
AA2   Materials, Light, Devices

Modeling of Quantum Light Emitting Diodes
Markus Kantner and Uwe Bandelow (WIAS)

○ motivation:
+ photons as optical qubits (units of quantum information) for 

quantum information processing and quantum computing
+ secure communication based on quantum cryptography 

using single photons or entangled photon pairs
+ squeezed light for quantum metrology applications

○ quantum electrodynamics: particle-like properties (discrete 
excitations) of electromagnetic field beyond Maxwell theory

References
[1] M. Kantner: “Generalized Scharfetter–Gummel schemes for electro-thermal transport 

in degenerate semiconductors using the Kelvin formula for the Seebeck coefficient,“     
J. Comput. Phys. 402, 109091 (2020)  doi: 10.1016/j.jcp.2019.109091

 

[2] U. W. Pohl, A. Strittmatter, A. Schliwa, M. Lehmann, T. Niermann, T. Heindel,                         
S. Reitzenstein, M. Kantner, U. Bandelow, T. Koprucki, H.-J. Wünsche: “Stressor-Induced 
Site Control of Quantum Dots for Single-Photon Sources.“ In: Semiconductor 
Nanophotonics, Eds.: M. Kneissl, A. Knorr, S. Reitzenstein and A. Hoffmann, Chap. 3, 
Springer (2020)  doi: 10.1007/978-3-030-35656-9_3

[3] M. Kantner, T. Höhne, T. Koprucki, S. Burger, H.-J. Wünsche, F. Schmidt, A. Mielke and      
U. Bandelow: Multi-dimensional modeling and simulation of semiconductor 
nanophotonic devices In: Semiconductor Nanophotonics, Chap. 7 Eds.: M. Kneissl, A. 
Knorr, S. Reitzenstein and A. Hoffmann, Springer (2020)  doi: 10.1007/978-3-030-35656-9_7

[4] M. Kantner, M. Mittnenzweig, A. Mielke and N. Rotundo: “Mathematical modeling of 
semiconductors: From quantum mechanics to devices.“ In Topics in Applied Analysis 
and Optimisation, Eds.: M. Hintermüller and J. Rodrigues, pp. 269–293, Springer, Cham 
(2019)  doi: 10.1007/978-3-030-33116-0_11

[5] M. Kantner: Hybrid modeling of quantum light emitting diodes: Self-consistent 
coupling of drift-diffusion, Schrödinger–Poisson and quantum master equations.
Proc. SPIE Photonic West 10912, 109120U (2019)  doi: 10.1117/12.2515209

[6] M. Kantner: “Modeling and simulation of electrically driven quantum dot based 
single-photon sources — From classical device physics to open quantum systems“.
PhD thesis, Technical University Berlin (2018)  doi: 10.14279/depositonce-7516

[7] M. Kantner, M. Mittnenzweig and T. Koprucki: „Hybrid quantum-classical modeling of 
quantum dot devices,“ Phys. Rev. B 96, 205301 (2017)  doi: 10.1103/PhysRevB.96.205301

[8] P. Farrell, N. Rotundo, D. H. Doan, M. Kantner, J. Fuhrmann and T. Koprucki: 
„Drift-Diffusion Models.“ Chap. 50 in Handbook of Optoelectronic Device Modeling and 
Simulation, Vol. 2, 731–771, J. Piprek (Ed.), CRC Press (2017) doi: 10.4324/9781315152318-25

[9] M. Kantner and T. Koprucki: „Numerical simulation of carrier transport in 
semiconductor devices at cryogenic temperatures,“ Opt. Quant. Electron. 48, 543 (2016)
doi: 10.1007/s11082-016-0817-2 

[10] M. Kantner, U. Bandelow, T. Koprucki, J.-H. Schulze, A. Strittmatter and H.-J. Wünsche: 
„Efficient Current Injection Into Single Quantum Dots Through Oxide-Confined 
PN-Diodes,“ IEEE Trans. Electron Dev. 63, 2036–2042 (2016)  doi: 10.1109/TED.2016.2538561 

○ device concept:
+ buried stressor (oxide) for 

site-controlled QD nucle-
ation and current funnel-
ing to central QD

+ lower DBR-mirror section 
for directional emission

○ problem: optical activity of 
several parasitic QDs 

○ simulation of current flow 
using drift-diffusion system

○ doping modification [10]

+ p-doping of active region 
(“ppn-design“)

→ reduced lateral current 
spreading due to increased 
carrier recombination rate

○ experimental verification [2]

+ revised design (ppn) with 
superior confinement of 
injection current

+ electrical control of single 
quantum dots!
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Schrödinger-Poisson-Drift-Diffusion-Lindblad system [3, 5, 6, 7]

○ Lindblad master equation
+ fully quantum mechanical light-matter interaction beyond 

semi-classical approximation (Jaynes‒Cummings model)
 + Coulomb interaction between QD-bound carriers
 + dissipative interactions with macroscopic carrier reservoir  
  (carrier capture/ escape, spont. emission, dephasing)
 + out-coupling of cavity photons

○ (stationary) Schrödinger equation
+ eigenfunctions and -values depending on state of macro-

scopic environment (device’s internal electric field)
 + quantum confined Stark effect
 + adiabatically adapting state space for density matrix

○ feedback on macroscopic system
+ charge density Q of quantum system modifies electrostatic 

environment (Coulomb interaction)
 + loss rates Sn/p balance carriers scattered to QD states

○ dissipation rate of fully coupled quantum-classical system 

 →  obeys 2nd law of thermodynamics! [6, 7] 

○ thermodynamic equilibrium: mini-
 mization of hybrid grand potential
 (classical + quantum functional)
○ quantum detailed balance relation
○ consistency with GENERIC [4, 6]

○ Voronoï box-based finite volume method [6, 8]

 + discretization method for balance equations
 + robust + accurate Scharfetter‒Gummel scheme for strongly 

degenerate semiconductors (Fermi‒Dirac statistics) [1, 3, 6]

Demonstration of quantum-classical modeling approach by 
numerical simulation of single-photon emitting diode [3, 5]

○ Hamiltonian
 + four electronic QD states
 + single cavity mode
 + Coulomb interaction
 + Jaynes‒Cummings-type
  exciton-photon coupling

○ dissipation superoperator
 + carrier capture
 + cavity-photon emission
 + pure dephasing

numerical simulation reveals 
lateral current spreading [10]

+ low injection regime
+ cryogenic temperature

conclusions: + semi-classical carrier transport simulation 
useful for optimization of quantum light souces

  -  no description of quantum optical properties

Quantum light for quantum technologies

Current injection in oxide-confined QD-diodes

○ semiconductor quantum dots
+ 3D confinement of wave 

functions: “artificial atoms“
+ integration in photonic 

microcavities: Purcell effect

○ coherence of the optical field
+ 2nd-order intensity auto- 

correlation function g(2)(τ)
+ photon-antibunching:

sub-Poissonian variance, 
non-classical state of light

○ electrically driven devices for 
real-world applications
+ quantum dots in diodes
+ excitation via on-chip inte-

grated (few QD) nanolasers

Semi-classical 
carrier transport 
+ cavity-quantum 
electrodynamics 
out of one box!

Multi-physics device-scale simulation

Quantum-classical modeling approach

Numerical methods

Consistency with thermodynamics

Simulation resutls

○ cryogenic temperature [3, 9]

 + carrier density freeze-out: 
numerical underflow

   → ill-conditioned system 
 + temperature-embedding 

method: circumvent intrac-
table parameter regime

○ non-local quantum-classical
 coupling: Jacobian sparsity [6]
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