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Plan of the Lectures, 30 hours

1 Semiconductors, nanostructures & excitons

2 Enhancing light-matter interaction with photonic devices

3 Spontaneous coherence in ensembles of excitons and polaritons

4 Notions of nonlinear spectroscopy

5 Retrieving single exciton coherence: experimental challenges

6 Single exciton coherence exploited with four-wave mixing

7 Exciton-cavity system in the quantum strong coupling regime

8 Coherent coupling in small ensembles of excitons

9 Coherent spectroscopy of excitons in TMDs and their
heterostrucutres
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Outline

1 Semiconductors

2 Nano-scale

3 Exciton Generalities

4 Nano-Structures
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What is a semiconductor ?
A solid in which opto-electronic properties

can be tuned via size, composition & controlled doping
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Towards the nanophysics
NanoMeter=0.000000001Meter
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Nano-emitter ⇒ A single semiconductor Quantum Dot
nanometric trap for charge carriers, 1 photon out each nano-second
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Optical spectroscopy
color = size + composition (alloys)
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Semiconductor Optics ⇒ Excitons
Ryd∼0.01 eV, 1000 times weaker than in atoms

G. H. Wannier Phys. Rev. 52, 191 (1937): "the electron cannot escape its

hole completely"
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Optical Activity ⇒ Bandgap: Direct vs. Indirect
Direct: GaAs, InAs, CdTe, TMD monolayers, Cu2O

Indirect: Si, Ge, TMDs bulk and multilayers
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How to enhance the light-matter interaction ?
Increase exciton oscillator strength, most prominent example is Cu2O

Gross (1952),...,Kazimierczuk et al., Nature 514, 343 (2014)

Exciton extension up to 2µm for high Rydberg states
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Quantum con�nement in nanostructures
Material growth with atomic precision ⇒ wavefunction engineering
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A quantum dot exciton
Bright, nano-scopic source of quantum light from the solid

Optically driven, fast qubit ?

two-level system

embedded in the
crystal→ phonons

robust coupling with
UV-VIS-NIR light→ coherent

control

price to pay: short lifetime, ns
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Single excitons localized on interface �uctuations
of a Quantum Well
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Multi-step self-assembly of Quantum Dots

Phys. Rev. Lett. 92, 166104, (2004)

Characteristics

emission ∼ 750 nm

strong-con�nement:
200meV

ultra-low density

strain-free

controlled geometry
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Typical exciton complexes in a semiconductor QD
Neutral excitons, biexcitons, trions, radiative cascades

Y. Benny et al.Phys. Rev. B 86, 085306 (2012), PhD de Santis

15

Exploring coherence in solids



Semiconductors Nano-scale Excitons Nano-Structures

Typical exciton complexes in a semiconductor QD
Neutral excitons, biexcitons, trions, radiative cascades

Y. Benny et al.Phys. Rev. B 86, 085306 (2012), PhD de Santis

15

Exploring coherence in solids



Semiconductors Nano-scale Excitons Nano-Structures

Typical exciton complexes in a semiconductor QD
Neutral excitons, biexcitons, trions, radiative cascades

Y. Benny et al.Phys. Rev. B 86, 085306 (2012), PhD de Santis

15

Exploring coherence in solids



Semiconductors Nano-scale Excitons Nano-Structures

Typical exciton complexes in a semiconductor QD
Neutral excitons, biexcitons, trions, radiative cascades

Y. Benny et al.Phys. Rev. B 86, 085306 (2012), PhD de Santis

15

Exploring coherence in solids



Semiconductors Nano-scale Excitons Nano-Structures

Typical exciton complexes in a semiconductor QD
Neutral excitons, biexcitons, trions, radiative cascades

Y. Benny et al.Phys. Rev. B 86, 085306 (2012), PhD de Santis

15

Exploring coherence in solids



Semiconductors Nano-scale Excitons Nano-Structures

Typical exciton complexes in a semiconductor QD
Neutral excitons, biexcitons, trions, radiative cascades

Y. Benny et al.Phys. Rev. B 86, 085306 (2012), PhD de Santis

15

Exploring coherence in solids



Semiconductors Nano-scale Excitons Nano-Structures

Typical photoluminescence
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Site-controlled fabrication of Quantum Dots

Optica 15, 2334, (2015)
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Highly uniform deterministic arrays of pyramidal QDs
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Tuning of exciton transitions in Nanostructures
Temperature, strain, magnetic �eld, electric �eld via Stark e�ect
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Excitons in Semiconducting TMDs

K. F. Mak Phys. Rev. Lett. 105, 136805 (2010): "a crossover to a

direct-gap material in the limit of the single monolayer (...) increase in

luminescence by 104 compared with the bulk"
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Basic characteristics of free 2D excitons

L. C. Andreani, lectures

Wannier picture applicable to large extent

Energy: En(K||) = Eg + Ee + Eh +
~2K2

||
2M
− R∗

(n−1/2)2 ,

R
∗ = µ∗e4

(2ε2~2)>100meV

Bohr radius: a2D = ε~2
(µ∗e2) ' 1 nm (Compact!)

10% (Strong!) Linear absorption ∝ oscillator strength ∝ 1/a2
2D

Chiral selection rules σ± � K
±

21
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Improving optical quality with heterostructures
Flattening, Shielding & Isolating from excess charges ⇒ suppressing σ
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Localized quantum emitters in monolayers
Driven by local strain/disorder, ...but on-demand arrays now at hand

Koperski et al., Nature Nanotech. 10, 503 (2015), arXiv:1609.04244 (!)

23

Exploring coherence in solids



Semiconductors Nano-scale Excitons Nano-Structures

Localized quantum emitters in monolayers
Driven by local strain/disorder, ...but on-demand arrays now at hand

Koperski et al., Nature Nanotech. 10, 503 (2015), arXiv:1609.04244 (!)

23

Exploring coherence in solids



Semiconductors Nano-scale Excitons Nano-Structures

Excitons in Perovskites
Basic Physical Properties Structure
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Perovskites: "miracle" materials for photovoltaics ?
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