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Sample growth and device fabrication

In(Ga)As QDs were grown by molecular beam epit&oflowing oxide desorption and
buffer growth, a 100 nm thick A=Ga 25As sacrificial layer was deposited before the
following GaAs/Ab ,Ga s layers: a 180 nm thick n-doped layer, a 150 nickthitrinsic
region containing the QDs, and a 100 nm thick pedidayer. The QDs were grown at
500°C and capped by an indium flush technique. sEueificial layer in combination
with metal evaporation, optical lithography and wkémical etching were used to
release 500 nm thick nanomembranes of rectangudgres(150x120 ufi Gold thermo-
compression bonding was then used to transferahemembranes onto 300 um thick
PMN-PT actuator and 25 pm aluminum wires were tisemnnect electrically the
device to a chip carrier. Further details on theakefabrication and performances can be

found elsewhere

Micro-photoluminescence and photon-correlation specoscopy

Conventional micro-photoluminescence spectroscogpy uged for the optical
characterization of the devices. The measuremeats performed at low temperature
(typically 4-10 K) in a helium flow cryostat. TheD@ were excited non-resonantly at 850
nm with a femtosecond Ti:Sapphire laser having@M8iz repetition rate and focused
by a microscope objective with 0.42 numerical apertThe same objective was used for
the collection of the photoluminescence signal,cvhwas spectrally analyzed by single
or double spectrometers featuring 0.75 m focaltlepgr stage and equipped with 1200
or 1800 lines/mm gratings, and finally detectedabyitrogen-cooled silicon charge-

coupled device. Polarization-resolved micro-phatahescence experiments were
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performed combining a rotating half-wave plate arshear polarizer placed before the
entrance slit of the spectrometer. The transmisaias of the polarizer was set parallel to
the [110] direction of the GaAs crystal (within 2f)d perpendicular to the entrance slit
of the spectrometer, which defines the laboratefgrence for vertical polarization. The
FSS and the polarization angle of the excitonicssion were evaluated using the same
procedure reported in reference 1, which ensuresysaroelectronvolt resolution.

For photon-correlation measurements, the signalsphisinto two parts after the
microscope objective using a non-polarizing 50/8@rh splitter, spectrally filtered with
two independent spectrometers tuned to the XX aedétgies (the band-pass window of
the spectrometers, ~ 100 peV, is much larger thanypical linewidth of both
transitions), and finally sent to two Hanbury Broamd Twiss setups (HBT) at the exits
of the spectrometers. Each HBT consists of a poiayi50/50 beam splitter placed in
front of two avalanche photodiodes (APDs), whosgpuiuis connected to a 4-channel
correlation electronics for reconstructing the sekorder cross-correlation function
between the XX and X photons. The temporal resmiubif the system is about 400 ps,
mainly limited by the time jitter of the APDs. Imder to select the appropriate
polarization basis for cross-correlation measuramgmoperly oriented half-wave plates

and quarter-wave plates were placed right aftefitiienon-polarizing beamsplitter. The

experimental setup allows the second order crosslation functiong'2 in 4 different
polarization settingsAB) to be evaluated with a single measuremient, g%, g,

g, and g2 were measured simultaneously. This reduces casiljethe time of the

experiment and, consequently, the effect of possbhmple drifts during correlation

measurements.
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Data analysis for correlation measurements

Raw data were used in the analysis reported imtiia text, without any background
light subtraction. The second order correlatiorcfiom was evaluated using the
following formula: g2 = R/(N/n), whereR is the number of pairs detected in a 10 ns
window (w) centered at zero time-deldy s the number of pairs detected in the side-
peaks andh is the number of side-peaks considered (20 ircase, each of them
integrated over 10 ns). For a given polarizatiosebdB, the degree of correlation was

calculated as explained in the text and averadiadwo possible polarization
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reconstruction we have used probabilities, caledl@tom the raw counts via the

@
following formula: Py =—5——"""— @ - 1he errors for all the quantities used in
AA + gAB + gBA + gBB

the analysis, including fidelity and the three Beflarameters listed in the main text,
were propagated assuming a Poissonian distribédidR andN (and no error fon), i.e.,
AR=+/R andAN =+/N . It is worth mentioning that using raw counts €griated counts
of the zero-time delay peak) instead of probabsifeads to very similar results, with

maximum concurrence of C=0.76%0.02.
Sources of entanglement degradation

In the main text we stated that the level of enfiamgnt achieved with our source is not

yet ideal and that temporal post-selection of théted photons can be employed to
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partially avoid some of the sources of entanglerdegtadation. In the following, we
would like to discuss in more details this matter.

The degree of entanglement achieved in our wornkamly limited by two mechanisms:
() depolarization of the intermediate X states cdusefluctuating QD environment and
(i) recapture processes. We expect background Irgginating from different regions of
the sample as well as dark counts of our photoactiats to play a minor role (see the
following). We discuss more in detail points&nd {i) below.

(). Fluctuating magnetic fieldsn the Figure 2 of the main text we show the degf
correlation in the linear, circular and diagonasdéor a representative QD and we find
|CrL[>Civ~Coa. This is a common feature of the investigated @b usually observed
in the literature. As explained in reference 2s #ififect can be ascribed to the fluctuating
magnetic fields produced by the QD nuclei that reenihe degeneracy of the two bright
excitonic states inducing sub-peV fluctuationshef ESS.

Fluctuating electric fieldsIin most of the QDs investigated in our work wasetve that
the linewidth of the exciton transitions is ~40 y@walue which is not limited by the
experimental spectral resolution. Furthermore, ftenaresolve spectral wandering of the
QD emission lines. These effects can be ascribetianges in the vicinity of the GD
that produce variation of the local electric fielkspite fluctuations in the lateral (in-
plane) and vertical (along the QD growth directiel@ctric fields cannot explain the
order of the degree of correlation in the differpalarization basis, i.e., §>Cqv~Cpa,
we do expect they have an effect on their magnitUdeng the linewidth of the X line
along with the known shift of its energy with thepéied vertical electric field, we

estimate a ~ 0.2 peV fluctuation of the FSS if biev@ang would be only due to
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fluctuations of the electric field. Even largerezfts are expected from lateral electric
fields’, though a quantitative estimation cannot be etethfrom our experiment.

It is important to point out that these FSS flutitmas (produced by both electric and
magnetic fields) are expected to occur on millisetor microsecond timescafési.e.,
they are much faster than the time required foolaration-resolved measurement (~
minutes) used to estimate the exciton FSS. Asudtyege are able to measwse0 peV

on average only. Since the intensity of the fluttues may vary from QD to QD, this
scenario also explains the small differences irfithedity in all the parameters
guantifying entanglement clearly visible in FiguBand 4 for the different QDs studied
in this work.

(if) An additional source of entanglement degradasassociated with processes in
which the intermediate X level is re-excited to ¥ level before it decays to the
ground state. This mechanism, often referred reeapturé’, can be optically driven or
due to charged carriers trapped in the QD surraunand produce background photons
lowering the correlation visibilities. Specificallig produces coincidence counts at
negative time delays corresponding to events irchvii photons are detected before XX
photons. A close inspection of the bunching peaeat time delay (see Figure Sla)
reveals indeed a symmetric profile, which canncadmounted for by the finite time
response of our photon detectors only (~ 400 pegeSn the analysis presented in the
main text we integrate all the counts ovev=d0 ns temporal window (see Figure Sla),
recapture processes are limiting the degree ohglgment of our source.

Temporal post-selection of the emitted photSran be used to alleviate the deleterious

effects just discussed, and it is the subject efftilowing section. However, we would

S6



like to mention that the degree of entanglementbeafurther improved using different
excitation schemes — such as quasi-resonant émnitat- and/or optimized sample
design in which the QDs are sitting at larger dis&s from the doped regions of the

diode. We leave these points for future studies.

Temporal post-selection of the emitted photons

In photon correlation measuremery{Lx for example, see Figure Sla), a clean XX-X
cascade should appear as a strongly asymmetridimgnpeak with an exponential tail
for positive time delays. In our experiment, asef effects lead to deviations from the
expected behavior, finally resulting in almost syatinc bunching peaks (see Figure
S1la). Firstly, the finite temporal resolution oétaxperimental set-up (~400 ps,
comparable with the lifetime of the exciton traiwsit~1 ns) results in a pronounced
broadening of the bunching peak, which therefotereds to negative time delays.
Recapture processes also contribute to the nunfilbeuats recorded for negative time
delays, as discussed in the previous section.lfjnalthe presence of a fluctuating FSS,
X photons arriving at longer time delays are expe¢d exhibit lower fidelity to the
predicted Bell statgy (see the main text). It is therefore quite cleat temporal post-
selection or temporal gating of the emitted photwaysable to filter photons pairs
originating from “clean” XX-X cascades would incseathe level of entanglement. Time-
gating techniques have been successfully emplayegdlude X photons arriving at

longer time delays and a significant increase effittelity to they state has been

observed, also in the case of QDs veiubstantially different from zetd. Moreover, it

has been shown recently that post-selection ofdineslation counts used in the data
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analysis leads to very similar reslltslere, we adopt an approach similar to the latter
and we study the evolution of all the parameteemntjtying entanglement as a function
of the temporal window (see Figure S1a) we choose to integrate the aetiselcounts
later used in the analysis. Differently from refeze 7 and because of the limited
temporal resolution of our photon detectors, weicedhe temporal window around the
center of mass of the bunching peaks, i.e., weugdgdand symmetrically discard
photons arriving at longer positive and negativeetdelays.

Figure S1b shows the evolution of the tangle (Marglement of formation ¢
concurrence (C), fidelityf and largest eigenvalug)(as a function of the fraction of
coincidence counts (normalized to the total conmgasured av=10 ns) recorded during
the binning procedure. The different points coroegpto differentv, ranging from 10 ns
to 1 ns. A monotonic increase of all the parameajeemntifying entanglement can be
clearly observed. More specifically, we note aldligicrease of the parameters for 4
ns<w< 10 ns when less than 10% coincidence counts disdafithis behavior can be
easily explained considering the temporal widtlhef bunching peak (~ 4 ns, see Figure
S1la), and points out the small, albeit deleterietfect of background photons. A more
pronounced effect is instead observedWe? ns: When ~60% of the counts are
discardedW=1 ns) a concurrence as high as 0.82 is measunésipfioves that temporal
filtering can be used to partially avoid the effeof the sources of entanglement
degradation discussed in the previous sessiontaebi suggests that the use of faster
photon detectors along with time-gating techni§esuld be employed to increase even
further the level of entanglement of our sourcés Itnportant to note that the

measurements used for the analysis reported irré-fglb are obtained &t0 peV, as
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confirmed by the absence of appreciable changd®iphase delay betwe{alﬁ XXHX>

and |VXXVX ) ¢ (see the inset of Figure S1b) with Furthermore, this also proves that

this phase delay arises from artifacts of our ctilbm opticsj.e., from a reflection at our
beam splitter (see the main text).

Finally, Figures S1c-d show the effect of the terapéltering on the three Bell
parameters listed in the main text and analyzetifordifferent values of the electric
field Fy (and at a fixed =17.3 kV/cm) where the minimum FSS occurs. In tegion,
fluctuations in the FSS lead to variations of tegrée of correlation in the different
polarization bases, thus causing fluctuations efdifferent Bell parameters. However, a
general increase ok§ Skc, and $p as a function olv can be clearly observed in both
cases. If we consider the region around the minirk@8, the maximum values of the
three Bell parameters far=2 ns (see Figure Sle) argy$2.22 £ 0.05, &=2.43 + 0.04,
and $p=2.50 + 0.07, well above the Bell limit (far=1 ns the reader is referred to the
main text). Figures Sle-f show that the tempotrfng also extends the range of X
energies where entangled photons are generatguartioular, the classical (Bell) limit
can be violated when the X energy is tuned ovee¥ i1 meV). As discuss in the main
text, this result is potentially interesting foterfacing distant QD-based entanglement

resources, i.e., for entanglement swapping expeaitsngith dissimilar QDs.
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Figure S1. (a).Cross-correlation measurement in one of the ingattd QDs for cross-
circular XX-X photons and zoomed close to the z#etay bunching peak. The solid line
indicates the temporal window over which the catieh counts are integrated for the
analysis presented in the main tex=(0 ns).(b). Evolution of the parameters
guantifying entanglement (tangle T, entanglemeribohation E, concurrence C,
fidelity f to the expected Bell state and largest eigenvglas a function of the fraction
of coincidence counts (normalized to the total ¢sumeasured at=10 ns) recorded

during the binning procedure. The inset shows twdugion of the phase delay between

|HXXHX> and|VXXVX>. The dashed line indicates the average vét)eEvolution of the

three Bell parameters (see the main text) as ditumof the fraction of coincidence
counts recorded during the binning procedure anéfo-93.3 kV/cm and f= 17.3
kV/cm. The value of the FSS measured for theseegatdi the electric fields is also
indicated(d). Same as (c) fordg -91.7 kV/cm and f= 17.3 kV/cm. The value of the
FSS measured for these values of the electricsfisldlso indicatede). The three Bell

parameters as a function of the X energyeR ns. The X energy is tuned vigawhile
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Fp is kept fixed at = 17.3 kV/cm. The dashed line indicates the Baiitiwhile the
solid bar shows the range of X energies were noaklcorrelation between the emitted
photons can be measuréf). Same as (e) for the fidelity to the expected Bltef . The

dashed line indicates the classical limit.
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