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Abstract—Semiconductor quantum dots are currently emerging
as one of the most promising sources of non-classical light on
which to base future quantum networks. They can generate single
photons as well as pairs of entangled photons with unprecedented
brightness, indistinguishability, and degree of entanglement. These
features have very recently opened up the possibility to perform ad-
vanced quantum optics protocols that were previously inaccessible
to single quantum emitters. In this work, we report on two experi-
ments that use the non-local properties of entanglement to teleport
quantum states: three-photon state teleportation and four-photon
entanglement teleportation. We discuss all the experimental results
inlight of a theoretical model that we develop to account for the non-
idealities of the quantum source. The excellent agreement between
theory and experiment enables a deep understanding of how each
parameter of the source affects the teleportation fidelities and it
pinpoints the requirements needed to overcome the classical limits.
Finally, our model suggests how to further improve quantum-dot
entangled-photon sources for practical quantum networks.

Index Terms—Entanglement swapping, quantum dot, quantum
entanglement, quantum optics, semiconductor physics, quantum
teleportation.

1. INTRODUCTION

N THE informatics framework, a network is an architecture
I of connected computers, sharing information via
communication channels. In a quantum network, alongside the
classical communication links, quantum computers, quantum
channels, and quantum interconnects are needed [1], [2]. The
adjective quantum not only means that the channel transmits
information encoded in quantum “signals”, but it also implies
that the network fully exploits the most peculiar features of
quantum mechanics, most notably superposition, entanglement,
and teleportation [3]-[8]. The “quantum advantages” have been
suggested well before any technological advance disclosed the
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possibility to build quantum networks [9], [10]. These include
clock synchronization [11], indecipherable -cryptography
[12], [13], secure identification [14], long-distance quantum
communication [15], quantum computation [16]-[19], quantum
metrology [20], [21], etc. In fact, the borders between these
diverse applications are very often blurred and the concept
of quantum networks unifies the tools needed and the most
important challenges to be faced. And, for the first time, its
construction seems to be at hand, as suggested by the massive
financial investments on quantum technologies.

Independently of the platform that will be used for quantum
computers and of the system chosen to store and retrieve quan-
tum information, it is widely accepted that photons are the best
candidate for interfacing the distant nodes of the network. Pho-
tons hardly decohere over distance, can be easily manipulated
and detected with current technology, and polarization/orbital
momentum/path/time-bin degrees of freedom can be used to
encode quantum information [22]. All these features have en-
abled seminal demonstrations of quantum key distribution [13]
and quantum communication [23], and commercial systems
for quantum cryptography that operate at short distances (few
hundreds of kilometers) are available since a few years. How-
ever, for worldwide quantum communication, being it free-space
or fiber-based, an important challenge still remains: Photon
losses and the impossibility of signal amplification due to the
no-cloning theorem [24]. This has led to the development of
the concept of quantum repeaters [25]—[28] that increase the
communication distance using the non-local properties of en-
tanglement, its distribution via quantum teleportation [29], [30]
and, arguably, quantum memories [2], [31]. Various quantum
repeater protocols have been developed over the years [25]—
[28] and the very first steps toward its realization have been
taken very recently [30], [32], [33]. Despite these impressive
achievements, the development of practical quantum repeaters
still demands improvements in the efficiency of entanglement
distribution via Bell state measurements and, most importantly,
the development of near-ideal entanglement resources. The latter
point is receiving enormous attention, in particular because
it is apparent that conventional systems based on parametric
down-conversion are limited by the random nature of the photon
generation process. In turn, this has led to intensive efforts on
the study and fabrication of solid-state based quantum emitters
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[34]. Among the others, semiconductor quantum dots (QDs) are
arguably one of the most attractive [35]. They can generate single
pairs of entangled photons [36], [37] deterministically [38],
with record-low multiphoton emission [39], with high efficiency
[40], [41], high indistinguishability [40]-[42], high degree of
entanglement [43], also in response to electrical triggers [44]-
[46]. Moreover, their emission properties can be easily tuned
via external perturbations [37], [47] and the generated photons
can be interfaced with other QDs [48], [49] or other quantum
systems [50]. Yet, the exploitation of entangled photons from
QDs in quantum teleportation protocols has been extremely
limited so far, with only a few experiments on three-photon
state teleportation [51]-[53] and only two very recent reports
on four-photon entanglement teleportation [54], [55] — the core
of entanglement distribution via quantum repeater schemes. The
main reason of this slow progress is related to the very stringent
requirements set by the teleportation protocols, which simulta-
neously demand for high photon flux (as teleportation rates have
a steep power dependence on light extraction efficiency), high
degree of indistinguishability (needed to efficiently implement
Bell state measurements), and high degree of entanglement
(needed to overcome the classical limit with the teleported
photons). The purpose of this work is thus two-fold: (i) To
present our recent experimental demonstration of all-photonic
state teleportation [53] and entanglement teleportation [54] with
pairs of entangled photons generate on-demand by a single QD.
(ii) To discuss the experimental data in light of a theoretical
model that explains how the QD physical parameters (in terms of
photon indistinguishability and degree of entanglement) affect
the teleportation fidelities. Our final goal is to provide the reader
with a clear physical picture of entanglement teleportation with
photons from QDs and, most importantly, to delineate the next
steps that are needed to improve QDs for quantum networking.

This paper is organized as follows. In Section I we present the
quantum optical characterization of the QDs used in the entan-
glement teleportation experiments, with a focus on on-demand
operation, multi-photon emission, photon indistinguishability,
and entanglement fidelity. In Section III we will develop the
theoretical framework of our work. We will first introduce the
concept of entanglement and we will describe the scheme of
four-photon and three-photon quantum teleportation protocols
with ideal sources. At the end of the Section, we will introduce
our theoretical model for entanglement teleportation with real
quantum emitters. In Section IV we will describe the exper-
iments that demonstrated the entanglement teleportation with
semiconductor QDs and analyze the experimental data with our
theoretical model. In Section V we will discuss prospects and
challenges for the implementation of QDs in quantum networks.

II. QUANTUM OPTICAL CHARACTERIZATION OF QD
ENTANGLED PHOTON SOURCES

The quantum light source used in the experiments consists of
GaAs QDs grown with Al droplet etching [56]. GaAs QDs grown
with this technique exhibit a high in-plane symmetry resulting in
a low fine-structure splitting (FSS) between the excitonic states
[57]. The growth parameters were also tuned so that the emission
energy of our QDs is set to the vicinity of absorption lines of

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 26, NO. 3, MAY/JUNE 2020

Rb atoms [50], [58]-[61], a promising candidate for atomic
vapor-based quantum memories [62]. Coupling artificial and
natural atoms will indeed be an essential step for the construction
of future quantum networks, and much work in this direction
has already been done. The fabrication of QDs thus starts with
nanoholes drilled on the surface of Aly4GapgAs grown on
a (001) GaAs commercial wafer by evaporating Al droplet
followed by an annealing step. The nanoholes are then filled with
a2 nm thick GaAs layer and capped with another Aly 4Gag gAs
layer for a 123 nm total thickness. The QDs lie in the middle
of the layer. The full active layer is grown between two 60 nm
thick Aly oGag gAs layers, which together constitute a A-cavity.
To complete the full planar cavity, two sets of distributed Bragg
reflectors (DBRs) were grown, constituted respectively by 9 and
2 pairs of Alg.95Gag.p5As (70 nm) and Aly 2Gag gAs (60 nm)
layers. The cavity in combination with a solid immersion lens
increases significantly the extraction efficiency (up to values of
~12%) although no Purcell enhancement is measured [63].

A. Excitation Scheme and Preparation Fidelity

The emission of an entangled photon pair from a QD is
achievable by exciting at the same time two electron-hole pairs
that are bound together via Coulomb interaction, i.e., a biexciton
(XX) state. As the carriers are in a closed shell, the XX total
spin is JJ = 0. An electron-hole pair will first recombine via the
emission of a photon, leaving the QD with a single electron-hole
pair, i.e., an exciton (X). In an ideal QD, the X consists of
two dark and two bright states characterized, respectively, by
a projection along the growth direction of the total X angular
momentum M = +2and M = +1. The bright states are the only
ones relevant for this work and, in the absence of anisotropic
exchange interaction [64], are degenerate. This implies that the
first photon, whose energy is equal to the difference between the
XX state and the X, will be emitted with either right (R) or left
(L) circular polarization, see Fig. 1(a). A second photon is then
emitted after the recombination of the remaining X in the QD,
with energy corresponding to the X state energy and orthogonal
circular polarization with respect to the previously emitted XX
photon. If the X state is truly degenerate in energy, i.e., its fine
structure splitting (FSS) (related to QD structural anisotropies,
see Ref. [65]) is much smaller than the homogeneous linewidth
of the photons [66], [67], the two-photon decay generates the
entangled state %( R)x|LYxx + L) x|R) x x)-

In order to achieve a true on-demand operation, a two-photon
excitation (TPE) resonant scheme (as sketched in Fig. 1(a))
is routinely employed [38], [68]. The XX state is coherently
populated by shining a laser tuned at half the energy of the 0-XX
transition with a detuning which is estimated to be less than 0.03
FWHM of the laser energy peak [49]. It is worth mentioning that
the two-particle energy of the XX state (the energy of the two
occupied X states renormalized by their Coulomb interaction)
with respect to the ground state (0) is lower than double the
energy of the X state [69], thus removing the possibility to
directly excite the X state with a single photon from the laser.
The resulting emission spectrum is shown in Fig. 1(b), where
the excitation laser is strongly suppressed by using notch
filters. The equal peak intensity of X and XX lines also suggests
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Fig. 1. (a) Energy scheme of the X-XX cascade and sketch of the two-photon
excitation scheme (TPE). In TPE the QD is excited by a pulsed laser tuned
at half the energy difference between the XX level and the ground state (0).
The 2-photon cascade follows two paths leading to a polarization-entangled
state. (b) Photoluminescence spectrum of the QD under TPE resonant scheme.
The X and XX lines are clearly distinguishable. The power density at 7w-pulse
(Pr) is obtained with an 80 MHz repetition rate and a pulse FWHM of about
10 ps. (c) Rabi oscillation of the XX emission intensity vs laser power. The
preparation fidelity (7)prep) is calculated as the ratio between the intensity of
the 7-pulse and the maximum intensity reachable considering only a phonon-
induced damping of the oscillations, from Ref. [53]. (d) XX-X cross-correlation
histograms without any polarization selection. The peaks at zero-delay represent
photons belonging to the same cascade. The higher correlation with respect to
subsequent pulses is a direct estimation of the preparation fidelity.

that dark-exciton scattering plays a secondary role in this
excitation scheme.

An important factor to assess the effectiveness of the TPE
approach is the probability that a single laser pulse excites
the QD. The preparation fidelity (7,,cp) is the parameter that
describes the efficiency of the excitation scheme and can be
measured in a few ways. An indirect method quite commonly
used in literature consists in the analysis of the Rabi oscillations
with increasing excitation power [38], [70]. Taking into account
the phonon contribution in the damping of the Rabi oscillations,
the preparation fidelity can be estimated as the ratio between
the intensity at m-pulse and the extrapolated intensity at zero
laser power, see Fig. 1(c). A second and more reliable method
consists in measuring the normalized counts at zero-time delay
in an intensity cross-correlation measurement between the X
and XX photons. When the preparation fidelity is below unity,
the probability of finding an X photon is higher if a XX photon
belonging to the same radiative cascade is also detected. More
specifically, the intensity cross-correlation histogram (with no
polarization selection) allows to directly compare the probability
of detecting an X photon if a XX photon excited from the
same or a subsequent laser pulse is observed. In this case, the
preparation fidelity is simply the ratio between the coincidence
peaks belonging to subsequent pulses and the one belonging to
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the same excitation pulse, see Fig. 1(d). A preparation fidelity
as high as 0.91(3) [53] is measured with a TPE scheme on the
epitaxial GaAs QDs used in this experiment.

It is important to note that comparing the events triggered
by consecutive pulses may neglect processes related to optical
inactivity on longer time scales. These effects, commonly
referred to as blinking, can be accounted for by comparing the
zero-time delay peak in the coincidences histogram with its
limit value at very long time delays, as assessed in more detail
in the following Section.

B. Multiphoton Emission

One of the fundamental requirements for many quantum
information protocols involving single photons is a negligible
probability of multiphoton emission from the source. In or-
der to evaluate this parameter, we use a Hanbury-Brown and
Twiss (HBT) interferometer [71] to (approximately) measure
the pulsed second-order intensity correlation function g(2)(r),
whose value at 7 = 0 provides us with a good estimate of the
multi-photon emission probability. Results from the sample used
in the experiments discussed below show a ¢(*)(0) of 0.027(2)
and 0.022(2) for the X and XX respectively (see Fig. 2(a)).
However, our ¢(®)(0) values are limited by a non-perfect laser
light suppression, detector dark counts and, to a lower extent, XX
re-excitation during the same laser pulse [72]. In fact, a value as
low as 9(2) (0) = (75(16)) x 10~* has been recently reported
using the very same QD sample but implementing polarization
filtering (a technique that cannot be used during entanglement
teleportation experiments) and low-dark count superconducting
single-photon detectors [39].

As mentioned above, the long-time (|7| > 25 us) g‘® (1) of
either the XX or the X (see Fig. 2(b)) provides information on the
intermittency in the emission of single photons from the source,
i.e., blinking. This is an important QD parameter that has to
be taken into account when coincidence measurements are to be
evaluated [73]. The origin of blinking is still under investigation,
the most widely accepted explanation is that long-lived charged
states hinder the absorption of light by the QD until the charge is
thermodynamically removed or neutralized. Using a telegraphic
model [74] one can estimate from the g(?) (1) measurements the
fraction of time in which the QD is optically active, 7piink as
well as the mean blinking time 73;;,,%. For the QDs used in our
work these values were estimated to be 7y, = 0.36(1) and
Totink = 9.0(1) pus. As blinking in our QDs is not negligible,
one has to consider it for correct normalization of the g(*) (7).
This is generally true and needs to be considered whenever the
multiphoton emission probability has to be estimated. In the
experiments described below, we let interfere photons generated
by subsequent laser pulses separated by 2 ns time intervals. The
behavior of the ¢(?) (1) relevant for the experiments will then be
the one in the short (|7| ~ ns) time range.

C. Indistinguishability

The key element of any entanglement-based teleportation
protocol is the measurement of the Bell state of two indistin-
guishable photons, as we will see in the details of the experiment.
The four Bell states constitute a complete orthogonal set of
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Fig. 2. (a) Second-order autocorrelation function, g(?) (7), measured for the

XX (blue histogram) and X (red histogram) emission showing suppressed
emission around zero-time delay. The histograms are shifted in time for clarity
(b) Long-range g (7) measured for the X and XX emission, the XX histogram
has a 0.25 vertical offset for clarity. It is visible an enhancement in the coin-
cidences rate at short time scales (|7| < 25 us) due to the effect of blinking.
Two exponential fits (gray line) extract the mean fraction of on-time of the
QD 7., =0.33(1) and 0 X, = 0.36(1) and the mean active time of the
emitter 755, = 13.8(1) s and 775X, = 14.2(1) ps. (c) HOM visibility for
co-polarized X photons. The value of V' = 0.63(2) is extracted from a 5-peak
Voigt fit with a fixed width for both the Gaussian and Lorentzian components.
(d) Cross-correlation functions between X and XX photons for different com-
binations of photon polarization in the three independent bases, linear (HV),
diagonal (DA) and circular (RL). The entanglement fidelity f = 0.925(3) to the
|¢T) state is extracted from the value of the visibility in each basis Cj; using

the formula f“i’Jr> =1/4(14+Cgv + Cpa — Crr). From Ref. [53].

2-particle maximally entangled states and form a basis for the
2-particle Hilbert space. The setup for a Bell state measurement
(BSM) used in our work is the same as the one exploited for
the seminal experiment of Hong, Ou and Mandel (HOM) [75]
and exploits the different statistics of the four Bell states when
the two indistinguishable photons enter two different ports of
a beam splitter (BS) [76]. The outcome of a BSM depends
on the degree of indistinguishability of the incoming photons
and the spatial and temporal overlap of the wavepackets. To
assess the indistinguishability of our photons we excite the QDs
with two m-pulses separated by a 7 = 2 ns. The photons are
then guided to an unbalanced Mach—Zehnder interferometer
equipped with a 2ns delay and are let to interfere at the BS
in co-polarized configuration. In this case, if the two photons
are perfectly indistinguishable and perfectly overlapping in
space and time, the HOM effect rules out coincidences at zero
delay. From Fig. 2(c), however, one can clearly see that the
correlation peak at zero-time delay is lower than the side peaks
(corresponding to photons entering the BS at different times)
but not zero. This highlights a non-perfect degree of indistin-
guishability: We use five-Voigt functions as an empiric choice to
include the instrument response and fit the integrated area of the
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correlation peaks [54], and we estimate the raw HOM visibility
V =1—1(0)/1(r) (thatin a first approximation we assume to
be equal to the indistinguishability), which is found to be about
65% for all the experiments discussed below. The accuracy of
the visibility estimation is limited by the modeling of the peak at
zero-time delay which does not take into account the presence
of quantum beats [77] and can be improved when these features
are resolved with detectors with better time resolution [78]. The
visibility value is limited by quantum correlations between the
X and XX photon wavefunctions [79], spectral diffusion at short
time scale (< 2 ns) [80], [81], and electron-phonon interaction
[82]. These problems can be alleviated using the Purcell effect
[40], [41] and careful electric field tuning [83]. As anticipation
of the theoretical results discussed below, it is worth mentioning
that a non-ideal value of the HOM visibility strongly influences
the outcome of the BSM and, in turn, the teleportation fidelities.
A correct evaluation of this parameter is therefore of utmost
importance for the comparison between theory and experiments.

D. Entanglement Fidelity

As mentioned before, when we excite a semiconductor QD
in the XX state, it emits a polarization-entangled photon pair in
the |¢1) Bell state. In the linear HV basis it reads as:

" 1
o >X7XX = N (H)xH)xx +V)xIV)xx)-

To evaluate the degree of entanglement of photons, one has
to first reconstruct the two-photon density matrix by performing
a set of (at least) 16 projective measurements [84] and then
extract the parameters quantifying entanglement (such as the
concurrence). However, once the polarization properties of the
setup are known and the QD source is unpolarized, it is easier to
calculate the degree of entanglement via the fidelity f, a measure
of the overlap of the measured state to the |¢™) state. This
parameter, which is 1 (0.5) for perfect entangled (classically
correlated) states, can be evaluated via a reduced set of 6 co-
and cross-polarized cross-correlations measurements between
X and XX photons in the three independent polarization bases,
namely linear HV, diagonal DA, and circular RL. From each
polarization basis, one can calculate the correlation visibilities
with the formula:

0 (0) g (0)

Ci' - ’
G (0) + g (0)

and then the fidelity to the [¢™) via [85]:

f|¢+> _ 14+ Cpyv +Cpa —Cgre
1 .

In semiconductor QDs, there are several effects that may
lead to a degradation of the degree of entanglement of the
emitted photons: The most prominent is the presence of a finite
FSS between the two intermediate X states combined with the
finite time resolution of the experimental set-up. In fact, in
presence of the FSS, the entangled XX-X photon polarization
state turns into |0y = =5 (|H) x| H) x + €7 [V) xx|[V) x)s
where S is the FSS and 7 is the (random) time span between the
XX and X photon emission. The average fidelity to the |¢™)
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can be strongly reduced from unity when S 2 i/7x, where
Tx 1S the radiative lifetime of the X state which determines
the probability distribution of ¢. With post-selection and good
time-resolution detectors, the state can be projected again on a
completely entangled state. While there are other decoherence
mechanisms (such as re-excitation and multi-photon emission,
and exciton spin-scattering processes due to excess charges in
the QD surrounding), recent results have demonstrated that in
GaAs QDs with suppressed FSS [43], [85], [86] an entanglement
fidelity as high as 98% can be achieved without temporal and
spectral post-selection, thus suggesting that QDs can be regarded
as dephasing-free sources of entangled photons [87]. In the
experiments discussed below, we use QDs with entanglement
fidelities up to 93% as evaluated, for example, from the cross-
correlation measurement shown in Fig. 2(d).

III. ENTANGLEMENT-BASED PROTOCOLS

A. Entanglement Teleportation

The key concept of entanglement-based teleportation proto-
cols is to distribute either entanglement or a quantum state over
distant nodes of a network. A quantum teleportation experiment
stands on two pillars: entangled-photon sources (EPSs) and
Bell state measurement (BSM). A complete BSM, i.e., a device
capable of telling apart all the four Bell states, is not feasible
by using only linear optics [88]. Several solutions, including
the use of non-linear optical elements [89], pairs of ancillary
entangled photons [90], or hyper-entangled photons [91], [92],
have been proposed in literature but a complete measurement
can currently be reached at the cost of low efficiency and/or
cumbersome experimental schemes. On the other hand, it is
simple to implement a BSM scheme [6]-[8] that involves the
detection of only one out of the four Bell states, namely the
|th~) state. This state represents the singlet state of the Bell set
so that the spin part of the wavefunction is anti-symmetric under
the exchange of the two photons. When two indistinguishable
photons in a [¢)~) polarization state interfere at a BS they will
exit each from a different output port. The |¢)~) state is the only
one producing this behavior, and it offers an extremely simple
way to perform a partial BSM with a theoretical efficiency of
25%. The implementation of the measurement scheme will be
recalled in the next Section.

To present the teleportation operation, we will assume to
have a perfect EPS emitting pairs of photons in the |¢™) Bell
state and BSM device which will tell us when a [¢)7) state
is detected. Referring to the scheme of Fig. 3, we take two
EPS, e.g., two distinct QDs or the same QD excited at two
different times. Each EPS emits an entangled-photon pair, 1-2
and 3—4 respectively, represented in the drawing as solid arrowed
lines. Entanglement between the photons is represented with a
dash-dot line connecting the photon lines.

We can write the 4-photon state as the direct product of two
entangled pairs:

|‘I’>1234 = ‘¢+>12 ® |¢+>34

= 5 (B E), +1V)IV)5) © (H)g H) g+ V)5lV).))
(1)
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Fig. 3. Entanglement teleportation scheme. Two entangled-photon sources
(EPS) emit a pair of entangled photons each 1-2 and 3—4, represented by solid
black arrowed lines. By performing a Bell state measurement (BSM) on the two
inner photons, the entanglement, represented with a dash-dot line, is transferred
to the outer photons. To perform state teleportation, we use a polarization device
to make a state preparation (SP). We then perform the same BSM on the inner
photons 2-3 and transfer the input state of photon 3 onto photon 1 with a rotation
(U) depending on the particular outcome of the BSM. The BSM result must be
transmitted through a classical channel (dashed line) in order to apply the unitary
transformation U and obtain the input photon state back.

Since the Bell states form a complete basis, we can rewrite
(1) in the Bell state bases of the modes 1-4 and 2-3 instead:

1
“I'>1234 = 9 (|¢+>14’¢+>23 + ’¢_>14’¢_>23
SH CADIV LA I L IV [ S )

The two inner photons, 2 and 3, are sent to a Bell state
analyzer where the BSM is performed. It follows from (2) that,
if the 4-photon state is projected on |10~ )o3 with a BSM, the
remaining photons 1-4 will be left in the |t/ ™) 14 state. The result
of performing a BSM on photons 2-3 is then to transfer the
entanglement from the photons 1-2 and 3—4 to the photons 1-4
and 2-3 — a procedure that is known as entanglement swapping
[8]. However, we point out that the swapping operation can
be equivalently viewed [93] as if entanglement is teleported
to the outer photons 1-4, since by performing the BSM we
transferred the same entangled state on two photons which
were previously uncorrelated. For this reason, we prefer to use
the more symmetric notation of the state and entanglement
teleportation for the three-photon state teleportation and the
four-photon entanglement swapping respectively.

It is important to stress that in order to make use of the two
teleported photons, classical information about the result of the
BSM must be shared.

B. State Teleportation

The scheme seen for entanglement teleportation can be
adapted with minimal changes to teleport a single quantum state,
rather than entanglement, over distant nodes. Referring to Fig. 3,
we now insert a state preparation device (SP) to polarize photon
3 in an arbitrary state of choice and just discard photon 4. We
write the generic pure polarization state sent in the protocol as:

@)y = alH); + V)3,
with a and S complex coefficients. The 3-photon total state is:
|¥) 103 = |¢+>12 ® (a|H)z + B|V);3)
1
=3 (1% )5 (@l H)y + BIV),)

+ ’¢_>23 (alH)y = BIV)y)
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+ |¢+>23 (/B‘Hl + O5|Vv1)
+ ‘¢_>23 (6|H>1—a|V>1)) (3)

In this case, the result of a BSM on photons 2-3 is to teleport
the polarization state of the mode 3 onto mode 1 with a polar-
ization rotation. The specific unitary transformation required to
map the polarization state of mode 1 onto mode 3 depends on
the outcome of the BSM. The total state in (3) can be compactly
expressed using the Pauli matrices as:

W) 193
1 . ) oy .
D) (‘¢+>2300 + W+>23% + Z|¢ >230y + |¢ >2302)|(I)>1~

It is interesting to underline two important aspects. First, in
order to generate an exact copy of the state of photon 3 onto
photon 1, the combined state of photons 2—3 must be measured,
i.e., the photon 3 is destroyed. This ensures that no replica of the
same photon exists at the same time. Secondly, as already men-
tioned for the entanglement teleportation, a classical channel is
needed to let the receiver know the result of the BSM and which
unitary transformation to apply on the received photon to retrieve
the original state. This ensures that no superluminal transfer of
information happens, as, without the classical information of
the outcome of the BSM, the state of the teleported photon is
unknown.

As an example, we will examine the unitary transformation
to be applied when the |¢)~) state is measured at the BSM. In
this case, the state of photon 1 will be:

@), =i6y|P)3 = BIH); — V),

and the unitary transformation to be applied is the bit-phase flip

matrix:
n 0 1
10y = )
Y -1 0

which can be implemented with linear optics as a series of two
half-wave plates with the fast axis at an angle of 0° and 45° with
respect to the direction defined by the polarization state H.

C. Entanglement Teleportation With Real Emitters

After discussing the ideal operation of the experiment, we
proceed to assess the effects of using real and non-ideal emit-
ters based on QDs. Several physical parameters of the emit-
ters impact their performance up to different extents by re-
ducing either the two-photon state entanglement or the BSM
accuracy.

The role of the electronic structure can be entirely ascribed
in an effective way to the FSS. The FSS, S, decreases the
entanglement by introducing a phase evolution (see Section [.D)
dependent on the X recombination time. Since this quantity is in-
determinate within the transition lifetime, the polarization state
of the radiative cascade is described as a mixed state between the
expected ¢ and the ¢~ Bell states, whose purity decreases by
increasing the ratio of FSS over radiative linewidth. The FSS also
reduces the accuracy of the BSM because of the small energy
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detuning between the two exciton states which reduces the mode
overlap at the BS of two consecutive X photons.

As expected for an emitter embedded in a solid-state en-
vironment, decoherence mechanisms should be considered as
well in the source characterization. The interactions that induce
decoherence are due to different causes, namely phonon-induced
dephasing [94], charge and spin noise [80]. Regardless of the
detailed description of the interplay among these effects, the
radiation emitted from the QD is described by the coherence
time 75 [95], which depends on the transition lifetime 7 and
on the pure dephasing time 7. The presence of dephasing
effects lowering the coherence time with respect to the Fourier
limit directly affects the photon indistinguishability [96]. Con-
sequently, the accuracy of the optical BSM based on two-photon
interference is lowered. The effect can be empirically quantified
by measuring the interference visibility in an HOM experiment,
an approach that also helps to keep into account the dynamics
of dephasing and spectral diffusion when photons are emitted
at a different time from the same source [81]. On the other
hand, it is known that most of the decoherence effects that are
quantified by the coherence times of the individual XX and
X lines do not affect the grade of polarization entanglement
from the XX-X cascade [97]. Indeed, the polarization state of
the photon pair is only affected by the physical processes that
cause decoherence between the two bright X states during the
time spent by the system in their superposition state, namely
during the intermediate step of the XX-X cascade. To refer to
these effects, we define two specific decoherence mechanisms,
each with its characteristic time. The division is based not on
the physical origin, but rather on the effect on the polariza-
tion state, adopting the common distinction between processes
that affect the state population and processes that only act
on phase coherence. Consistently with previous works [42],
[97], we consider any physical mechanism that cancels any
polarization correlation between the photons as a spin scattering
term with the characteristic time 75g. Instead, we name cross-
dephasing (with typical time 7xy) the events in which there
is a loss in phase coherence between the two bright exciton
states.

Another possible cause of non-ideal behavior in an on-
demand photon source is time jittering. The negative impact
of random fluctuations in the pumping process of the XX can
be virtually suppressed by the use of resonant excitation [68].
However, time correlations between the photons emitted in the
two-photon radiative decay can also affect the indistinguishabil-
ity of photons taken from different XX-X cascades [98], [99].
Modeling the impact of this contribution is not necessary since
this information is included in the measured values of HOM
visibility. Also, the impact of time jittering on the accuracy of
the BSM can hence be quantified due to the knowledge of an
easily accessible experimental quantity.

Finally, multiphoton emission and background light both
decrease the entanglement fidelity and BSM accuracy by in-
troducing accidental coincidence events. We can describe this
effect by introducing the fraction of photon pairs that both
come from a radiative XX-X cascade with respect to the total
number of detected pairs. We call this quantity k. We can



ROTA et al.: ENTANGLEMENT TELEPORTATION WITH PHOTONS FROM QUANTUM DOTS

estimate the fraction & of the exploitable photons by first defin-
ing a parameter g as the ¢(?)(0) autocorrelation function for
X and XX normalized with the mean value of the autocor-
relation peaks around zero-time delay [100], as mentioned in
Section II.B. The parameter g corresponds to the probability
that two photons are detected from the same pulse for either of
two subsequent pulses, divided by the probability that a single
photon is detected from each pulse. This quantity is most relevant
to the experiment discussed here, in which two entangled pairs
emitted consecutively are considered.

If we assume strong photon anti-bunching, the value of k£ can
be estimated, taking also into account the preparation fidelity
Npreps 88 kK~ 1 —Nprep - (9x + gxx)/2. In the calculations,
we will only consider multiphoton emission from the XX side
as the effect of g x already enters in the BSM accuracy, see below,
sothat k = 1 — nprep - gx x /2

In the experiment described here, the two EPSs are obtained
by exciting the same QD twice with delayed laser pulses. This
results in the generation of two entangled photon pairs, that are
identified according to their time of creation as early (E) and
late (L): |¢f;) and |¢} ). We introduce the indices X X5, Xp
and X7, X X, in place of the numbers 1-2 and 3—4 used in the
previous Section, so that the labeling more closely reflects the
physical system used in the experiments.

In general, we should better describe the two-photon polar-
ization state by introducing the density matrices of the two
states px,xx, and px, xx, and by taking into account all
the contributions from the non-idealities discussed so far.

We assume that the probability that, at a given X re-
combination time ¢, the system has totally lost the polar-
ization correlation, due to either background emission or
a spin scattering event, is given by py oo (t) = (1 — k) +

Ot % =1—k-e/7ss_ This term acts by bringing
the state toward the direction of a completely mixed diagonal
state. Similarly, we estimate the probability that the phase co-
herence is lost, yet without any spin-flip of the exciton state, by
a cross-dephasing event as:

*t//THV

Pruv (t) = (1 — Pk,7ss (t)) : /0 dt' - €

=Lk - eft/Tss . (1 _ e*t/THv) )

THV

This term affects the state by destroying the entanglement
but keeping the classical polarization correlation of the XX-X
cascade. Last, the FSS contribution is added. The FSS makes
the state oscillate between the ¢+ and ¢~ Bell states with
a frequency equal to S/h and its contribution to the matrix
is multiplied by the probability of not having any decoher-
ence or spin-flip. The time-dependent density matrix for the
XX-X state in the two qubits base |HH),|HV),|VH),|VV)
reads as:

pxxx () = (1 k- e-%) .

A~
o o o R~
o o~ o
o = o ©
- o o o
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1 0 0 0
ot __t N 1|0 O O O
+k-e "SS~<176 THV)_,

210 0 0 O

0 0 0 1

1 00 e

e ot 1 0 0 0 0
+k-e 7ss -e THV . — , 4
¢ c 21 0 00 o0 @

e 00 1

The other figure of merit we need to consider in our calcu-
lation is the indistinguishability. As already mentioned, a value
below unity of indistinguishability affects the performance of the
BSM. If the space-temporal overlap of the modes, i.e., arrival
time and wavepacket overlap [77], involved in the two-photon
interference is not perfect, double-clicks at the detectors could
be triggered by Bell states other than [/~ ). Thus, errors in the
BSM will directly lower the success rate of the teleportation.
This effect can be estimated from an experimentally accessible
quantity, as the indistinguishability M can be approximated by
the HOM visibility V. These quantities differ when background
light and multiphoton emission are also considered. However,
for the purposes of the following derivation and taking into
account the small values of gx typical of our source we can
just consider the HOM visibility V. The HOM visibility is
measured by sending co-polarized photons in the BSM setup
and measuring the second-order correlations, as described in
Section II.C. It follows that when a |¢*) state enters the setup,
the conditioned probability to get a double click at the output of
the BS (we indicate such event with the short notation BSM,,-),
is linked to the HOM visibility by the relation:

p(BSM,-J6) = 150

If we take into account the cross-polarized case, we expect the
same behavior from the |1/ ™) state, which has the same spatial
symmetry of the |¢™) states, i.e., both photons come out from
the same exit of the BS if indistinguishable. This assumption is
only valid in the limit of vanishing FSS. If the degeneracy of
the X state is lifted, the photons emitted with orthogonal linear
polarization along the anisotropy axes of the QD have a different
energy. The small frequency detuning reduces the mode overlap
of the two orthogonally polarized states from M| to alower value
M, (S), which decreases with increasing FSS. This effect is
taken into account by including the ratio r5.,(S) = M (S)/ M|
in the probability that a [¢)T) state produces double click:

p (BSMy-[F) = Vel V;M B,

The dependence of rs,, on the FSS is ruled by the effect of
frequency detuning on the 2-photon interference [77], given
that the oscillator strength for the two X transitions remains
approximately equal. The specific expression of this dependence
is affected by the other mechanisms which are present and
reduce the HOM visibility [101]. For example, if we assume
that the HOM visibility is mainly limited by pure dephasing, the
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following analytical form is obtained:
1

ST (1) .
I+ ( XQdeph)

and 7% is the characteristic time of pure

rsw (S) =

where 9512911 =

1
1+ 22X
dephasing.

Finally, it is known that the probability of having a double
click from the BSM detectors is 1/2 if a random mixture of
[1p~) and |¢p™) is sent since no coincidences dip is recorded at
zero-time delay for an HOM experiment with randomly cross-
polarized pairs. From this information, it directly follows that
the probability of joint measurement for |4/~ ) is

14V rs, (S)
— s

Since X and X are generated by two different emission
cascades, they are uncorrelated in polarization. This, together
with the fact that they are unpolarized, implies that we can
describe their state as a mixed state of all the Bell states with
equal probability

p(BSMy-[¢~) =

1

p(¢7) =p (") =7

The probability of having a B.SM,- is the sum over all the
possible outcomes weighted with their probability:

p(BSMy-) =p(BSMy-[¢")p ()
+ p(BSMy-1¢7)p(¢7)
+ p (BSMy-|¢™") p (v7)
1-V/2

+p(BSMy-[¢7)p (") = —

Finally, the probability that a 3.5 M- is caused by a specific
Bell state is then given by the Bayes’ theorem, e.g.,

p(BSMy-[v~) , _
pBs, ) M)

and the conditioned probabilities for all the possible Bell states
are:

p (¢~ |BSMy-) =
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We can now extend the theory of entanglement teleportation
for pure states to a more generic case using the density matrix
formalism and taking into account real QDs. The matrix corre-
sponding to the 4-photon state written in (1) is described by the
tensor product of matrices from (4) px xx(tg) ® px,xx(t1)
combining the E and L radiative cascades with their X recom-
bination times ¢z and ¢;,. The event of a [¢)™) state triggering
the BSM on the state of photons Xp and X7, is represented by
the projection operator Hx X, =17 ) xex, (¥ |xp,x, - The
density matrix for the teleported 2-photon state of X X and X,
is then obtained by tracing out X g and X, from the 4-photon
density matrix [102]:

Pxpxx, (tete) =Trx, x,

Y, v, (px.xx (te) ® px.xx (to) %, «,
N~

, (6)

where N¥ is a normalization factor.

To reconstruct the teleported state, we perform quantum
state tomography that collects a large number of recombination
events. The experimental density matrix is best simulated by
integrating (6) over the possible X recombination times weighted
by their probability

w_
PXXp XXy

o0 oo e (tr+tp)/Tx o
:/ dtL/ th72pXXE7XXL (tE,tL), (7
0 0 Tx

where 7y is the mean X radiative lifetime.

We can now obtain the final polarization state of the XX
teleported photons by summing the density matrices obtained in
(7) for each Bell state outcome weighted by the probability that a
specific Bell state induced a BSM described in (5). As a first ap-
proximation, we do not consider any explicit dependence of the
interference visibility on the recombination times ¢z and ¢r,. To

N 1FV rs (S) simplify the expression, we contract the contribution of the dif-
p (V7IBSMy-) = 492V ferent decoherence effects in the terms glglv =1/(1+7x/7ss)
(1 )
1-V and gy, = 1/(1+ 7x/7ss + 7x /Ty ). The final matrix has
+ _
p (¢ ‘BSMW) R O the form shown at the bottom of this page:
P;U)?Z,XXL = Z p(i‘BSMw*) 'piXXE,XXL
i=F+, -, Ut U
1- v (k g (1)) 0 0 0
2
v 1))\ 2 v rew(S) (ke )"
1 0 1+ﬁ(kgHV> _Qﬁ 1+(S;X (1))2 0
= - 1 2 (8)
v_rou(S) (kahil) v (1 )
0 —Qﬁm 1+ﬁ(k gHV) 0
0 0 0 1-—

(ko)
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It is worth noticing that the density matrix has a very simple
structure and the role of the various imperfections of the source
is consistent with qualitative expectations. The density matrix
has no imaginary part, differently from the matrix of the starting
EPSs. This is due to the fact that the phase evolution due to
the FSS does not depend on the sole X recombination time,
but rather on the difference between the Xigecogltgination time
in the two cascades with a phase factor e™— & . Averaging
over several repetitions of the process as in the experimental
quantum tomography, this term leaves no imaginary component.
Consistently, the first eigenvector of the reconstructed density
matrix after teleportation is always |1~ ), even if the one relative
to the EPSs rotates with respect to [¢™) when the ratio between
the FSS and the radiative lifetime is increased [103]. Overall, the
effect of the FSS, and similarly of any possible cross-dephasing
mechanism, is to reduce the out-of-diagonal elements of the
density matrix and induce a mixing of the [¢)~) and |/ ™) state.
Such an effect still allows one to observe correlations in the HV
basis, which can solely arise from classical correlations in the
starting photon pairs and a successful BSM. Instead, low photon
indistinguishability, decoherence mechanisms as spin scattering,
and multiphoton emission, all modify the diagonal elements as
well, which is a direct consequence of the fact that they cancel
every correlation in polarization.

It should be noted that in other implementations of the
BSM including polarizing elements, such as the 50% efficiency
scheme implemented with linear optics [88], the Bell state
is selected also relying on correlations in the HV basis. This
approach would limit the impact of below-unity photon indis-
tinguishability to the out-of-diagonal elements as well.

An analogous description can be obtained for the state tele-
portation experiment. Assuming that the preparation of the state
|®) is performed on the X photon excited by the later laser pulse,
the density matrix for the 3-photon state can be written as:

p\p = |CI)>XL <(I)|XL ® PXp, X Xp

where the density matrix px, x x, that describes the EPS has
already been integrated over the possible X recombination times
and thus follows the expression also reported in Ref. [97].

The density matrix of the teleported state after a BSM of the
state |1~ ) with arbitrary accuracy can be constructed in a similar
manner as (6) and (8), respectively:

U Y
HXL,XEP HXL,XE
Nv~

P _
Pxxp =17Tx, x5

>

i=®+, & U+, -

telep

XXp — p(i|BSMw—) 'Pé{XE-

IV. EXPERIMENTAL IMPLEMENTATION AND CHALLENGES
A. Experimental Setup

The experimental setup for the entanglement teleportation is
sketched in Fig. 4. The QD sample is placed in a closed-cycle He
cryostat embedded in an active-damped optical table to reduce
the deleterious effect of vibrations. The cryostat chamber is kept
in a high vacuum, and the sample is cooled down to 5 K. A
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Fig. 4. Setup scheme for the entanglement (state) teleportation experiments.
A Ti:Sa laser emits two light pulses separated by a At = 1.8 ns with a 160 MHz
repetition rate. Laser light is directed to a cryostat hosting the QD sample. The
sample is kept under a high vacuum at 7" = 5 K. The excited QD emits two
entangled photon pairs (EPs) at an early (E) and late time (L), represented by a
blue and a red dot. Backscattered laser light is filtered out with volume Bragg
grating (VBG) filters (F). X photons are reflected with a VBG notch filter (X
F) tuned at the X emission energy and sent to an unbalanced Mach-Zehnder
interferometer with the same delay At separating two subsequently excited
EPs. The two X photons are sent to the setup for the Bell state measurement
(BSM). The setup consists of a beamsplitter and two single-photon avalanche
photodiode detectors (SPAD). The signal from the SPADs is sent to a digital
correlator for coincidences analysis. XX photons are separated with another
VBG notch filter and sent to the setup for the quantum tomography (QT) to
check the teleported entangled state. Here the signal is separated with a BS
and polarization-dependent cross-correlations of the photons are performed
by placing a waveplate (W) and a linear polarizer (P) in front of each of the
two SPADs. To perform the state teleportation experiment, a polarizer and a
waveplate are placed on the short arm of the unbalanced MZ to prepare the state
(SP) of the X1, photon. Only the teleported X X g photon is then analyzed in
the QT setup.

vacuum- and low-temperature compatible high numerical aper-
ture microscope objective is placed inside the cryostat chamber
and connected to the cold-finger of the cryostat. This ensures
an almost perfect mechanical coupling between the objective
and the sample with no drift of the QD position over time. The
sample can be moved below the objective using a three-axis
piezo-actuator stack with sub-micrometer precision.

The pulsed emission from a Ti:Sa tunable femtosecond mode-
locked laser with a 160 MHz repetition rate is doubled with an
unbalanced interferometer featuring a delay line of At = 1.8 ns.
The laser is shaped with a pulse-slicer equipped with two diffrac-
tion gratings and a variable slit. In this way, the laser bandwidth
and position can be finely adjusted so as to obtain picosecond
pulses of adjustable energy. The laser energy is tuned to half
the energy of the XX level for the TPE scheme explained in
Section II.A. The laser light is sent toward the cryostat with a
10:90 polarization-maintaining plate BS. Both the QD emission
and the scattered laser light coming from the cryostat pass
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through the same 10:90 BS. Laser light is filtered out with a
series of three notch filters based on volume Bragg gratings
(VBGs). The 10:90 BS and the VBG filters are represented as
one element (F) in Fig. 4.

Since the XX and X photons have slightly different energies
they can be separated spectrally. To do so we use a VBG notch
filter tuned to the X energy (X F) to remove the X from the
emission beam. The reflected light is collected and sent to an
unbalanced Mach-Zehnder interferometer (MZ) with a delay
matching the At of the laser pulse distance. In this way, the
two X photons impinge simultaneously on the second BS of the
MZ. We measure the coincidences at the two output ports with
a pair of Si single-photon avalanche photodiodes (SPADs) to
implement a BSM.

A second VBG notch filter (XX F) is tuned at the XX
wavelength and sends photons to the setup for quantum state
tomography (QT). Here, we perform polarization-dependent
cross-correlation measurements by dividing the signal with a
non-polarizing BS and placing a polarization analyzer, i.e., a
waveplate (W) and a linear polarizer (P), in front of each of the
two SPADs. When a double click is detected at the BSM, the
QT of the XX photons is performed.

The signal coming from the 4 detectors is sent to a digital
correlator which converts the inputs in time tags with a 10 ps time
jitter. The data stream from the correlator is sent to a computer
for acquisition and subsequently analyzed.

To characterize the QD emission spectrum the system is
equipped with a He-Ne laser for above band excitation and a
0.75 m spectrometer equipped with an 1800 g/mm diffraction
grating and a liquid-Ny cooled Si-CCD camera.

For the state teleportation experiments, we modify the
setup for the state preparation (SP) by placing a polarizer and a
waveplate in the short arm of the MZ interferometer, specifically
in the X, path. Moreover, in the quantum tomography setup
only the teleported X X g photon state is measured. In this case,
we perform co- and cross-polarized correlation measurements
between the polarization of the prepared X state and the
teleported X Xg photon in all the three axes of the Poincaré
sphere.

We now provide an estimation of the count rates in the
entanglement teleportation experiment. The repetition rate of
the double pulse vj4s 1s reduced by the telegraphic blinking
rate 1p1ink. Due to the below unity preparation fidelity, not all
the laser pulses excite the XX even when the QD is optically
active, this effect is taken into account in the excitation efficiency
term 77;2mp (on both the photons pairs). We can combine the
overall efficiency of the setup and the extraction efficiency from
the QD sample, which we name 7).,;, together with the photon
detection probability of the avalanche photodiodes 74, to get
the experimental efficiency 7e.p = 1cotr - Mdet> Which enters the
calculation with a fourth power. The last terms we need to add
are the intrinsic losses due to the setup design, i.e., the three
BSs (1/8) and the two non-ideal polarizers (1)2,,/4), and the
efficiency of the single state BSM ((1 — V//2)/2).

The entanglement teleportation coincidences rate is then

2
_ 2 4 Moot 1 1=V/2
VET = Viaser * Mblink “ Nprep ~ Neap - 7411 8 2
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For the state teleportation experiment instead, the count
rate using a single quantum emitter increases by a factor
(3Mewp - &)1, The experimental fourfold (threefold) coinci-
dences rate is approximately vgr = 2.5 mHz (vgr = 80 mHz)
resulting in an integration time of roughly 18 h (40’) for each
base of the QT to gain a statistically relevant number of counts. A
possible improvement in the efficiency of the setup would be to
double the number of detectors and using polarizing BSs to erase
the contribution of 7712,01/ 4 and increasing the BSM efficiency
from 1/4 to 1/2. When moving to an experiment with remote
sources the term introduced by the BSs will be erased but other
issues may arise, like non-synchronized blinking and lowered
HOM visibility.

B. Experimental Results

To prove a successful implementation of the entanglement
teleportation protocol we need to measure the fidelity to [¢~)
of the density matrix pxx, xx, triggered by the BSM of
[ ) x,.x, states.

To do so, we combine the channels of the BSM and record an
event only if both detectors register a photon in a 0.6 ns window.
Due to the fast radiative lifetime of our sources (< 250 ps for
the X line), the BSM detection window does not introduce any
temporal filtering on the single-photon pulse. This condition is
necessary for real-life applications, where the efficiency of the
protocol needs to be the highest possible to approach determin-
istic operation. All the 4-fold coincidences detected at up to a
100 ns distance from a successful BSM are recorded. The co-
and cross-polarized intensity correlation histograms presented
in Fig. 5(a) show the coincidences between the two XX channels
triggered by the BSM events. The two peaks around zero delay
correspond to a joint detection of a 1)~ ) x,, x, state and two
XX photons in the chosen polarization combination. The lower
(higher) coincidences peak for co- (cross-) polarized photons in
each base is a clear signature of detection of a [¢)~) state.

We reconstruct the density matrix for the two XX photons,
PX Xy xx, by performing quantum state tomography. Even
though we would only need 16 independent measurements [84],
we decided to increase the number to 36 measurements so as
to ensure a lower error at a fixed global acquisition time [104].
After all the coincidences are measured and normalized, we take
a sub-set of 16 measurements and make an analytical guess of
the density matrix. Then, a maximum likelihood estimation is
used to find a Hermitian density matrix which best simulates
the results for the complete set of 36 measurements [84]. The
reconstructed matrix is shown in Fig. 5(b).

To estimate the overlap of the measured density matrix to the
expected |¢)~) state, we calculate the fidelity to [))

f)d(};(E,XXL =Tr [pXXE,XXL |1/17> <1/)7|] : )

The result for the raw fidelity, i.e., without compensating for
the setup imperfections such as non-ideal BSs and background
light, is 0.58(4). This value is above the classical limit of 0.50
by 2 standard deviations.
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Fig. 5. (a) Cross-correlation histograms between teleported XX photons in
the three polarization bases, linear HV, diagonal DA, and circular RL. These
data are reduced from the 4-fold coincidences of the BSM over the Xg and
X1, photons and quantum tomography of the XX photons by binning over the
delays of one of the two XX photons with respect to the BSM trigger time. (b)
The real and imaginary part of the reconstructed density matrix of the teleported
2-photon state obtained with a maximum likelihood method from the results of
the cross-correlation measurements. Adapted from [54].

Another parameter that measures the entanglement is the
concurrence C, defined as [84]:

C(p):max(Om/ﬂ—\/)T—\/)T—\/ﬂ).

Where X; are the eigenvalues numbered in decreasing order
of the matrix

R =pxp’s.

And X is the spin-flip matrix, defined as:

0 0 0 -1
o 0 01 0
0 1 0 0
-1 0 0 O

A maximally entangled state will feature C' = 1, while for a
completely separable state C' = 0 [105]. The above-zero value
of the concurrence C' = 0.15(8), for the reconstructed matrix,
is another signature of the presence of entanglement in the
teleported 2-photon state.

The situation for the state teleportation gets simpler as now
only 3-fold coincidences have to be taken into account. Refer-
ring to Fig. 4, the X photon entering the BSM is prepared
in a polarization state of choice with a series of a polarizer
and a waveplate. To test the efficiency of the teleportation
protocol, we study the polarization of the teleported photon
X XEg as a function of the input polarization. This is done
by measuring BSM-triggered single-qubit tomography on the
polarization of the teleported X X photon. Similarly to the
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Fig. 6. (a) 3-fold coincidences in the diagonal base reported as co- and cross-

polarized correlation histograms between the input Xy, and the XXg photons
triggered by a BSM (top). Calculated teleportation fidelity histogram in the same
basis (bottom). The classical limit of 2/3 is highlighted with a dotted orange
line. Only photons coming from a teleportation event 7 = 0 violate the classical
limit. (b) Results of the teleportation fidelity for the three different polarization
states. The classical limit is violated in all the three bases indicating quantum
correlations and the success of the teleportation protocol. From Ref. [53].

entanglement teleportation experiment, we take the double click
at the BSM as the condition to register the coincidences of the
X X g photons. In the top graph of Fig. 6(a) we report the co- and
cross-polarized correlation histograms between X7 and X Xpg
channels, in which X counts are only considered if an Xg
photon is found on the other BSM detector within the single
laser-pulse window. The peaks near zero-time delay correspond
to synchronized 3-fold coincidences, i.e., potentially successful
teleportation operations.

The fidelity of the teleportation protocol with a |[1)~) BSM is
defined from the experimental density matrix as:

D
FF =Tr [pxx,0y|®) x, (@5, 0]

However, it can also be estimated for a specific input state with
two cross-correlation measurements performed in the corre-
sponding polarization basis. For example, sending the diagonal
state D and analyzing it in the DA basis, the teleportation fidelity
is calculated as:

7? _ 95331)4 (0)
954 (0) + gpp (0)

see the bottom graph of Fig. 6(a), obtaining a value as high
as 0.78(3). To prove non-classical correlations, we tested it
on all the three standard polarization bases, see Fig. 6(b), and
consistently violated the classical limit of 2/3 for the fidelity of
the process that employs only classical communication averaged
over a set of mutually unbiased input bases [51], [106], repre-
sented as a dotted orange line in the graph. The average fidelity
obtained is 0.75(2) proving a successful implementation of the
state teleportation protocol using a QD both as an entangled-
and single-photon source.

C. Application of the Model

As we have shown in the previous Sections, the properties of
our GaAs QDs make them suitable to accomplish the quantum
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(a) Simulated matrix from the model using the same parameters of the QD used for Fig. 5(b). (b) Real part of the experimental matrix obtained using a

QD with lower V' = 0.51(2) and FSS = 1.0(5) peV. (c) Real part of the experimental matrix of the successful entanglement teleportation using a QD featuring
FSS = 0.6(5) eV and V = 0.63(2). (d) Real part of the experimental matrix obtained using a QD with higher FSS = 5.9(5) ueV and V' = 0.64(2). Adapted

from Ref. [54].

communication protocols at the base of a quantum repeater.
There is still room for improvement as a higher level of entangle-
mentis needed for real-life quantum communication. The degree
of entanglement of the teleported XX photons needs to be large
enough to violate the Bell’s inequality. This would mean pushing
the value of concurrence as high as 0.58 since the outcome of
the entanglement teleportation resembles a Werner state [107].
To implement error-correction protocols for secure quantum key
distribution, a fidelity larger than 0.80 is mandatory [52]. De-
veloping a theoretical model for the entanglement teleportation
with real QD emitters would serve the purpose of addressing
how the non-optimal figures of merit affect the results and what
is the way toward the improvement of the source.

In the first place, we test the prediction of the theory with
the experimental results. Therefore, we simulate the expected
density matrix using (8) and experimental values for the phe-
nomenological parameters of the source. We collect the values
gﬁ?X +(0), S, 7x,and Vby direct measurements of the HOM in-
terference, polarization- and time-resolved photoluminescence
and photon autocorrelation. For the examined QD the values
are ¢'2(0) = 0.027(2), ¢'Z% (0) = 0.022(2), S = 0.6(5) peV,
Tx = 270(10) ps,and V' = 0.63(2). When considering the typ-
ical values for Txy, Tss, and 7% found in the literature for
droplet etching GaAs QDs, we see that their contribution to
the entanglement teleportation fidelity f}g Xp.X X, 18secondary
within the error bars. This fact avoids the necessity to directly
measure these quantities for each QD. For our calculations, we
consider negligible the contribution for cross dephasing, and

we take from the literature the value for the spin-scattering
time 7gs = 14 ns [43] and a pure dephasing time 7’ twice the
radiative time [49].

The experimental and simulated density matrix are compared
in Figs. 5(b) and 7(a) respectively, clearly showing that the main
features of the experimental data are reproduced by our model.

To make the comparison more quantitative, from (8) and (9)
we can derive an analytic expression for the fidelity to |t/ ):

- 1 |4 "(1)2
f)uéXE,XXL =1 1+ ka 9H v

(1)2
H\V 1
mx (1) )2 > (1) )2
1+ (Sl ) 1+ (Spdim)
By combining all the values above we can evaluate all the
quantities appearing in (10) and give a numerical estimate for

+ 2 (10)

the fidelity f;/{XE _x x,, Without fitting any parameter. Our model
returns a value of 0.56 in excellent agreement with the value of
0.58(4) obtained from the experiment. A value of 0.64 for the
fidelity would be estimated instead by taking into account the
imperfections in the BSM setup, namely the mode overlap of
the BS 1 — & = 0.96(1), its reflectance R = 0.48(5) and trans-
mittance 7' = 0.52(5) and the residual multiphoton emission
g§§’(0) = 0.017(2). Still, the model indicates that the main
limitations to the teleportation fidelities reside in the source and
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Fig. 8. Contour plot of the fidelity of the entanglement teleportation as a
function of HOM visibility and the ratio between FSS and X radiative lifetime
as expected from the model reported in the text. The classical limit, as well as the
threshold for Bell’s inequality, is indicated with a dash-dot line. Experimental
values for the three QDs analyzed in the experiment are plotted together with the
experimental value of fidelity, which shows excellent agreement with the theory.
The theoretical value obtained by using an ideal QD combining state-of-the-art
features from Ref. [43] and [40] is indicated with a star. Adapted from Ref. [54].

are due to HOM visibility and FSS, while also quantitatively
describing the dependence on these parameters.

Decoherence mechanisms such as low HOM visibility, spin
scattering, and reduced photon antibunching will introduce
terms with no correlation in polarization, bringing the matrix
toward a completely mixed state. This can be observed in
Fig. 7(b), where the real part of the measured density matrix for
a QD with FSS = 1.0(5) peV and a lower V = 0.51(2) with
respect to the one previously presented is shown. The arrows
highlight the main effects of the lowered HOM visibility, i.e.,
a reduction of the differences between diagonal peaks and a
lowering of the off-diagonal ones. A large FSS with respect to the
exciton radiative linewidth and cross-dephasing processes has
instead the effect of mixing between the |¢)~) and [1)™) states,
which only affects the off-diagonal elements of the density
matrix. Fig. 7(d) shows the real part of the experimental density
matrix of another QD with a larger FSS S = 5.9(5) peV and a
HOM visibility V' = 0.64(2) comparable to that of the QD used
for the successful entanglement teleportation. It is possible to
notice how the magnitude of the off-diagonal terms is reduced,
as highlighted by the arrow, while the diagonal terms are left
almost unaffected. This result is consistent with the fact that even
classical correlation in the radiative cascade is measurable in the
XX photons if the BSM is accurate. It is important to point that,
for all the measured QDs, the agreement is also quantitative, as
summarized in Fig. 8, which compares measured and simulated
fidelities for entanglement teleportation as a function of the
HOM visibility and FSS of the QD.

These insights help us to envisage improvements needed
to obtain the entangled photon sources needed for quantum
communication. From Fig. 8, we can extract the parameters
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(quantifying the degree of entanglement and photon indistin-
guishability) a QD should feature to get the fidelity requested, for
example, to violate Bell’s inequality with the teleported photons
(as we mentioned above, for real-life applications, we discard
any post-selection approach).

As GaAs QDs demonstrated to be able to deliver entan-
gled photon pairs with fidelity as high as 0.98 with the use
of micromachined piezo-electric devices to reduce the FSS to
zero [43] and, very recently, the development of circular Bragg
resonators with broad Purcell enhancement pushed the photon
indistinguishability up to 0.9 (notably with a combined 0.67
extraction efficiency for the X-XX photons) [40], we can use
our theoretical model to estimate the entanglement teleportation
fidelities achievable by a combination of the two approaches.
This leads to values of 0.84 and 0.67, respectively, for the fidelity
and the concurrence. These values are high enough to violate the
Bell’s inequality [52] and implement error-correction protocols
[108], see the star-marked spot on the graph in Fig. 8.

Concerning the setup, a way to improve the teleportation
protocol without recurring to temporal or spectral filtering and
increase the figures of merit would be approaching complete
BSM. The complete set of the four Bell states can only be
detected with the use of polarizing BS and non-linear optics
[88], [89], but a 50% BSM protocol, able to tell apart |1)~) and
|1)T) states and discard more efficiently the linearly co-polarized
states, can be implemented with linear optics and multiple
detectors, see Ref. [76]. According to our model, by using such
a BSM scheme, the fidelity for our QD could be raised up to 0.76
and the fidelity and concurrence for the ideal device described
above would be pushed to 0.92 and 0.84 respectively.

V. CONCLUSION

In this paper, we discuss our recent demonstrations of
entangled-based teleportation with photons generated on de-
mand by GaAs QDs. We focus on experiments dealing with
three-photon state teleportation and four-photon entanglement
teleportation. Moreover, we also develop a theoretical frame-
work that is not only able to quantitatively reproduce all the
experimental data taking into account the imperfections of our
source, but it also pinpoints the next step needed to develop QDs
up to the level in which they can be used for practical quantum
networks. This latter point is particularly relevant considering
that we are witnessing incredible progress in the development of
QD-based entanglement resources: Recent works have shown
that, besides single photons [35], QDs can generate single
pairs of entangled photons with tunable energy [50], unmatched
brightness [40], [41], [109] degree of indistinguishability [40],
[42] and entanglement [43], and ultra-low multiphoton emission
[39] - properties that are at present not shared by any other source
of non-classical light. We envisage that further developments,
in particular the combination of micro-machined piezoelectric
actuators [43] and photonic cavities based on circular Bragg
resonators [40], [41], could lead to the near-ideal source of en-
tangled photons that is needed to bring quantum communication
science to its technological consequences.
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