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Abstract—The excitonic fine structure of quantum dots (QDs)
is key for generating polarization entangled photon pairs. Both
group theoretical and numerical analysis have already shown
that the symmetry of the combined system of crystal structure
and QD geometry strongly impacts the fine structure splitting. To
guide the design of non-classical light emitters, theoretical models
need to accurately capture the underlying symmetries. In this
work, we present a combined numerical and group theoretical
analysis of the optical properties of [111]-oriented GaAs quantum
dots, which have received significant interest for entangled photon
pair emission, including photonic cluster state generation. Using
eight-band k'p theory coupled with configuration interaction
calculations, we illustrate how a symmetry-breaking induces
a change in the excitonic fine structure that is compatible
with experimental observations. Equipped with results from
the numerical model, we present a simplified group theoretical
model to elucidate the origin of experimentally observed optical
polarization anisotropy in the excitonic fine structure.

Index Terms—k-p Theory, Group Theory, Configuration-
Interaction, Quantum Dots

I. INTRODUCTION

Semiconductor quantum dots (QDs) have attracted sig-
nificant interest for generating entangled photon pairs [1].
Stranski-Krastanov (SK) (In,Ga)As QDs grown along the
[001] crystallographic direction have been targeted for such
applications even though their fundamental Cs, symmetry
gives rise to a non-vanishing fine structure (FSS) splitting
[2]. Therefore, QDs grown along the [111]-direction of the
zincblende lattice have emerged as strong contenders thanks
to their ideal C'5,,/D3;, symmetry and the connected vanishing
FSS. In particular, site-controlled [111]-oriented GaAs QD
structures exhibit the required precise control over structural
and thus optical properties, while ideally not suffering from
alloy disorder [3]. With the change in symmetry, knowledge
from [001]-oriented (In,Ga)As QD systems cannot be directly
carried over to site-controlled [111]-oriented GaAs QD struc-
tures. Moreover, while experimental studies on site-controlled
GaAs QDs observe very small FSS, optical spectra often
deviate from ideal group theoretical predictions. Thus, to be
able to explain, and ultimately provide predictive guidance for
the design of non-classical light emitters, theoretical models
need to capture the underlying symmetries accurately. In
this work we validate our predicted excitonic FSS of site-
controlled [111]-oriented GaAs QDs, using an eight-band k-p
model, coupled with configuration interaction (CI) calculations
against group theory. We show that the model accurately

captures the Ds; symmetry and also symmetry reductions to
Cs,, which are required to explain the optical spectra observed
in experiment. Moreover, our numerical model predicts an
optical polarization anisotropy that is also seen in experiment.
By combining the experimental and numerical results we
establish a simplified group theoretical model that allows us
to shed light on the origin of the observed optical polarization
anisotropy.

II. THEORETICAL BACKGROUND

To gain insight into the electronic structure of site-controlled
[111]-oriented GaAs QDs, we employ a 3D implementation
of an eight-band k - p model discretized in finite differences.
The interaction matrix elements, (Coulomb and dipole matrix
elements), are directly calculated from the k-p wave functions.
We use the calculated QD single particle states as a basis for
CI calculations, enabling us to study many-body effects. The
optical transition strengths are calculated via Fermi’s Golden
Rule using the dipole approximation, thus allowing direct
comparison not only with experimental data, but also with
symmetry derived selection rules [4]. Overall, the developed
framework accounts for strain and built-in (up to second order)
fields, band-mixing effects, and Coulomb interactions.

III. RESULTS AND DISCUSSION

Due to the small lattice mismatch and weak polarization
fields, site-controlled [111]-oriented GaAs QDs will exhibit
a Dsj, symmetry. Previous group theoretical studies showed
already that when considering the electron ground state to
be s-like in character (transforming according to FE/, under
this group) and the hole ground state being of heavy-hole
(HH) character (transforming as E3/5) the exciton FSS should
be composed of a two-fold degenerate bright and a two-
fold degnerate dark state as shown in Fig. 1(d); the bright
states exhibit x- and y-polarization. It is important to note
that this spectrum is very different to the excitonic FSS in
conventional [001]- oriented (In,Ga)As QDs, which exhibits a
non-vanishing x-y splitting, A, as seen in Fig 1(g), (h) for a
C5, symmetric system. To benchmark our k - p model against
these group theoretical predictions we assumed prism-shaped
GaAs QDs, consistent with experimental geometries. We find
indeed an s-like electron ground state and a predominately
HH ground state. The electron and HH ground state charge
densities are depicted in Fig. 1(a) and (b) along with the
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Figure 1. Comparison of ideal D3y, and reduced C2, QD symmetries. (a,b) Top-view probability density contours for electron and hole for a D3 symmetric
geometry. (c,d) Corresponding symmetry allowed selection rules and sample spectrum for the D3 HH exciton. (e,f) Electron and hole ground states for a
Cay system, where the symmetry is reduced via a corner truncation. (g,h) Resulting selection rules and example spectrum for the C2,, HH exciton. For all
wavefunction plots, the QD geometry is outlined (dashed lines) and contour lines indicate 25%, 50% and 75% of maximal probability density.

obtained excitonic ground state emission spectrum, Fig. 1(c).
The excitonic FSS and the resulting optical selection rules
match the group theoretical predictions of a bright z-y polar-
ized transition. However, experimental studies indicate a weak
symmetry reduction from Ds, — C5,, resulting in a small
FSS, A [5]. Looking at the FSS of a C5, symmetric system,
assuming again an electronic structure of s-like conduction
and HH valence band ground states, group theory predicts
two bright states with orthogonal polarization, as depicted
in Fig. 1. To investigate such a reduction we introduce a
geometric truncation to the QD. This truncation primarily
affects the envelope functions of the electronic structure, but it
is sufficient to lift the degeneracies seen in the C's, spectrum.
Crucially, this reduction in symmetry reproduces the exper-
imentally observed in-plane polarization anisotropy, which
manifests as a difference in the = and y polarized peak heights
in Fig. 1(g). Overall, the features of the calculated spectra align
excellently with both the symmetry allowed transitions and the
experimentally observed spectra. To elucidate the origin of the
observed optical polarization aniosotropy in more detail, we
will present results from a simplified group theoretical model.

IV. CONCLUSION

In this work, we have established a numeric framework
for investigating the optical properties of [111]-oriented QDs.
Using group theoretical analysis with our highly efficient
eight-band k - p model, we capture and explain the impact
of structural symmetry on the excitonic fine-structure. This
framework not only predicts the symmetry-allowed transitions
governed by the point group of the system, it also sheds light

onto the foundations of the polarization anisotropy seen in
experiment. Overall, we have established a reliable theoretical
toolbox that will allow us to guide the design of QD systems
tailored for non-classical light emission.
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