
Lecture 6 – 26/03/2025

Physics of photonic semiconductor devices

Quantum dots used as single photon emitters (SPEs)
- Role of QD electronic structure for entangled photon sources
- Second-order correlation function (g(2)())



http://quantumrepeaters.eu/quantumrepeaters.eu/index.php/qcomm/

Entangled photon sources for quantum communication
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Transmitted data are encrypted and decrypted using an encryption 
algorithm and a secret key, which has been generated by quantum 
means, e.g., through the generation of entangled photons
Single QD engineered to have no fine structure splitting (FSS), i.e., same emission 
energy for polarization channels 1 & 2
 The polarization of each photon cannot be determined by energy measurements 

(absence of “which-path” information)

Channel 1 Channel 2

FSS = 0

1R. J. Young et al., N. J. Phys. 8, 29 (2006). (> 240 citations)

FSS  0

Typical QD

Degenerate 
QD

Quantum entanglement: physical mechanism such that the quantum state of each 
particle of a group cannot be described independently of the state of the others

Here, photon pairs are super-
positions of cross-circularly 
polarized pairs, and are entangled



In a QD, only the heavy hole band is considered with total angular momentum m = േ3/2 (i.e., light 
holes are out of the game)

Thus, an electron-hole pair is the 
combination of a hole (േ3/2) and an 
electron (േ1/2), with 4 possible states:

|൅2⟩ ൌ ห൅ଷ
ଶ;൅ଵ

ଶൿ
|൅1⟩ ൌ ห൅ଷ

ଶ;െଵ
ଶൿ

|െ1⟩ ൌ หെଷ
ଶ;൅ଵ

ଶൿ
|െ2⟩ ൌ หെଷ

ଶ;െଵ
ଶൿ

m =  ൅2

Exciton total angular 
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Bright states Dark states
m =  േ1 m =  േ2

Total angular momentum conservation 
(s = 0, 𝑚 ൌ േ1 for the photons)
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Electronic structure of semiconductor QDs
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Due to the law of momentum conservation, the total angular momentum of a recombining e-h pair is equal to the 
angular momentum of the photon with the additional condition of opposite spins for electrons and holes



Electron-hole Coulomb interaction lifts the degeneracy of the 4 QD ground states: 

Without interaction With interband
Coulombic interaction

With anisotropic QD 
shape

linear polarization 
of emitted photons

due to interaction with virtual 
photons (absorption/emission)

circular polarization 
of emitted photons

The splitting between bright states amounts to a few hundreds of eV in InAs/GaAs QDs
 This is the so-called fine-structure splitting (FSS)

Electronic structure of semiconductor QDs

Physics of photonic semiconductor devices 4



Charged states and biexciton

Charged excitons (also called trions) Biexcitons

Physical Review B 65, 195315 (2002). (> 880 citations)

interband coulombic interaction vanishes  fine-structure splitting 
(FSS) = 0, i.e., the exchange splitting at the level of a neutral 
exciton can be switched off by injecting an additional carrier
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Electronic structure of semiconductor QDs
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Electronic structure of semiconductor QDs
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Bright 
states
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Fine-structure splitting (FSS) in QDs
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Confinement potential 
symmetry

With piezoelectricity

Without piezoelectricity

• Qualitative agreement when 
including piezoelectric effects

• Elongation ruled out

What is governing the FSS?

(> 270 citations)
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Measuring the fine structure splitting

Phys. Rev. Lett. 95, 257402 (2005)

FSS

The FSS can only be measured if 
the emission linewidth of the QD is 
smaller than the energy separation

Electronic structure of semiconductor QDs
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Quenching of the exchange splitting for the trion
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Nonresonant excitation (NR): 
laser energy > Eg barrier
cap  rel  1-5 ps
Few electron-hole pairs created

Resonant excitation (R): 
laser energy  X  energy
One electron-hole pair created 
(Pauli blocking)

𝑇ଶேோ ൌ 200 𝑝𝑠
𝑇ଶோ ൌ 950 𝑝𝑠

𝑇ଵேோ ൌ 850 𝑝𝑠
𝑇ଵோ ൌ 670 𝑝𝑠

Capture and relaxation processes 
induce photon decoherence (T2 )

Phys. Rev. B 90, 041303(R) (2014)

Resonant versus nonresonant excitation
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Lifetime Coherence

In the limit of high quality InAs/GaAs QD, at low T(K), the homogeneous linewidth is given by the 
relationship  ൌ ଶℏ

మ்
ೃ with 𝑇ଶோ the dephasing time of radiative origin (= 630 ps at 7 K (slide 13, Lecture 5), 

i.e.,  ~2.1 eV) 

Dephasing 
time

Radiative 
lifetime
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laser

emission

Polarization selection Spatial selection
Nature 525, 222 (2015) Phys. Rev. Lett. 114,  067401 (2015)

PHYSICAL REVIEW B 90, 041303(R) (2014)

Number of photons per laser pulse: N = P/hcrep  104 - 105  1 photon from the dot

Need a special experimental setup to 
discriminate QD photons from laser ones 

extinction ratio 108

Resonant excitation: experimental setup
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Repetition rate of the laser

Use of two crossed polarizers to separate 
the laser from the QD emission
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Control of the fine-structure splitting

11

diode

piezo actuators

Same trend as in slide 7!

(> 140 citations)
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Entangled photon sources
Isotropic GaAs quantum dots obtained from liquid Ga droplets further exposed to As form GaAs islands
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Fidelity to the expected maximally entangled Bell states 
important figure of merit for an entangled quantum light source

To cancel the FSS
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Entangled photon sources
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Hanbury Brown-Twiss experiment Histogram
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• Bunched (chaotic) light: g(2) (0) > 1

• Coherent light: g(2) (0) = 1

• Antibunched light: g(2) (0) < 1

(random)

Access to 2nd-order 
correlation function, g(2)(), 
i.e., intensity fluctuations in 
the photon field
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Photon statistics as a tool to assess coherence

Thermal light

Laser light

SPEs (ideal SPE, g(2) (0) = 0)



visibility ൌ
𝐼௠௔௫ െ 𝐼௠௜௡
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Hanbury Brown and Twiss, Nature 177, 27 (1956). (> 2030 citations)
Hanbury Brown and Twiss, Nature 178, 1046 (1956). (> 850 citations)

For a given number Fock state |n> satisfying the bosonic 
commutation, the zero time-delay correlation becomes1

g(2)(0)# n of 
quantum
emitters

01

0.52

0.6673

g(2)(0) < 0.5  for ensuring true single photon emission

Some insights into the 2nd order coherence function
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1I. Aharonovich et al., Rep. Prog. Phys. 74, 076501 (2011).

Quantum state describing here a set of quantum emitters



Hanbury Brown and Twiss interferometry
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2nd order correlation 
function

Photon antibunching
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Single photon emission from QDs
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Reduce decoherence and multi-photon emission1

Laser spectral width of 260 eV and pulse length of 7 ps

Two-photon resonant excitation of the biexciton
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1L. Schweickert et al., Appl. Phys. Lett. 112, 093106 (2018). (> 210 citations)

Low background noise



1E. Moreau et al., Phys. Rev. Lett. 87, 183601 (2001). (> 300 citations)

Hanbury-Brown & Twiss setup with 
selective arms

Cross-correlation function of X 
and XX photons (cw experiment)

         mT
XXXXXX dtttntntC 0

2
,

Experiment highlighting the potential of single dots as an efficient source of single photons 
(quantum information applications)

time interval between two 
consecutively detected photons 

Biexciton/exciton as sources of pairs of correlated single photons
Spectral filtering allows isolation of a single photon by a single dot (antibunching  single photon nature of 
exciton emission)
Cross-bunching (t > 0, i.e. XX 1st, X 2nd) and cross-antibunching (t < 0, when X photon is detected, system 
ground state, probability of detecting XX photon  0)
Quantum efficiency for photon pair production in QDs >> efficiencies atomic cascades and parametric 
fluorescence (but operation limited to liquid He temperature)

exponential decay  exciton lifetime

value of accidental coincidences, g(2)
X,XX = 1

Quantum cascade of photons in quantum dots1
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Traditional sources of entangled photons



Cambridge + Toshiba UK

Single photon emission up to 
excitation repetition rates of 2 GHz
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Electrically-driven QD-based single photon emitters

Z. L. Yuan et al., Science 295, 102 (2002). (> 1030 citations)

F. Hargart et al., Appl. Phys. Lett. 102, 011126 (2013).
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Alternative solid-state single photon emitters
Deep-level defects in:

SiC1 Diamond2 hBN3

1A. Lohrmann et al., Rep. 
Prog. Phys. 80, 034502 (2017).

2I. Aharonovich et al., Rep. 
Prog. Phys. 74, 076501 (2011).

NV- centers

SiV- centers

3L. J. Martínez et al., Phys. Rev. 
B 94, 121405(R) (2016).

OPERATE AT 300 K BUT NOT AS BRIGHT AS QDs


