 

stimulated scattering 
strong coupling 

p-OPO 10K p-BEC 

vortices 

spin intns 

300K pLED 1D 

2000 2006 1992 

Polaritonics 
Hopfield 

2010 

p-laser 
theory 

superfluid 

traps 

From a device perspective: 
- Near speed of light lateral transport 
- Light effective mass 
- Condensate regime readily available on a chip even at RT 
 
New directions:   electrically driven polariton devices 
 



Polariton based Devices 
“Polaritonics” 



Room temperature Polariton LED 

S. Tsintzos et al., Nature 453, 372 (2008) 

Emission collected normal to the device 
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• Clear anticrossing observed 
 

• Direct emission from exciton polariton states  
 

•Rabi splitting of 4.4meV at 219 K 

N. Pelekanos 



Collapse of Strong Coupling Regime at High Densities 

T=235K 

2I~ 

Relaxation 
bottleneck 

• Injection density at 22mA ~ 1010 pol/cm2 

Relaxation on lower branch 
governed by polariton-polariton 
interactions  (dipole-dipole) 

Выступающий
Заметки для презентации
The real question is possible to achieve electrical polariton lasing by increasing the injection current. What happens is that when increasing injection current collapse of the strong coupling regime observed at injection of 10^10 pol/cm^2, which is consistent with Mott density in GaAs system.

The reason we believe this happens is that we have the formation of bottleneck in the relaxation, which prevents polariton to relax at k=0. this is very well observed at this image where we can see tha the most of the light comes from the bottleneck region. This means that a new injection scheme is required.



Dipolariton approach: weakly-coupled double  
                                         quantum wells    
       
          direct control of polariton dipole 

  

Electrically pumped polariton lasers 

new challenges: 
 
- strong coupling in high finesse doped                 
                                         microcavities structures 
 
- injection bypassing relaxation bottleneck 
 
- control of polariton dispersions and scatterings 

 

dipole-dipole ∑ +
−

+
+=

qkk
kkqkqk

PP
qkkA

aeff
PP ppppVH B

,',
'',',2

1 ˆˆˆˆ
2

P. Cristofolini et al., Science 336, 704 (2012)    G. Christmann APL  98, 081111 (2011) 



GaAs  
QWs 

32 period DBR 
AlAs 

Al0.15Ga0.85As 

35 period DBR 
AlAs 

Al0.15Ga0.85As 

High finesse GaAs microcavity  
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Modeled Q factor ~ 20000 

Experimental  
Q factor ~ 16000 
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Non-resonant optical excitation 

• Reflectivity dips relatively small 

•  Rabi splitting of 9.2meV at 50K 



objective 

2θ CCD 
θ 

λ 

Sample 

Real space image 

PL θ 

lens lens 
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Beam Splitter 

Excitation Beam 

50μm Pinhole  

Collection of light from a very small part of excited area  
 
 

Long Pass filter 780nm 

Excitation spot ~40μm 

Collection spot ~5μm 

PL imaging Setup 



          

• Lowest  Threshold at 25K ~ 6.5mW      strong coupling 
                               at 70K ~ 13mW        weak coupling 

• Nonresonant optical pumping above stopband 

GaAs Polariton Laser 25K vs 70K 

• Lasing threshold only doubles between polariton 
laser at 25K and photon laser at 70K 



Dipole Oriented Polaritons 

Oriented polaritons in strongly-coupled 
asymmetric DQW microcavities 



Dipolariton approach:  
weakly-coupled double quantum wells    
       
 
       direct control of polariton dipole 

  

Indirect polaritons:  Dipolaritons 

dipole-dipole 
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P. Cristofolini et al., Science 336, 704 (2012)    G. Christmann APL  98, 081111 (2011) 

- reduction of lasing threshold 
- electrically-pumped polariton lasers and BECs 
 



• asymmetric vs. symmetric DQWs 

Double Quantum Wells 

LQW: Rabi coupled to C 

• asymmetric DQWs: large field at resonance 
• symmetric DQWs:   small field at resonance 

2 mixed states Rabi couple to C 

IX DX 



Dipolaritons 

DX - IX 
√ 2 

δ+ 

δ
- 

D 

Ec 

Ev 

Ec 

Ev 

DX IX 

“tunnelling off” 

electron levels  
off resonance 

electron levels  
at resonance 

direct excitons 
DX 

“tunnelling on” 

mixed excitons DX±IX, 
static dipole moment 

DX 

DXDX

IX IX

Di
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le
 m

om
en

t

2
*∫ heχχ

QCSE

tunnelling

Oscillator strength is kept 

Strong dipole moment 

“Oriented polaritons in strongly-coupled asymmetric double quantum well 
microcavities”, Appl. Phys. Lett. 98, 081111 (2011)  

InGaAs QWs 10%   8% 



Dipolaritons 

strong coupling 
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H =
𝐸𝐶 Ω/2 0
Ω/2 𝐸𝐷𝑋 𝐽/2

0 𝐽/2 𝐸𝐼𝐼
 

Combining tunnel coupling (J) 
and Rabi splitting (Ω) 

Coupled harmonic oscillator model 



Dipolariton Dispersions 

Cavity 
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• vertical polariton dipole 
• enhanced polariton-polariton  
 coupling 



Observation of dipolaritons 

Photoluminescence of 
the system versus 
increasing bias for 

detuned and resonant 
cavity 

tunnel-split 
excitons, 
uncoupled cavity 

dipolaritons, 
strong coupling of 
J and Ω 

PL is lost because 
electron tunnel out 

of the system  

“Coupling Quantum Tunneling with 
Cavity Photons”  

Science 336, 704 (2012)  



Dipolaritons at resonance 

peak extraction 
+ MP – state: no DX! 

H =
𝐸𝐶 Ω/2 0
Ω/2 𝐸𝐷𝑋 𝐽/2

0 𝐽/2 𝐸𝐼𝑋



Barrier width dependence 

no tunnel coupling normal 
polariton regime 

Influence of the 
tunnelling barrier 

thickness (4,7,20nm) on 
the bare tunnelling rate J  

ADQW simulation from 
solving Schrödinger 

equation 

Excellent agreement with 
solution of the 

Schrödinger equation for 
tunnel coupling 



Applications of Dipolaritons 
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Nonlinear properties of Tunnelling Polaritons 

Control of polariton scattering in resonant-tunnelling  
symmetric DQW semiconductor microcavities 



pump probe

0 20 40 Angle

microcavity 

screen 

probe 
only 

pump 
only 

pump & 
probe 

• Stimulated scattering of polaritons 
• ultrafast amplification process 

Polariton Parametric Amplification 

Savvidis et. al. PRL 84, 1547 (2000) 

Выступающий
Заметки для презентации
Some of the very early experiments that we performed on these structures was to look at polariton dynamics on the lower pol branch. And in fact what we observed was that for particular geometry pump arriving at particular angle and resonant with the branch and probe at normal incidence we can initiate such paramteric scattering proccess which conserves energy and mementum. 
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Electrical control of parametric amplification 

V 

Electrical control: reverse bias 

Quantum confined Stark effect 
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• 100fs OPO regime 
• spectrally-filtered pump at  θm 
• monitor probe gain at k=0 



Stark tunable polariton modes 

2.5V 

-2.4V 

T=7.5 K LP 

Exciton 

UP 

Cavity 

1 

Stark tuning of the excitons 
Rabi splitting 6 meV 
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Ultrafast Gain 

gain 
dip 

charging 
regime 

eh injection 

• dispersion-less gain peak 
• gain dip at 0.7V 



Gain dip 

c)

b)

 V

 

 100mV 
 >90% 

sharp dip in gain 

extra 
photocurrent  
at same bias 

• tunnelling-induced gain quenching 

0.4V 

a)

 

 

1.1V 

PRB (2010) 



transport competition: 
• tunnelling separates e and h 
 

•Rabi coupling: polaritons redistribute 
    eh pairs between QWs 

  

• LO phonon-induced tunnelling 

• carrier escape 

 100fs 

 180ns, 250fs 

ωLO 

Ee (eV) 

Tunnelling in microcavities 

LP 

LQW RQW 

τΩ 
 700fs τc 

 8ps 

τe 

τt 
τLO 

τo 
 20ps 

•  extra e- population creates extra scattering 
•  OPO gain very sensitive to damping: phonon vs e- 



• New regime: polaritons and quantum tunneling 
 

- bias controlled dispersion 
 

• Dipolaritons: Oriented polaritons 
 

    - vertically-oriented polaritons 
 
    - new possibilities for enhancing nonlinear Interactions  
     threshold reduction, control of parametric scattering 
 
       Thank you !  

Summary 
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Thank you 
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