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We report on the observation of nearly maximally entangled photon pairs from semiconductor quantum
dots, without resorting to postselection techniques. We use GaAs quantum dots integrated on a patterned
piezoelectric actuator capable of suppressing the exciton fine structure splitting. By using a resonant two-
photon excitation, we coherently drive the biexciton state and demonstrate experimentally that our device
generates polarization-entangled photons with a fidelity of 0.978(5) and a concurrence of 0.97(1) taking
into account the nonidealities stemming from the experimental setup. By combining fine-structure-
dependent fidelity measurements and a theoretical model, we identify an exciton spin-scattering process as
a possible residual decoherence mechanism. We suggest that this imperfection may be overcome using a
modest Purcell enhancement so as to achieve fidelities > 0.99, thus making quantum dots evenly matched

with the best probabilistic entangled photon sources.
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For the implementation of quantum computation and
communication protocols, highly entangled photons are a
fundamental building block [1,2]. So far, the state of the art
sources for the generation of near maximal entangled photon
states are based on parametric-down-conversion (PDC)
processes, where fidelities larger than 0.99 have been
reported [3—6]. However, such sources of entangled photons
are not ideal for quantum communication protocols due to
lack of on-demand emission. A potential solution to this
hurdle is provided by semiconductor quantum dots (QDs),
which can generate pairs of polarization entangled photons
via the biexciton (XX)-exciton (X) cascade [7—10]. This
approach is promising for applications, not only because
QDs are compatible with current photonic integration
technologies but, in particular, because photons can be
generated on-demand [11], with high efficiency and with a
high degree of indistinguishability [12,13]. Up to now, the
on-demand photon-pair preparation with near-unity degree
of entanglement has remained elusive. This hurdle is related
to the presence of several decoherence mechanisms typical
of the solid state system. The most prominent obstacle is
related to the presence of an energy splitting between the two
intermediate X states, the so-called fine structure splitting
(FSS) [14]. Strictly speaking, a static FSS is not a source of
decoherence per se, but leads to an evolution of the
entangled state over time according to [15]
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where S is the FSS, ¢ is the time between XX and X photon
emission, and Hyy (Vyy) and Hy (Vy) are XX and X
photons in the linear horizontal (vertical) polarization base,
respectively. Itis obvious that in presence of a FSS the time-
averaged fidelity to an entangled Bell state is determined by
the temporal resolution of the experimental setup as com-
pared to the exciton lifetime 7;. A possible way to circum-
vent this problem is temporal postselection [16—19] that,
however, lowers the effective brightness of the source.
Alternatively, external optics could be used to “compensate”
for the evolving character of the entangled state [20-22].
Nonetheless, the need for complex and bulky optics in
combination with postselection techniques makes QDs less
appealing for scalable quantum technologies. It is evident
from Eq. (1) that all these complications could be avoided
using QDs with suppressed FSS. Among the different ways
to reduce or suppress the FSS (see Refs. [23-25]), the one
that exploits triaxial strain-tuning [26] is probably the most
promising, as it can be used to fine-tune the FSS of arbitrary
QDs to zero and also to set the emission energy to predefined
values. Yet, experiments have shown that even at zero FSS
the degree of entanglement is still far from being optimal
[26-28]. This has highlighted the existence of additional
dephasing mechanisms, most notably (i) recapture [29-31]
and (ii) X spin-flip processes [32,33]. Option (i) is related to
re-excitation of the intermediate X level to the XX level
before its decay to the ground state. This effect can be
avoided using two-photon resonant excitation [11,34] that,
in turn, ensures on-demand generation of entangled photons.
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Option (ii) is instead believed to arise from the interaction
between the nuclear spin ensemble and the X as well as from
scattering with excess charges [22,35]. While the role of the
nuclear spins is questionable [22,36], experiments per-
formed with In-free QDs driven resonantly have indeed
shown unprecedented, albeit not yet optimal, levels of
entanglement [37-41]. Since all these experiments have
been performed in QDs with nonzero FSS, it remains unclear
whether a QD can be really considered as a dephasing-free
entanglement photon source and, most importantly, whether
near maximal entangled photons can be experimentally
achieved without resorting to postselection. In order to
answer these questions, we perform quantum state tomog-
raphy of photons emitted by strain-tunable GaAs QDs with
suppressed FSS and driven under two-photon resonant
excitation. We demonstrate that our source can generate
photon pairs with a high fidelity (concurrence) of 0.978(5)
(0.97(1)) without the need of postselection techniques.
Although these values are the highest ever measured with
a QD emitter [19,37,38], we still observe a small, but
significant, deviation from the case of a maximally
entangled state. In order to investigate this deviation in
more detail, we measured the degree of entanglement
against the FSS and use the model proposed in Ref. [33]
to determine the origin of the residual decoherence mech-
anisms. Our calculations show that the deviation can be
explained by the presence of a remaining exciton spin
scattering process, whose impact can be alleviated using
photonic structures enabling a modest Purcell enhancement.

The GaAs QDs—fabricated via Al droplet etching via
molecular beam epitaxy at JKU Linz—are embedded in a
planar distributed Bragg reflector cavity for increasing the
photoluminescence intensity. The sample substrate is thinned
down to a 30 ym thick micro-membrane, which is bonded
on top of a micromachined [Pb(Mg; ;;Nb,/3)0s])7,—
[PbTiOs], ¢ piezoelectric actuator [26,42,43] (for details
on the sample and device fabrication, see Supplemental
Material Sec. 1A [44]). The device features six areas
separated by air gaps, the so called legs [see inset
Fig. 1(a)]. The legs are aligned at an angle of 60° with
respect to each other, and opposite legs are pairwise electri-
cally connected. The three resulting leg pairs (labeled as Leg
1,2, 3) are isolated from each other. The design allows three
independent quasiuniaxial stresses to be applied in the
membrane plane by setting three independent voltages
(labeled as V1, V2, V3) at the bottom of Legs 1-3 with
respect to the gold coated topside of the piezoelectric
actuator, which acts as a ground contact. It is well known
that two external fields with independent degrees of freedom
are required to cancel the FSS in a QD with an arbitrary
anisotropy in the confinement potential [24,45]. In our case,
we use two legs of the piezoelectric actuator for this purpose.
For the full capabilities of the device structure, we refer the
interested reader to [26,42]. For the experiment discussed
below, we select an arbitrary QD and resonantly pump the

(a) T T T

10000F xx X ]
= \4 / V2=0V ]
8 75001 -
= Leoly T — ]
@ 50001 - -
L]
= 2500} / . }
Leg 2 Leg 3 E
0] L = il | 1 1 1 1 17
1586  1.588  1.590 0 100 200 300 400 50
Energy (eV) V1 (V)
FIG. 1. Erasure of the fine-structure splitting via a strain-

tunable device. (a) Spectrum of a representative two-photon
resonant excited GaAs quantum dot. The inset shows a sketch of
the used six-leg device from the top. The sample (blue) with a
solid immersion lens on top is bonded onto the piezoelectric
actuator (golden part). The piezo is structured using three cuts
(black areas) into six legs which are pairwise electrically
connected on the backside (Legs 1-3). (b) Minimization of the
FSS as described in the text by tuning the voltage on Leg 1 for
V2 =0 (red) and V2 = 100 V (blue), respectively.

XX cascade via a two-photon excitation scheme and by
setting the pulse area to a z pulse. The resulting emission
spectrum is shown in Fig. 1(a). We determine an initial FSS
of 12.9(2) ueV, which is a large value for this type of QD
[46]. Yet, the six-legs device can tune the FSS to zero using
Leg 1 and Leg 2 only. In fact, by tuning V1 [see red curve in
Fig. 1(a)], one can see that the FSS decreases, reaches a
minimum (§ # 0), and increases again. This is an expected
behavior, as the polarization direction of the X emission at
zero applied voltage differs from the direction of the stress
exerted by Leg 1. In order to suppress the FSS, it is sufficient
to first use a second leg (here, Leg 2) to align the QD
anisotropy in the stress direction of Leg 1 (by setting
V2 =100 V) and then tuning Leg 1 to find the minimum
FSS. As shown by the blue curve in Fig. 1(b), the procedure
allows us to tune the FSS to 0.1(2) eV, a value which is
below the spectral resolution of our measurement system.
We now measure the degree of polarization entangle-
ment of the photons emitted by the XX-X cascade at zero
FSS. Therefore, we reconstruct the two-photon density
matrix (DM) by performing polarization resolved cross-
correlation measurements between X and XX photons. To
spectrally separate the X and XX lines and to remove
scattered laser light as well as background emission, we use
a set of volume Bragg gratings as described in more detail
in Supplemental Material Sec. 1B [44]. However, such
filters as well as other components of the setup can
introduce a rotation in the polarization state of the emitted
photons. Such a rotation, which does not lower the degree
of entanglement itself, can reduce the fidelity to the
expected Bell state ), a parameter which is of crucial
importance when it comes to potential applications like
quantum teleportation. Therefore, we take special care of
the polarization response of our setup and use a set of
variable liquid crystal retarders to compensate for any
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FIG. 2. Two-photon density matrix of two representative GaAs
quantum dots at zero fine-structure splitting. Real (a) and
imaginary (b) parts of the measured two-photon density matrix
for QD1 at zero fine structure splitting. (c), (d) Same measure-
ment as in (a) and (b) but for a different quantum dot (QD?2).

unitary polarization rotation introduced by the experimen-
tal apparatus. Moreover, we fine-tune the polarization
compensation by minimizing the coincidences between
right (left) circular polarized XX and right (left) circular
polarized X photons [47]. The resulting DM for the selected
QD (QD1) as obtained by a set of 36 correlation measure-
ments with the aid of a maximal likelihood method [48] can
be seen in Figs. 2(a) and 2(b). The resulting fidelity with
respect to the |y™) state is f = 0.960(2) with a highest
eigenvalue of e = 0.962(3). Further, we calculated the
concurrence to ¢ = 0.922(5), which also indicates a high
degree of entanglement. It is also worth mentioning that
using a reduced measurement set of only six correlation
measurements (see Supplemental Material Sec. II [44]) to
calculate the fidelity according to

f _ 1+ Clinear + C;i‘.iagonal - Ccircular ’ (2)

where C are the correlations visibilities, giving a similar
fidelity of f = 0.959(7). All the errors within this work
given for the fidelity, concurrence, and eigenvalue are
calculated by using Gaussian error propagation and/or a
Monte Carlo method assuming a Poisson distribution of the
measured coincidence counts. In order to confirm the
generality of our results, we repeated the study on a
second, randomly selected QD (QD2) [see Figs. 2(c)
and 2(d)] and obtained f = 0.953(2), e = 0.960(2), and
¢ =0.919(4). Such an unprecedented level of entangle-
ment already allows for quantum communication applica-
tions, as error correction protocols can compensate for the

residual imperfections [49]. However, here we are interested
in answering the following questions: What is preventing the
degree of entanglement to be ideal? And, most importantly,
can QDs really be considered as decoherence-free entangled
photon sources? While previous works have theoretically
suggested that the answer to the latter question is positive
[22], an experimental demonstration of near-maximally
entangled photons from QDs is still lacking.

In order to answer these questions, we first have a closer
look at the experimental setup. We identify three sources of
errors: (i) detector dark counts, (ii) retardance of the wave
plates used for the reconstruction of the DM, and (iii) back-
ground photons. Subtracting the dark counts leads to a
0.3% improvement for the fidelity and 0.8% for the
concurrence for both measured QDs (the dark count rate
of our detector is < 20 Hz). (ii) The retardance of the wave
plates is instead a more delicate issue. According to the
formalism presented in Ref. [48], a tomographically com-
plete measurement set is required for the calculation of the
DM. Because of the imperfections of the wave plates, used
to project the two-photon state into the different bases, the
real measurement base will deviate from the one assumed
in the calculation. Therefore, we incorporate in the calcu-
lation the real retardance of our achromatic wave plates at
the emission wavelength of the QD into the computation
with 0.516 and 0.258 waves (according to the data sheet
provided by the constructor) for the lambda/2 and
lambda/4, respectively. The position accuracy of the fast
axis is 0.02° and thus negligible (for details, see
Supplemental Material Sec. III [44]). Taking into account
the dark counts and the effect of the wave plates, the
imaginary elements (HH|p|VV) and (VV|p|HH) of the
DM shown in Fig. 2 disappear, and the resulting values for
fidelity and concurrence are f = 0.968(2) and (=
0.936(5) and f = 0.958(2) and ¢ = 0.925(5) for QD1
and QD2, respectively. Finally, we investigate the effect
of (iii) by measuring the ¢g®®) autocorrelation function for
XX and X photons. For QD1 (QD2), we measure a value
of gix(0) = 0.014(3) [gy(0) = 0.021(5)] and g’ (0) =
0.008(2) [¢?(0) = 0.015(3)]. These values are related to
the excitation laser, as similar experiments recently per-
formed on the same QDs (but using polarization suppres-
sion to reject laser light) provide values of ¢®)(0) which are
orders of magnitude smaller [50]. In order to support this
statement, we performed additional autocorrelation mea-
surements for XX and X in all the polarization bases (see
Supplemental Material Sec. IV [44]) needed to reconstruct
the DM and found that the background is primarily linearly
(vertically) polarized. On the one hand, this confirms that
the background photons originate from the excitation laser.
On the other hand, with the help of a statistical model (see
Supplemental Material Sec. VI [44]), these ¢ measure-
ments can be used to correct the DM. This is shown for
QD2 in Figs. 3(c) and 3(d), where one can see the effect of
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FIG. 3. Near maximally entangled photons from quantum dots.

(a) Autocorrelation measurement of the biexciton (XX) (red
curve) and exciton (X) (blue curve) from QD1 (¢(¥(0) at 102 ns).
To improve readability, the XX and X curves are shifted by 5 ns.
(b) Entanglement fidelity versus fine structure splitting (S) for
QD1. The black data points represent the measurement data. The
red curve is a fit according to Eq. (3), while the green curve is a fit
taking into account a rotation of the state, as explained in the text.
The blue curve takes into account background laser light (bg) but
no spin dephasing (z,, — o). The inset shows the evolution of
the fidelity versus the FSS for background-free entangled photons
and no spin dephasing (orange line). The data points (black) are
the measured data from the main figure, but corrected for the
estimated background. Real (c) and imaginary (d) parts of the
two-photon density matrix measured on QD2. The gray bars
show the results calculated out of the raw data, while the red bars
are related to the matrix after the correction for background
photons, wave plate retardance, and dark counts.

background photons. We calculated the fidelity out of the
corrected DM and found f = 0.978(5), which is an
increase of 2.6%. The largest eigenvalue improved to
e =0.981(5), and the concurrence is ¢ = 0.97(1). From
a fundamental point of view, it is interesting to check
whether there is a remaining decoherence mechanism
occurring during the cascade decay. To do so, we inves-
tigate the degree of entanglement as a function of the FSS,
as detailed below.

We start out by considering a possible residual FSS S, =
250 neV (corresponding to the resolution of the used setup)
and a background according to the ¢/ measurements
discussed above. Additional FSS fluctuations are expected
because of the fluctuating Overhauser field Boy () [51].
Since our FSS measurements are performed on timescales
of seconds, we cannot quantify such fluctuations exper-
imentally. To estimate their amplitude, we assume a
maximum field of B, =4 T [52] with a standard

deviation of 6 = B,,,,/v/N ~ 6 mT, where N is the num-
ber of spin-3/2 nuclei in the QD material (N =~ 4 x 10’ for
our QDs). For QDs, the effect of the Overhauser field
on the FSS is dominated by its vertical component (z) [53],
sothat S = Sy + pp(ge.. + 9n..)Bon. (1) [14], with electron
(heavy hole) g-factor g, , = —0.15 (g;,, = 1.1) according
to Ref. [54]. With these assumptions, we find out that the
measurement data for QD1 (QD2) still deviate by 4.5 (2.4)
standard deviations from theory [provided by the state in
Eq. (1)]. This result shows that an additional dephasing
mechanism is at play. To verify its impact, we make use of
the spin-scattering model presented in Ref. [33] and
investigate the fidelity versus the FSS for QD1:

1 2kg

Here, k is the proportion of the light exclusively emitted by
the QD and g = [1/(1 + 7, /75g)] the fraction of photons not
influenced by spin scattering with 7, the characteristic
X spin scattering time. To reduce the number of free para-
meters in Eq. (3), we measured the lifetime in a fluorescence
decay experiment and found 7; = 241(10) ps. Further,
using statistical considerations we estimate k to be

k1= g5 (0) = g5r(0) + g (0)gn(0) = 0.978(4). (4)

The fit of the measurement data is presented in Fig. 3(b) (red
curve), which yields a value for the spin dephasing of
7,, = 11(8) ns. In addition to the fit, also the theoretical
curve without the presence of spin dephasing (z,, — o0) but
in the presence of the measured laser-photons background is
plotted (see blue curve). The latter one (theoretical curve for
decoherence-free entanglement) shows a larger deviation at
small FSS, while the former (fit) reveals a deviation at FSS
> 2 peV.The deviation between fit and measurement can be
explained by the fact that the fidelity is only estimated using
the correlation visibilities C in the linear, diagonal, and
circular base [see Eq. (2)]. In case of zero FSS, the DM as
well as Eq. (2) yield the same fidelity. However, this does not
hold if the FSS # 0 and the entangled state contains an
additional phase factor @ introduced by the measurement
setup (see Supplemental Material Sec. V [44]). If we include
o in the fitting routine (see green curve), we obtain @ =
—9(4)°and 7;; = 14(10) ns. The large error of 10 ns does
not allow us to draw a definite conclusion about the origin of
the spin scattering. A plausible explanation is the interaction
between the confined exciton and charges in the vicinity of
the QD [22,35]. If we use Eq. (3) to estimate a background
correction for the data points in Fig. 3, the fidelity at
FSS = 0 shows a significant deviation from the ideal case
(see inset Fig. 3). By considering the measured X lifetime of
QD 2, which is 7; = 290(5) ps, and the fitted spin dephas-
ing time, we can estimate the highest achievable fidelity
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using Eq. (3), with S = Oandk = 1to f = 0.98(1), which is
within the error of the corrected fidelity presented above.

In summary, our results show that, by canceling the FSS,
our strain-tunable QDs can generate nearly maximally
entangled photons pairs on demand. By looking at the
concurrence (fidelity), the level of entanglement reported
here represents a 10% (4%) increase as compared to the
best QD source of entangled photons reported to date [37].
Further, even with temporal post selection, such a high
degree of fidelity has not been observed so far [19].
However, the data indicate the presence of almost negli-
gible, albeit nonzero, decoherence mechanisms, likely
related to spin-scattering. Nevertheless, we suggest the
use of a photonic structure would allow this problem to be
overcome. In particular, by increasing the Purcell factor
from ~1 in the used device to 3—a value which may be
achieved in photonic structures compatible with nonde-
generate entangled photon generation [29]—the expected
entanglement fidelity would surpass 0.99 and lift QD
entanglement to the same level as PDC [3-6]. It is also
worth mentioning that, differently from previous works
[26,42], the device reported here uses membranes with a
thickness of 30 microns instead of few hundred nano-
meters. Such an approach is compatible with the processing
steps required to fabricate state of the art photonic struc-
tures [55-58] and would allow for boosting the flux of
photons so as to realize the ideal source of entangled
photons needed for quantum communication.
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