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Theoretical studies of the polarized fine structures of
spin excitons in semiconductor quantum dots

Keywords: quantum dot, exciton, quantum entanglement, electron-hole exchange interaction, fine structure
splitting

Polarization-entangled photon pair sources are one of the key photonic devices necessary in optical quantum
cryptography and teleportation. Fabrication of semiconductor quantum dots (QDs) as single photon and
polarization entangled photon pair sources has been under development for years. However, generating
entangled photon pairs directly from QDs still remains a challenge because of the fine structure splittings
(FSSs) of spin exciton states inherent in solids. Due to the FSSs, the cascade emission paths via the different
spin exciton states becomes distinguishable and unable to generate photon-pairs in entanglement. Such
optical FSSs are known as a consequence of e-h exchange interaction associated with the symmetry
breaking of QD, a combined effect of shape deformation, strain, and piezoelectricity. How to reduce and
control the FSS is essential for the realization of optical quantum information technology using dot based
photonic devices. To achieve that, a full understanding of the complex underlying physics of the optical FSS
and a unified theory of e-h exchange interaction is necessary.

In this project, we shall develop a unified theory of the e-h exchange interaction in self-assembled quantum
dots (QDs), combining the theory of multi-exciton in and the computational techniques of the electronic
structure of the dots. In the theory, the particle-particle interactions, including the conventional e-e, h-h, and
e-h interactions, and the e-h exchange interactions, are fully taken into account. The multi-exciton problem
is solved by using the advanced numerical technique of exact diagonalization. The electronic structure of
strained self-assembled QDs is studied using a multi-band k.p model for quantum dots, combined with the
theory of strain in the continuous elasticity model. The numerical technique (ARPACK or LANZQS) is
employed in the numerical large-scale matrix diagonalization. The developed theory of polarized fine
structures of quantum dots allows us to explore the physical origin of FSSs and propose feasible ways to
reduce or even manipulate the FSSs.
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Polarization-entangled photon pair sources are key photonic devices necessary in the applications of optical
quantum cryptography and teleportation. Fabrication of semiconductor quantum dots (QDs) as
“on-demand” single photon and polarization entangled photon pair sources has been under development for
years.[1] However, generating entangled photon pairs directly from QDs is still very challenging because
of the inherent fine structure splittings (FSSs) in solid-state nanostructures. Due to the FSSs, the cascade
emission paths via the different spin exciton states becomes distinguishable and unable to generate
photon-pairs in entanglement. Such optical FSSs are known as a consequence of e-h exchange interaction
associated with the symmetry breaking of QD, a combined effect of shape deformation, strain, and
piezoelectricity. Thus, how to reduce and control the FSS is desirable for the realization of optical quantum
information technology using dot based photonic devices.

In this project, we have developed a unified theory of the e-h exchange interaction in self-assembled
quantum dots (QDs), combining the theory of multi-exciton in and the computational techniques of the
electronic structure of the dots. In the theory, the particle-particle interactions, including the conventional
e-e, h-h, and e-h interactions, and the e-h exchange interactions, are fully taken into account. The exciton
problem is solved by using the advanced numerical technique of exact diagonalization. Furthermore, the
theory for the fine structures of excitons in strained self-assembled QDs is being extended in the scheme of
a multi-band k.p model for quantum dots, combined with the theory of strain in the continuous elasticity
model. The numerical technique (ARPACK) is employed in the numerical large-scale matrix
diagonalization. The developed theory of polarized fine structures of quantum dots allows us to explore the
physical origin of FSSs and propose feasible ways to reduce or even manipulate the FSSs. The revealed
physics and developed computation techniques in this project have been summarized in more than ten
scientific articles published in SCI journals in the past two years, including one paper published in the
high-impact journal “Physical Review Letters”. [2]

R

Polarization-entangled photon pair sources are key photonic devices necessary in the applications of optical
guantum cryptography and teleportation. Fabrication of semiconductor quantum dots (QDs) as “on-demand”
single photon and polarization entangled photon pair sources has been under development for years.[1]
However, generating entangled photon pairs directly from QDs is still very challenging because of the
inherent fine structure splittings (FSSs) in solid-state nanostructures. Due to the FSSs, the cascade emission
paths via the different spin exciton states becomes distinguishable and unable to generate photon-pairs in
entanglement. Such optical FSSs are known as a consequence of e-h exchange interaction associated with the
symmetry breaking of QD, a combined effect of shape deformation, strain, and piezoelectricity. Thus, how to
reduce and control the FSS is desirable for the realization of optical quantum information technology using
dot based photonic devices.

ML A
In the past years, researchers have demonstrated controlled FSS reductions of single QDs using strain and
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post-annealing techniques, and the application of electric and magnetic fields[3-9]. In most experiments,
however, it is not clear if the reduction of FSS is caused by the undoing of symmetry breaking or the
reduction of e-h wave function overlap. The latter effect reduces not only the FSS but also the oscillator
strength of e-h recombination, yielding narrow intrinsic radiative broadening and actually inhibiting the
generation of entangled photon pairs. To search for more efficient means of controlling the optical
fine-structure properties of quantum dots, it is necessary to understand the real underlying physics.
Nevertheless, up to date the theoretical exploration into the subject is still limited. Around the world, only
few advanced research groups are capable of studying the delicate properties of photo-excited quantum
dots. In this project, we intend to study the optical fine-structure properties of single and double quantum
dots (DQDs). The theoretical approaches that we use are based on the multi-band k.p theory and
configuration interaction method. Our study provides the useful suggestion for the optimal design of
dot-based entangled photon pairs.

A partial configuration interaction (PCI) method, beyond the widely used simplified “rigid orbital” model, is
developed with full consideration of the Coulomb matrix elements of both e-h direct and exchange
interactions, based on the s- and p-orbitals of individual quantum dots (QDs). To the best of our knowledge,
the developed PCI theory is herein developed for the first time as a useful tool for studying the excitonic fine
structures of QD molecules.The CI calculations were numerically implemented with full consideration of all
possible intra- and inter-dot Coulomb matrix elements of both e-h direct and exchange interactions based on
12 single particle orbitals. The required Coulomb matrix elements were numerically calculated using 3D
trapezoidal integration technique and then confirmed by analytical solutions whenever they are available.

Furthermore, the theory for the fine structures of excitons in strained self-assembled QDs is being extended
in a multi-band k.p model combined with configuration interaction method. The numerical technique
(ARPACK or LANZOS) is employed in the numerical large-scale matrix diagonalization.

R R

With the excellent optical and quantum properties, self-assembled quantum dots (QDs) have been considered
as promising nanomaterial for advanced photonic applications. The optical processes in QD’s usually
involve either recombination or creation of electron-hole (e-h) pairs in strongly bound multi-exciton
complexes. Remarkably, besides the direct inter-particle Coulomb attractions, the electron-hole “exchange™
interactions in an exciton are essential in the optical fine structures and the application of on-demand
entangled photon-pair emitters made of QDs. The objective of this project is to develop a unified theory for
the investigation of the spin properties, optical fine structures and dynamical processes of multi-exciton
complexes in self-assembled QDs. The following theories and numerical approaches have been employed in
the studies:

e Multi-band k- p theory for the electronic structure of self-assembled QDs subject to strain and

composition inter-diffusion.



* 3D finite difference method.

*  Large scale sparse matrix diagonalization.

*  Finite element package for strain calculations (Multi-physics Comsol package).

*  Green’s function method for strain calculations.

*  Multi-exciton configuration interaction method (including both electron-hole direct and exchange
interactions)

»  Parallelized Coulomb integration techniques.

In this project, we focus the study on the optical fine-structure properties of single and coupled double
guantum dots (DQDs).

For single dots, we present a theoretical model for the electron-hole exchange interaction in
three-dimensionally confining semiconductor nanostructures and use it to successfully explain the

observed decreasing tendency of the fine-structure splitting of small InGaAs/GaAs self-assembled

guantum dots _QDs_ with increasing the emission energies. The experimentally revealed FSS reduction is
shown to be highly associated with the significant 3D spreading of electronic orbitals and reduced overlap of
electron and hole wave functions in small and/or Ga-diffused QDs.[10]

In the study of double quantum dots, we predict that the optical FSSs in the DQDs in the strong tunneling
regime are significantly diminished, without any decrease in the optical oscillator strength. Our study suggest
that strongly coupled vertical quantum-dot molecules with high tunneling rate are better sources of entangled
photon pairs than single dots. Tunneling is a remarkable quantum property of microscopic particles that has no
classical counterpart, which allows coupling between two objects spatially separated by a finite potential
barrier. Currently, extending the analogy between atoms and 0D solid state systems, coupled quantum dots
(QDs) are widely studied as artificial molecules where important properties of single dots are improved for
optimization and scalability of applications. Recent examples of interesting and useful tunnel effects in
coupled dot systems include the tunability of fluctuations in Kondo currents, reduction of electronic spin
decoherence by interaction with nuclear spin, conditional dynamics of transitions and bias control of
g-factors .

This study discusses the effects of quantum tunneling on polarized photon emission from spin excitons in
vertically stacked double quantum dots. Results show that an increase in the optically active volume and
charge delocalization via quantum tunneling inhibits the optical FSS of coupled QDs in the strong tunneling
regime without any decrease in the optical oscillation strength. This tunneling-driven FSS reduction is robust
against the bias-controlled detuning from resonance, making strongly coupled vertical quantum dot molecules
better cascade decay sources of entangled photon pairs than single dots.

Moreover, we have studied the spin relaxation of an exciton confined in QDs. Spin relaxation of exciton in
self-assembled quantum dots (QDs) has drawn considerable attention in recent years because of its essential
role in various dot-based quantum photonic applications. In the applications, the spin relaxation between two
nearby exciton states has a determinate influence on the performance of the devices, and control over it would
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be desirable. For instance, the spin dynamical properties of a bright exciton (BX) with total spin M=+1/-1in a
SQD could be substantially affected by the long-lived but optically inactive dark exciton (DX) states of
different spin M=+2/-2, which are usually energetically separated from the BX ones by some hundreds of
micro-eV by e-h exchange interaction.

With the assistance of phonon coupling, the DX states are allow to transit to BX ones via the spin-scattering
mechanisms including spin-orbital couplings or hyperfine interactions, and vice versa. In this work, we
theoretically evaluate the rate of spin-state transition from a DX state to BX states via acoustic phonon
interaction in self-assemble quantum dots. We present a comprehensive study of various possible involved spin
flip mechanisms, including electron hyperfine interaction, electron-Rashba and -Dresselhaus spin-orbit interaction,
hole-linear and hole-Dresselhaus spin-orbit interaction. In our studies, it is shown that the hole-Dresselhaus
spin-orbit coupling makes a dominant contribution to the DX-to-BX spin relaxation, leading to spin relaxation
time as fast as 10"-2ns consistent with recent observation. Moreover, an extraordinary size-dependence of the
spin relaxation rate of a dot-confined exciton due to the combined effect of hole-Dresselhaus spin-orbit
coupling and e-h exchange interaction is revealed in this work.[11]

Selected articles on the research subjects published in the past two years are listed below :

(1). Optical fine structures of quantum dot

. Chia-Hsien Lin,Wen-Ting You, Hsiang-Yu Chou, Shun-Jen Cheng, Sheng-Di Lin, and Wen-Hao Chang*,
“Anticorrelation between the splitting and polarization of the exciton fine structure in single self-assembled InAs/GaAs
quantum dots”, Phys. Rev. B 83, 075317 (2011).

. H. Y. Ramirez, C. H. Lin, C. C. Chao, Y. Hsu, W. T. You, S. Y. Huang, Y. T. Chen, H. C. Tseng, W. H. Chang, S. D. Lin
and_S. J. Cheng*, “Optical fine structures of highly quantized InGaAs/GaAs self-assembled quantum dots”, Phys. Rev.
B 81, 245324 (2010) (1F:3.322)

* Hanz Y. Ramirez and Shun-Jen Cheng*,”Tunneling effects on fine structure splitting in quantum dot molecules”, Phys.
Rev. Lett. 104, 206402 (2010) (IF:7.18)

e Hanz Y. Ramirez, Chia-Hsien Lin, Wen Ting You, Shan-Yu Huang, Wen-Hao Chang, Sheng-Di Lin, Shun-Jen Cheng*,
“Electron—hole symmetry breakings in optical fine structures of single self-assembled quantum dots*, Physica E:
Low-dimensional Systems and Nanostructures, 42, 155 (2010) (I1F:1.23)

e H.Lin, S.-Y. Wang, C.-H. Lin, W.-H. Chang*, S.-J. Cheng, M.-C. Lee, W.-Y. Chen, T. M. Hsu, T.-P. Hsieh and J.-1. Chyi,
“Exciton fine structures and energy transfer in single InGaAs quantum-dot molecules”, Physica Status Solidi. (c) 6, 860
(2009) (SCI)

* Hanz Y. Ramirez, Shun-Jen Cheng*, and Chih-Pin Chang “Theory of Electron-Hole Exchange Interaction in Double
Quantum Dots”, Physica Status Solidi. (b) 264, 837 (2009) (SCI) (IF:1.071)

* Wen-Hao Chang*, Hsuan Lin, Sheng-Yun Wang, Chia-Hsien Lin, Shun-Jen Cheng, Ming-Chih Lee, Wen-Yen Chen,
Tzu-Min Hsu, Tung-Po Hsieh, Jen-Inn Chyi (2008) “Nonresonant carrier transfer in single InGaAs/GaAs quantum dot
molecules”, Phys. Rev. B, 77, 245314 (SCI) (IF:3.172)

(2). Magneto-excitons in quantum dots

. Y. J. Fu, S. D. Lin*, M. F. Tsai H. Lin, C. H. Lin, S. Y. Wang, S. J. Cheng, W. H. Chang, “Anomalous diamagnetic
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shift for negative trions in single self-assembled InAs/GaAs quantum dots“, Phys. Rev. B 81, 113307 (2010).
(IF:3.322)

*  Wen-Hao Chang*, Chia-Hsien Lin,Ying-Jhe Fu, Ta-Chun Lin, Hsuan Lin, Shun-Jen Cheng, Sheng-Di Lin,
Chien-Ping Lee. “Impacts of Coulomb Interactions on the Magnetic Responses of Excitonic Complexes in Single
Semiconductor Nanostructures®, Nanoscale Res. Lett. 5 680 (2010). (1F:1.731)

(3) spin relaxation of exciton
*  Yu-Huai Liao, Juan I. Climente, and Shun-Jen Cheng*, “Dominant channels of exciton spin relaxation in
photoexcited self-assembled (In,Ga)As quantum dots”, Phys. Rev. B 83, 165317 (2011) .(IF: 3.475)
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