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< Introduction
o Semiconductor laser......VCSEL
o VCSELs & microcavities

< Polaritons

<Some key studies
o Polaritons in cavities, Rabl
o OPO
o BEC
o Vortices
o Superfluidity
o Patterning of cavities




< Materials
o Atoms, structured materials, semiconductors
< Requisites
o Cavity size comparable to characteristic A
o Excellent control of sizes and compositions (n)
< Physics
o Interactions: electronics excitations — electromagnetic modes
o Condensation

< Aplications
o Spontaneous emission control e=======decrease laser threshold
o Thersholdless lasers
o All optical devices
o Quantum information
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‘, 10 Cesium Atoimns

Mirror -
Surface detecto ‘ |

Laser 200000 i Real-Time Cavity QED with single atoms
] Kimble et al. (Caltech)
‘ Phys. Rev. Lett. 80 (1998)

Caltech Quantum Optics

Structured materials
Photonic crystal with defects
Semiconductor And Materials Company (SAMCO). Kyoto. Japan
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Band structure
GaAs

Direct band gap

[eV]
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Energy

o Light emission and
absorption




Semiconductor Laser(il)
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< Doping & carrier injection D
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SemiconductorLaser(lll

Confinement (quantum wells)
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stimulated emission




semiconductor Laser (V) |
Vertical cavity surface emitting laser (VCSEL)

current =8 '

Mirror (R=99%) & = =g Oxide layers

Cavity -
Mirror (R=99.9%) ..

Gain region

Advantages

< Vertical emission
= 0nly a longitudinal mode
< Large efficiency/ low consumption

:> Easmess of processing / testlng




Laser cavity (i}

Fabry-Perot Resonator
< Simplest structure to confine electromagnetic fields
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Laser cavity (1) |
Distributed Bragg Reflectors (DBR)
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Laser cavity (1)

< “‘Cavity” <===p open aregion (d) in-between DBR=—
O “‘Defect’” mmmsd increase of transmission (RY) e
< d=A/2 == transmission at the center of “stop”band
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Quantum wells
< Artificial structures

<Layers ~10 nm, with different “gap”
< Quantum confinement effects

EC_3 ............ — h2 niT
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Independent particles
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Coulomb interaction
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VCSEL

Fabry-Perot Modes

j‘ﬁ: T Below thershold

£’ 4 , ™
2, Weak coupling

2 < Fast damping rates

CICJ 1 MW ' 0 c

= . , ) <lrreversible emission decay
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Exciton-Polariton () |

4 Strong coupling )
< Slow damping rates

< Oscillations | X, y) <> |V, X)
< Mode anticrossing=>» Rabi
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Theory of the Contribution of Excitons to the Complex Dielectric
Constant of Crystals*f

J. J. HoprrerLni
Physics Department, Cornell University, Ithaca, New York

(Received July 16, 1958)

It is shown that the ordinary semiclassical theory of the absorption of light by exciton states is not
comp[etely satlsfactory (m contrast to the case of absorptlon due to mterband tranmtwns) A more complcte

electronmgnetlc ﬁeld the cxc1ton hcld pla)s lhc rolc of the classu:al pola,nza.txon ﬁeld The elgenst'ltcs of
the system of crystal and radiation field are m:\tures of photons and e\c'llnns The ordinary one-quantum

SOTD Y processes are
mtroduced The theory mcludes “local field” eﬁects, leading to the Lorentz local ﬁeld correction when it

is applicable. A Smakula equation for the oscillator strength in terms of the integrated absorption constant
is derived.
Strongly-coupled 3D excitons and photons, excitonic polaritons
are the quasi particles of the system
Exciton w.k <«—— photon w.k
photons

-

Two coupled

. excitons
oscillators

ENERGY

Field Dipole
(photon)  (exciton)




Exciton-Polariton (I}
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Along the growth direction (confinement):
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Light cone Energy dispersion for a photon in a solid
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Upper polariton ; o\
branch E w(k)= - ki +k; +(NZJ
Light In cavity

EN
X

Lower polariton ~—~{

branch

same energy o, (K 1O
detuning =0k Hopol (kH) _ ( 1l ||) R )




E Strong exciton confinement

Upper polariton Enhanced electromagnetic field

branch l

Strong light-matter coupling

New eigenstates
POLARITONS

QJPBzc-I-A’+d-)A(
QLPBz—d-I-A’+c-)A(

Rabi spIittiQng
(1 + \/ﬁ) T
2\/§ ncavLeff

Low polariton mass

OF =

Lower polariton ~}
branch

“S” shaped dispersion

Momentum trap




New eigenstates
POLARITONS

O s =c-P+d-X
QLPB =—d-P+c- X

N




New eigenstates
POLARITONS

QUP —c-P+d-X
QLPB —d-P+c- X

Energy (eV)
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Polariton lifetime: 2-8 ps (at k = 0)
PL experiment




New eigenstates
POLARITONS

photonic content 4mm) very low mass

27zh? 2
‘ & {kaTj

High condensation temperature

QUPBzc-IA’er-)A(
QLPBz—d-IA’—lrc-)E'

.

10 K-300 K
composite species atomic gases | polaritons
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PL experiment
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UPB
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Photon',

1,530 -
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Energy (eV)
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REFLECTIVITY (A.U.)

s

|

QUANTUM WELL
RESONANCE

152 156 1.60 1.64

PHOTON ENERGY (eV)

Changing the detuning

Ly i L

L L

O

Oy 0— o 0 o

o lana s laaaabaaaal o i a i il

0 5 0 5 10 15
Cavity Detuning [meV]

20




§ — =
L
- A1
\\\m._q u_._i."
= £
mw ﬁnm_v ._m
-
.-.—.—.l - ]
R G P
I1||..1|1|
'BE:
Tr—— i
-
B 5 P

Tl
™

nm)
15

Time (ps)




PL (arbitrary units)

some key studies

T=42K

110
50

1300

reflectivity (a)
A kW/cm?
%0
2% PL in a non-linear regime
¥ normalized PL (b) L.S. Dang et al., Phys. Rev. Lett. 81, 3920 (1998)
—

A | T 1

NV

e
A 200

480
/ B

2400

/

12000

4900

normalized PL (c)

1650 1660

1670

L ™
va¥y
NIA

i a8

AUTONCOMA

— e = NON-linear intensity increase

Energy (meV)

< Line narrowing

es & Applications

30



Amplification by stimulated polariton scattering
P.G. Savvidis et al. Phys. Rev. Lett. 84, 1547 (2000)

Reflectivity experiments:

“Pump & probe” BOSOnS

Intensity (arb)
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Polariton dispersion







some key stutdieS BEC of polaritons

a Exciiation CW laser 1.755 eV {
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some key studies B

The principle of spatial correlation mapping

using a Michelson interferometer

Kasprzak et al. Nature, 443, 409 (2006)

FC of polaritons

@ Spatial coherence

Correlation (%)

T5.00

Correlation (%

23.00

46.00

0 25.00  50.00

Maps of the contrast
of the spatial correlations




©<0.1°

== Cd.40Mgg 60 T€
L Cd0.75Mn0.25Te

== CdTe
== Cdg.gsZNg 1, T€

<Adjust cavity length to exciton wavelength

Buffer

Substrate

< Change dispersion relation




Why CdTe?

< Bosonic limit -

ag (CdTe) = 30 A < ag(GaAs)= 150 A
ny (CdTe) ~ 2 x10" cm2 > ny (GaAs) ~ 1x10'° cm

< Binding energies (polaritonic effects)

Eg(CdTe) = 25 meV > Ez(GaAs)= 10 meV
f (CdTe) =2.3x 10"3 cm™2 > f, (GaAs) = 0.6x 10" cm~

< High temperatures

< Epitaxial fabrication




Role of detuning ()
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Laser pulse
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Light
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bottle neck




K=0, é6=-13 meV
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4 K

< Line narrowing
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Non-linear regime (dynamics 1)
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Non-linear regime (dynamics2) |

Curvature change
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1.0}
208} |
g | 1 Stimulated Scattering
Z 0.6 i
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< Narrowing and shift of emission
<Acceleration of the dynamics
<Ghange in initial curvature

< EXxponential growth

s WM T New Frontiers in 2D materials: Approaches & Applications 46

MA




UNIVERSIDAD  AUTONOMA




1.638 1 T ' Optical pumping




5=-13 meV
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k TO Stimulated Scattering
104 E t px - 15
. 10°
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Ring formation dynamics

Energy (eV)
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Oscillatory hehavior

Time (ps)
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some key studies
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some key studies

Polariton BEC in a trap
R. Balili, et al. Science 316, 1007 (2007)
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some key studies

Quantized Vortices in an Exciton-Polariton Fluid
~ K.G. Lagoudakis, et al Nature PhyS|cs4 706 (2008)
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Coexistence of two fluids with different velocities:
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some key studies

Coherent flow of polariton condensates

A.Amo, et al. Nature 457 , 291 (2009)

High pump power (blueshift)

UPB »  Unperturbed flow: no expansion

TOPO \'
CW Pump

 Well defined k
s 1.7 um/ps

20t ‘ ]
107 .__.._.__.__.__._!_?_:
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some key studies

Coherent flow of polariton condensates
A.Amo, et al. Nature 457 , 291 (2009)

- - Pump polaritons

« The defect is observed through the

- Signal polaritons
Cerenkov waves present at the pump state

 Signal fluid
no scattering with the defect

well defined momentum momentum space
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some key studies

Superfluidity of polaritons in semiconductor microcavities
A. Amo, et al., Nature Physics 5, 805 (2009)

THEORY

Polariton density

Observation a pump polariton state at
velocities above and below the speed of sound

} roaches & Applications

60



some key studies

Vortex Dynamics in an Exciton-Polariton Fluid
D. Sanvitto, et al., Nature Physics 6, 527 (2010)

Vortex state of light
Fop(r,t)

1.532

1.530

Energy (eV)

Typical interferences
with a mirrored image

1.528

1.526

aterials: Approaches & Applications 61



some key studies

Vortex Dynamics in an Exciton-Polariton Fluid
D. Sanvitto, et al., Nature Physics 6, 527 (2010)

2D Movies of the experiment injecting

a m=] vorticity

Real space image of the signal emission Interference pattern of the signal

Time =0 0s
500

L {450
L {400
b 350

F 4300

Y (pm)

250

Y (um)

200

150

100

50
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Patterning of y-cavities

Angle (°)
Pump

A. Kuther, et al.,
Phys. Rev. B 58, 15744 (1998)

Energy (meV)

E. Wertz, et al.,
Nature Physics 6, 860 (2010)
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