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Abstract

Single photon emission with high degree of circular polarization (DCP) from a positively charged exciton (trion) state in a single

quantum dot (QD) is demonstrated under zero magnetic field. Obtained high DCP as large as 0.6 is a clear manifestation of highly

effective mutual polarization conversion between single photon and single electron spin. This finding also reveals that the spin relaxation

is strongly suppressed during capture and thermalization processes and also in trion ground states in a QD. Moreover, exciton charging

state control is shown to be possible by modifying the electron capture probability through the excitation energy tuning, which leads to

an exclusive formation of the positive trion in a QD.

r 2007 Published by Elsevier B.V.
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1. Introduction

In recent years, quantum key distribution (QKD) is
attracting much more attention due to its highly secure
nature [1]. Since it is based on physical principles such as
indivisibility and non-cloning of single photons instead of
mathematical complexity, completely secure communica-
tion, which is free from eavesdropping will be possible in
principle. One of the most important protocols for
implementing the QKD is BB84 [2]. Since the BB84 is
based on photon polarization states belonging to two non-
orthogonal bases, generation of single photons from
quantum dot (QD) with arbitrary polarization state is
prerequisite. When the QD is taken as a ‘‘photon-state
converter’’ from coherent state of excitation laser to single
photon train in number state, polarization fluctuation

between emitting photons after each excitation events will
strongly reduce the consequently available bit rate of
quantum-optical devices since the specific photon polariza-
tion is filtered for the subsequent polarization modulation
for cording in the BB84 protocol. Therefore, suppression of
spin flip during whole processes including absorption,
capture, relaxation, and radiative recombination is a
crucial issue. In case of neutral exciton, long-range
electron–hole exchange interaction stems from an aniso-
tropic confinement potential [3–5] will lead to a simulta-
neous spin flip of electron and hole [6]. Singly charged
exciton (trion), on the other hand, is free from the exchange
interaction owing to the presence of spin-paired carriers.
Therefore, spin flip between trion ground states will be well
suppressed during its lifetime. Since the trion is a half-spin
system, its ground states are degenerated due to Kramer’s
theorem in the absence of a magnetic field [7,8], and the
trion couples to circular-polarized photons guaranteed by a
selection rule [9,10]. Therefore, the trion in a QD is quite
promising for the efficient photon state converter, where its
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spin state formed by the circularly polarized excitation in
coherent state will be transferred into photons in number
state through a recombination with the incident polariza-
tion being preserved.

In this paper, single photon emission from a positive
trion with high degree of circular polarization (DCP) which
is defined by (Is+�Is�)/(Is++Is�) is demonstrated with-
out magnetic field. Resultant DCP amounts to �0.6, which
indicates that mutual polarization conversion between
single photon and single electron spin is realized with high
efficiency. Control of the exciton charging state dominating
the spectrum is also discussed via excitation energy tuning,
as reported for neutral excitons [11,12].

2. Experimental

The In0.75Al0.25As QDs sample was grown on a semi-
insulating (0 0 1)GaAs substrate by molecular-beam epi-
taxy. The QDs were prepared in Stranski–Krastanow
(S–K) growth mode on Al0.3Ga0.7As layers and were
sandwiched with Al0.3Ga0.7As layers. The topmost surface
was terminated with a GaAs cap layer. All the grown layers
were nominally undoped, but the QDs are naturally
p-doped. After the growth, the sample was etched into
mesa structures with diameters of �150 nm for isolating
single QD from the dot ensemble with the density of
around 5� 1010 dots/cm2.

In a single dot spectroscopy, the sample was held in a
closed-loop He cryostat and was kept at 22K. A
continuous-wave Ti:sapphire laser was used as a circular
excitation source (s+) using a quarter-wave plate. An
objective lens with the numerical aperture (NA) of 0.42
focused the laser beam on one of the mesa structures and
collected luminescence emitted from the mesa. Collected
luminescence was dispersed by a 0.64-m triple monochro-
mator and introduced to a liquid-nitrogen cooled Si
charge-coupled-device detector. The PL polarization was
analyzed in a (s+,s�) basis by a set of quarter-wave plate
and a fixed Glan–Thomson linear polarizer in front of the
monochromator, where s+ (s�) denotes the circular
polarization with a helicity of +1 (�1). The overall system
resolution was 4.5 meV.

3. Results and discussion

High-resolution PL spectrum from an InAlAs single QD
studied in this work is shown in Fig. 1. Four emission lines
originating from positively charged exciton (X+), neutral
exciton (X0), neutral biexciton (XX0), and negatively
charged exciton (X�) were dominant, which were assigned
and confirmed by several independent measurements
[13,14]. Measured second-order photon correlation func-
tion g(2)(t) unambiguously revealed the single photon
emission operation from the single QD in terms of anti-
bunching behavior when the X+ emission line was
introduced into a so-called HBT setup together with either
X0 or X� emission lines. Expanded spectra at around the

X+ emission analyzed for both the s+ and s� polariza-
tions at zero magnetic field are shown in Fig. 2. For the X+

line, distinct difference in intensity between s+ and s�

components was observed. This observation indicates, in
spite of non-resonant excitation, effective spin conservation
during overall processes included before recombination is
achieved. On the other hand, the X0 line exhibited quite
small circular polarization dependence as is expected in an
elongated QD where e–h exchange interaction mixes two
exciton eigenstates [7] and then the linearly polarized
photon emission occurs. The resultant DCP from these
measurements defined by (Is+�Is�)/(Is++Is�), where
Is+(Is�) is the radiation intensity for the s+ (s�)
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Fig. 1. High-resolution PL spectrum from an InAlAs single QD.

Positively charged exciton (X+), neutral exciton (X0), neutral biexciton

(XX0), and negatively charged exciton (X�) dominate the spectrum.
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Fig. 2. Polarization-selective photoluminescence spectra of X+ and X0

emission lines. High degree of circular polarization of �0.62 was obtained

for X+ at B ¼ 0T.
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