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Quantum Dots Tuned for Entanglement
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Researchers have applied a combination of an electric field and mechanical strain to a system of
quantum dots in order to correct for asymmetries that usually prevent these semiconductor nanos-

tructures from emitting entangled photons.
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Entanglement distinguishes quantum mechanics from
classical physics and as such is the core resource in most
applications of quantum information science. In previous
demonstrations, entangled photons have allowed funda-
mental tests of quantum mechanics, provided secure com-
munication protocols, enabled computations using algo-
rithms no classical computer could perform efficiently,
and provided improvements in optical sensing and imag-
ing [I]. Moving forward, scientists will need reliable,
mass-producible sources of entangled photons. Quantum
dots are a leading candidate for this role, but these “ar-
tificial atoms” suffer from structural irregularities that
spoil entanglement by causing a mismatch in the ener-
gies of emitted photon pairs. New research in Physical
Review Letters[2] overcomes this challenge by using two
control knobs—an applied electric field and mechanical
strain—that together reshape the electronic structure of
the dots so that the possibility for entanglement is recov-
ered.

A pair of entangled photons can be physically sep-
arated, but their quantum identities remain locked to-
gether. Any measurement of the polarization of one pho-
ton, for example, will instantaneously determine the mea-
surement of the corresponding polarization of the other.
Today, most experiments employing entangled photons
generate them using a weak process of spontaneous fre-
quency conversion in a nonlinear crystal, whereby one
parent photon at a given wavelength is converted into
two longer-wavelength daughter photons that are entan-
gled. This requires a strong pump-laser intensity and
heavy spectral and spatial filtering at the output. If one
pumps this process too weakly, then on most attempts no
entangled photons result. If one pumps the process too
strongly, then too many photon pairs emerge. The statis-
tics of this process provide the most fundamental diffi-
culty in expanding existing photon-entanglement-based
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quantum information technologies, and these technolo-
gies must be scaled up to compete with corresponding
classical technologies.

Not all sources of entanglement suffer from these same
statistics, however. An atomic cascade process in a sin-
gle atom, in which two photons result from a single de-
cay, can produce entangled photons with an almost cer-
tain guarantee against multiple photon pairs. These pro-
cesses rely critically on atomic symmetries that leave the
emitted photons indistinguishable in all but one degree
of freedom, usually polarization. In 2000, Oliver Ben-
son and co-workers [3] pointed out that similar processes
could occur in a semiconductor quantum dot. There are
many reasons to prefer a semiconductor source of on-
demand single pairs of entangled photons, rather than
one based on atoms in a trap. Semiconductor fabrica-
tion techniques add the convenience of electrical pumping
and the scalability of chip-scale integrated optics. More-
over, a single cold microchip could contain large arrays
of sources of one-pair-at-a-time entangled photons and
could thus replace all the assorted bulky hardware that
might otherwise be used in trapped-atom techniques.
Unfortunately, the dream of semiconductor-based entan-
gled sources quickly faced a problem: the first attempts
at this technology were unable to generate entanglement
in photon pairs, due to the lack of atomlike symmetry in
real quantum dots [4].

The importance of symmetry stems from the way in
which the photons are produced. The process begins
by the creation of excitons, which are short-lived bound
states between a conduction electron and a valence hole.
These states may be optically or electrically pumped, and
a state in which a pair of excitons occupies the dot may
be selected spectrally. Since these two excitons occupy
the same highly confined dot, their lowest energy state
has the same spatial wave function and, by the Pauli
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exclusion principle, opposite spin. When the electrons
and holes of the two excitons recombine, the polarization
of the photons that are emitted is directly correlated to
that spin, resulting in two photons of opposite polariza-
tion. If those photons cannot be distinguished by their
wavelength, they will be polarization-entangled. How-
ever, asymmetries in the quantum dot can change the
energy of each single-exciton spin state, resulting in an
entanglement-spoiling correlation between each photon’s
polarization and its emission wavelength. The energy
landscape of an asymmetric dot may also be complicated
by couplings between the excitons.

To recover entanglement, one must match the energy
of both exciton spin states. Unfortunately, the asym-
metries that prevent spin degeneracy in self-assembled
InGaAs quantum dots are hard to avoid due to the ran-
dom, strain-induced process by which they are grown.
Researchers have managed in the past to engineer spin
degeneracy and subsequent entanglement through a va-
riety of post-growth tuning methods, including adding
strain [5], dc magnetic fields [6], dc electric fields 7], and
optical fields [8]. Despite these fixes, the dream of large
arrays of engineered quantum-dot entanglement sources
has so far remained doubtful, in large part because these
demonstrated tuning methods only work on a few “hero”
dots, namely those whose asymmetry happens to be “just
right” for the tuning knob employed.

The advance reported by Rinaldo Trotta of the Leibniz
Institute for Solid State and Materials Research, Ger-
many, and his colleagues consists of the application of
not just one tuning knob but two [2]. This combination
provides sufficiently universal tuning to engineer exciton
spin degeneracy in almost any quantum dot. The first
knob in this new design is a dc electric field oriented in
the dot’s growth direction (illustrated by the battery and
metal plates in Fig. . The research team achieves this
field by growing the dot in a diodelike structure. The
second knob is a mechanical strain applied in a direction
orthogonal to the dc field (illustrated by the clamp in Fig.
. This strain is delivered by piezoelectric actuators that
are mechanically bonded to the device. The authors de-
scribe the basic principle of the device as one knob setting
the direction of the entanglement-spoiling perturbation,
and the other tuning away the perturbation’s amplitude,
so that the two together can eliminate it entirely, regard-
less of the dot’s detailed structure. To show this, the
team closely examined the energies and polarizations of
photons emitted from a few different quantum dots as the
strain and electric field were varied. They then compared
these observations to a simple but adequate theoretical
model. Although the experiments did not demonstrate
actual entanglement, the results indicated that sufficient
degeneracy for creation of entangled photon pairs is at-
tainable. And previous work [5HS] leaves little doubt that
such a dual-knob device could produce entanglement.

However, realizing large arrays of on-demand entan-
gled pairs from semiconductor quantum dots still requires
more effort. To make efficient sources, the photon emis-
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FIG. 1: A quantum dot (red) can emit two entangled photons
(vellow) when its internal energy states are tuned by a me-
chanical strain and an electric field. (APS/Alan Stonebraker)

sion needs to be limited to a single desired direction,
a problem usually addressed by adding a microcavity
structure of higher quality than used here by Trotta et
al. Many other engineering issues remain to be solved
as well, such as controlling quantum dot placement with
high yield [9], engineering schemes for electrical pumping
[7], and compensating for the highly inhomogeneous char-
acter of photons from different devices [10]. Overcoming
these hurdles will require continued research by many
groups from around the world. But this pursuit of highly
efficient and reliable entangled photon sources is worth
the effort, since the realization of large entanglement-
based technologies for quantum information and mea-
surement applications could be revolutionary.
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