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In typical epitaxial quantum dots (QDs) the ideally degenerate optical excitons are energy split,

preventing the formation of two-photon entanglement in a biexciton decay. We use an external field, here a

continuous-wave laser tuned to the QD in the ac Stark limit, to cancel the splitting and create two-photon

entanglement. Quantum-state tomography is used to construct the two-photon density matrix. When the

splitting is removed it satisfies well-known entanglement tests. Our approach shows that polarization-

entangled photons can be routinely produced in semiconductor nanostructures.
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Entangled photons are an important element in quantum
information science [1], for example, in quantum repeaters
[2] and quantum cryptography [3], and enable fundamental
tests of quantum mechanics. They are frequently generated
by nonlinear optical processes in bulk media [4].
Parametric down-conversion, for example, yields a large
photon-pair flux [5], but is broadband and subject to
Poissonian emission statistics. In contrast, single atoms
can provide entangled photons discretely, but require care-
ful trapping and preparation.

Semiconductor quantum dots (QDs) combine advan-
tages of both. Despite comprising tens of thousands of
atoms, they feature atomlike coherent optical properties
[6] with near transform-limited linewidths in the GHz
range at cryogenic temperatures [7]. Furthermore, they
can be electrically-gated, and integrated into microcavities
for enhanced speed and efficiency, and could lead to chip-
based devices delivering entangled photon pairs on de-
mand. Awell-researched class of QDs with excellent opti-
cal properties is the InAs QD in GaAs. Here quasiparticle
states are present, such as the electron-hole exciton state,
jXi, and the two electron-two hole biexciton state, jXXi. In
the radiative cascade from jXXi, a first photon is emitted
during a transition to jXi, followed by a second photon
emitted during a transition to the ground state, j0i. Due to
the additional binding energy, EB, in jXXi, the two photons
have different wavelengths and can be spectrally separated.
Ideally, jXi is twofold degenerate, resulting in two indis-
tinguishable decay paths. Therefore, an entangled state

such as the Bell state j�i ¼ ðjHXHXXi þ jVXVXXiÞ=
ffiffiffi
2

p
can be produced, where H and V denote horizontal and
vertical linear polarizations, as proposed by Benson et al.
[8]. The biexciton radiative cascade could thus lead to a
semiconductor source of triggered entangled photon pairs.

In practice, however, the anisotropic electron-hole ex-
change interaction causes jXi to energy split into jXHi and
jXVi states, separated by the fine-structure splitting, �FS

[9]. As in Fig. 1, a total of four linear polarized transitions

contribute to the emission spectrum. For this QD,
�FS=2� ¼ 5:5 GHz, and the typical full width at half
maximum of the individual transitions is �=2� �
1 GHz. Since �FS � �, the two decay paths can be dis-
tinguished, and entanglement vanishes [10]. The two-
photon state is now an incoherent mixture described by
the density operator �̂ ¼ ðjHHihHHj þ jVVihVVjÞ=2
(omitting X and XX indices). Consequently, with the ex-
ception of rare coincidental QD symmetry [11], which can
be improved by annealing [12,13], or by applying spectral
[14] or temporal [15] filtering, entanglement generation is
precluded.
Here we demonstrate that polarization entanglement can

be established by externally and selectively tuning the fine
structure with a far-detuned optical field. Other proposed
approaches in which external fields manipulate the fine-
structure splitting have used magnetic fields [16], dc elec-
tric fields [17], or stress [18], but have not yet shown
successful creation of entanglement.
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FIG. 1 (color online). Single QD emission spectrum. The
biexcitonic (excitonic) transitions give rise to the left (right)
spectrum. The two doublets are spectrally separated by
EB=2�@ � 460 GHz (�� � 1:3 nm).
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A strong continuous-wave (cw) laser near resonance
with an optical transition ‘‘dresses’’ the electronic states,

forming pairs of states separated by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ �2

p
, where� is

the Rabi frequency, and � the laser detuning from reso-
nance [19]. Because � is proportional to the electric field
amplitude of the laser, the dressed states separate in fre-
quency with increasing intensity. If � is larger than the
transition linewidth, the single QD dressed state splitting
can be observed via the Autler-Townes effect as a doublet,
or resonantly as a triplet [7,20–23]. Alternatively, by fixing
the laser intensity and detuning the laser, the system under-
goes an anticrossing, and the spectrum asymptotically
approaches the unperturbed spectrum for j�j ! 1. In the
asymptotic limit the residual finite offset, the ac Stark shift,
represents a small correction to the natural resonance
frequency.

The selectivity of dressing specific states and the ability
to manipulate these states with the laser intensity (�) and
detuning (�) provides a technique to tailor QD energy
states precisely. With this approach we can always find a
value for � (given �) at which the fine-structure splitting
has vanished and where the residual transition in the other
dressed state branch is small [22]. Wemake use of this shift
to precisely tailor QD energy states.

The cw laser is applied to the jXHi ! jXXi transition of
Fig. 1. The optical field dresses the jXXi and jXHi states,
resulting in an anticrossing in jXXi ! jXHi, jXXi ! jXVi

and jXHi ! j0i transitions. Because the laser does not
couple to V polarized transitions, the jXVi ! j0i transition
remains unchanged. As depicted in Fig. 2(a), the laser is
coupled into the waveguide mode of a planar optical
microcavity. The structure serves the dual purpose of al-
lowing improved sample-normal photon extraction from
the QD via the microcavity, and reduced background laser
scattering via good orthogonal (in-plane) laser coupling. It
contains two distributed Bragg reflectors of alternate
quarter-wave layers of GaAs and AlAs above (10 pairs)
and beneath (15.5 pairs) a 4�-thick center spacer defining
the cavity. � ¼ 915 nm is the resonant wavelength. A QD
centered in the cavity interacts with a near-resonant cw
laser launched into a lateral waveguide-mode. The near-
resonant tuning laser, a Ti-sapphire ring oscillator with a
linewidth <1 MHz, is fiber coupled and the fiber rigidly
bonded to the cleaved sample edge [7]. The laser is H
polarized with frequency !, and detuned from the jXHi $
jXXi transition frequency, !0 by �=2� ¼ !0 �! ¼
25:5 GHz [Fig. 2(b)]. To pump the biexcitonic state, we
apply a second, picosecond pulsed laser (76 MHz repeti-
tion period) at 790 nm. It nonresonantly generates carriers
in the semiconductor matrix which are subsequently cap-
tured in the QD; it is thus probabilistic state initialization.
The laser intensity was chosen such that biexciton states
were significantly populated. All measurements were taken
at 4.2 K in a He-bath cyrostat using a fiber-coupled micro-
scope objective.
The evolution of the QD emission spectrumwith varying

tuning laser intensity is shown in Fig. 2(c) for biexciton
(left) and exciton (right) transitions at a fixed detuning of
�=2� ¼ 25:5 GHz. The laser intensity, and thus �, was
increased to tune the fine structure until overlap was
achieved (uppermost spectra) for �=2� ¼ 25 GHz. With
increasing laser intensity, the jXXi ! jXVi and jXHi ! j0i
transitions shift with near equal rates, while jXXi ! jXHi
shifts faster and jXVi ! j0i is stationary. With the degen-
eracy restored, which-path information appears to be
erased and photon entanglement from the jXXi and jXi
decay created.
Conclusively establishing the formation of an entangled

state requires reconstructing the two-photon density ma-
trix, �̂ [24]; it contains all the information about the two-
photon state. For this purpose, correlation measurements
between the biexciton and exciton photons were per-
formed. In the correlation measurements, the collected
emission was first divided equally by a nonpolarizing
beam splitter into two independent measurement branches.
The photons in each branch were then passed through a set
of variable retarders and a polarizer for projection into any
desired polarization state. Monochromators spectrally se-
lected the exciton emission on one branch and the biexci-
ton emission on the other branch, before single-photon
counting avalanche photodiodes detected the signal.
Time correlated single-photon counting and histogram-

ming yielded cross-correlation functions gð2Þij ð�Þ between
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FIG. 2 (color online). (a) Experimental setup. (b) Energy dia-
gram in the presence of the near-resonant tuning laser.
(c) Spectra of the evolution of the exciton (left) and biexciton
(right) transitions with increasing tuning laser intensity, I. When
I ¼ 3I0 (uppermost spectra), the overlapped configuration
sketched in (b) is achieved. I0 ¼ �=2� � 8:3 GHz.
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polarizations i and j. Using these correlation measure-
ments, quantum-state tomography was applied to recon-
struct the two-photon density matrix �̂ after [24]. The two-
photon density matrix �̂ was obtained through the relation

�̂ ¼ ðP16
�¼1 M̂�n�Þ=ð

P
4
�¼1 n�Þ derived in Ref. [24], where

M̂� denote 16 measurement matrices that depend on a set
of 16 tomographic states, and where n� is the number of
coincidence events. We use the same set as in Ref. [24],
chosen to be tomographically complete.

The real and imaginary parts of the density matrix, �̂, are
shown in Fig. 3 for two different conditions. In the absence
of any tuning laser [Fig. 3(a)], it has only diagonal ele-
ments and represents a state in which the polarization of
the two photons are classically correlated, but not en-
tangled [10]. However, when degeneracy has been restored
[Fig. 3(b)], �̂ acquires off-diagonal elements (arrows) as-

sociated with an entangled state like j�i above. �̂ in
Fig. 3(b) differs from the ideal matrix �̂ ¼ j�ih�j with
corner diagonal elements equal to 1=2. If it is entangled, it
is not maximally entangled. We find that well-known tests,
such as the concurrence, tangle, and entanglement of for-
mation tests [24], as well as the Peres criterium [25], are all
satisfied for �̂ of Fig. 3(b) and thus the two-photon state is
polarization entangled. They are not satisfied for �̂ of
Fig. 3(a) (Table I). In Fig. 3(b), �̂HHVV and �̂VVHH have
imaginary components, implying that the entangled state
obtained is not exactly the state �, as defined above, but

rather j�0i¼ ðjHXHXXiþexp½i��jVXVXXiÞ=
ffiffiffi
2

p
which dif-

fers from� by a phase delay betweenH and V. This phase
delay is partially due to a reflection at our beam splitter,
and partially due to imperfect overlap conditions [15].
Figures 3(e)–3(g) shows the measured correlation con-

trast in three different polarization bases, H=V, D= �D, and
R=L. The contrast is defined as the difference between
copolarized and counterpolarized correlations divided by
their sum, and is indexed by repetition period (�rep ¼
13:2 ns). Figure 3(e) corresponds to tuned conditions
[Fig. 3(b)]. In Figs. 3(f) and 3(g) the same contrast is
shown when there is no fine-structure overlap. This verifies
that the R=L contrast, which is needed for entanglement, is
only present in optimal overlap conditions.
There are several intrinsic and extrinsic contributions

which reduce the photon entanglement. The Peres criterion
says that the state is inseparable if the partial transpose of �̂
has a nonpositive eigenvalue; it is satisfied in our systems if
�HH;VV�VV;HH > �HV;HV�VH;VH [25]. It is satisfied for the

density matrix in Fig. 3(b). However, since the unmodified
�̂ already contains nonzero �HV;HV and �VH;VH elements, a

maximally entangled state cannot be created from it by
simply removing �FS [26]. To emphasize that coherent
control can be successfully used in a wide variety of
QDs, we have chosen a QD with the largest splitting
encountered in our sample (5.5 GHz). To remove this large
splitting, the required Rabi frequencies are large enough so
that the condition � � � breaks down. This results in a
residual transition in the second branch of the jXi avoided
crossing spectrum that may not be negligible, and would be
another cause of diminished entanglement. Finally, resid-
ual background light contributes noise, for example, in the
off-diagonal elements in Fig. 3(a), which reduces the mea-
sured entanglement.
These conclusions are supported by data from another

QD (QD2) with smaller initial �FS ¼ 2 GHz for which
entanglement qualifiers are much larger. Spectra and the
corresponding density matrix for this QD are shown in
Fig. 4 for various tuning conditions. In the absence of
any near-resonant external laser, the density matrix already
measures a very small amount of entanglement because of
partial overlap between fine-structure states. This entan-
glement significantly increases when tuning is applied
[Fig. 4(b)]. Here �=2� ¼ 16 GHz and �=2� ¼
�30 GHz. In Fig. 4(c) the fine-structure splitting is pur-
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FIG. 3 (color online). (a) Real and imaginary parts of the two-
photon density matrix, tomographically reconstructed from 16
coincidence measurements. No tuning laser is applied. (b) Same
as in (a), but with a near-resonant laser that creates fine-structure
overlap as in Fig. 2(c). Off-diagonal matrix elements appear and
the state is now inseparable (entangled). (c) Spectra of exciton
emission with detection set to D (diagonal), L (left-circular), and
R (right-circular) polarizations, without tuning laser. (d) Same as
in (c), but with the tuning laser adjusted to create fine-structure
overlap, as in (b). (e) Correlation contrast in different polariza-
tion bases under tuned condition as in (b) and (d). Correlation
contrast in R=L basis under blue (f) and red (g) detuned con-
ditions, i.e., when the laser does not create fine-structure overlap.
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posefully increased by detuning the near-resonant laser in
the opposite direction from the resonance condition used in
Fig. 4(a) (�=2� ¼ þ57 GHz). As anticipated, the off-
diagonal matrix elements of � disappear completely.
Table I summarizes the result of entanglement test for
both QD1 and QD2 in the conditions shown. In general,
we note that the degree of entanglement could be improved
by further increasing � and�. Besides increasing the laser
power, improved coupling efficiency into the cavity wave-
guide will also increase �. Furthermore, increasing the
transition dipole moment through crystal growth or chang-
ing the field strength by cavity effects are additional routes.

In conclusion, we have shown how a near-resonant
optical field can be used to selectively tailor QD states.
In particular, we have successfully cancelled the exciton
fine-structure splitting in a single QD. With which-path

information removed, photon entanglement from the QD
biexciton-exciton radiative decay was created. Our experi-
ments establish a deterministic scheme that does not re-
quire QD preselection, overcoming a main drawback of
strain-induced QDs—those in general use—for entangled
photon generation. Our approach, which is completely
noninvasive, uses a rigid fiber-coupled device and could
lead to a compact, on-demand semiconductor source of
entangled photons. It also opens new experimental possi-
bilities in tailoring of quantum states and symmetries in
QDs, and perhaps between different QDs.
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TABLE I. Summary of entanglement tests.

�FS=2� Concurrencea Peres Critb Entangle Formc

QD1 bare 0d þ0:03 0

5.5 GHz tuned 0:16� 0:05 �0:08 0.06

QD2 bare 0:09� 0:03 �0:04 0.02

2.0 GHz tuned 0:32� 0:03 �0:16 0.17

detuned 0 þ0:04 0

aSee [24].
bSmallest eigenvalue of the partial transpose of � [25].
cEntanglement of formation [24].
dError margins refer to 1 standard deviation.
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FIG. 4 (color online). QD spectra and density matrices for
QD2 under different tuning conditions. (a) Without any applied
near-resonant laser. (b) With a laser that creates conditions of
spectral overlap. (c) With a laser that purposefully increases the
fine structure splitting by reversing the polarity of the laser
detuning.
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