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Statistical limits for entanglement swapping with semiconductor entangled photon sources
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Semiconductor quantum dots are promising building blocks for quantum communication applications. Al-
though deterministic, efficient, and coherent emission of entangled photons has been realized, implementing
a practical quantum repeater remains outstanding. Here we explore the statistical limits for entanglement
swapping with sources of polarization-entangled photons from the commonly used biexciton-exciton cascade.
We stress the necessity of tuning the exciton fine structure, and explain why the often observed time evolution
of photonic entanglement in quantum dots is not applicable for large quantum networks. We identify the critical,
statistically distributed device parameters for entanglement swapping based on two sources. A numerical model
for benchmarking the consequences of device fabrication, dynamic tuning techniques, and statistical effects is
developed, in order to bring the realization of semiconductor-based quantum networks one step closer to reality.
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I. INTRODUCTION

Entanglement is a fundamental resource in next-generation
quantum technologies such as quantum communication [1–3]
or quantum computing [4]. The efficient distribution of en-
tanglement between remote parties is a key-enabling element
for the realization of a global quantum internet [5,6]. Photons
are considered the best ”flying” quantum bits for this goal
since they can travel long distances with high resistance to
decoherence from the environment [7]. Quantum informa-
tion is encoded on the light by means of observables with
continuous [8] or discrete [9] eigenvalues. The polarization
degree of single photons has been utilized to transfer quantum
states via optical fiber [10] or satellite signals [11]. However,
the employed sources of single photons and polarization-
entangled photon pairs are based on spontaneous parametric
down-conversion (SPDC) [12,13], a probabilistic process
comprising a fundamental efficiency limit impeding practical
applications [14,15].

Self-assembled semiconductor quantum dots (QDs) have
been studied extensively in recent decades and have become
promising candidates for the generation of single photons
[16,17], entangled pairs [18,19], or linear cluster states [20].
However, distributed quantum networks based on QDs have
yet to be demonstrated. Such networks may be realized using
quantum repeater schemes [21] which, among others, rely
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on quantum interference between photons from independent
sources and entanglement swapping [22]. Photon states gener-
ated by swapping entanglement of photon pairs emitted from
a single QD have been shown to violate Bell’s inequality [23].
The individual properties of QDs that impact the success of
entanglement swapping schemes have been well understood
[24–26]. However, in the real-world application of distributed
devices, it is impossible to choose the best possible values of
each parameter simultaneously since each parameter shows a
statistical distribution in each device.

Here we show how the statistical distribution of QD
properties limits their practical application in entanglement
swapping between distributed nodes. Two separate dielec-
tric antenna devices are studied, which have been reported
to significantly enhance the photon extraction efficiency of
QDs emitting at near-infrared [27] and telecom [28] wave-
lengths. The distribution of QD properties in the bare wafer
and the changes induced by the device fabrication process
are investigated. A suitable pair of QDs from two individual
devices is tuned into resonance with each other and char-
acterized for usability in entanglement swapping schemes
[23,29]. Polarization-entangled photon pairs are hereby gen-
erated via the biexciton-exciton (XX-X) cascade. We discuss
the necessity of tuning the exciton fine structure of each
individual device for network protocols involving Bell state
measurements (BSMs). A numerical model is presented by
which the fidelity of entanglement swapping with two sources
is estimated based on the statistically distributed QD pa-
rameters in each dielectric antenna device. The presented
findings shed light on the roadmap for optimizing and uti-
lizing semiconductor photon sources in distributed quantum
networks.
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FIG. 1. Emission wavelength characteristics and tuning. (a) Statistics of the emission wavelength in fabricated dielectric antenna structures
A (orange) and B (green), compared to the as-grown sample (blue), revealing only a slight change after fabrication. (b) Spectra of two selected
QDs with spectral proximity in each dielectric antenna device, excited via two-photon resonant pumping of the biexciton (XX). Different XX
binding energies in each QD lead to different spectral distances between the XX and X emissions. The signals between the XX and X peaks
represent a residual resonant laser background. (c) Tuning of QD emission characteristics via temperature, revealing simultaneous changes in
emission wavelength, intensity, and coherence time. Photoluminescence spectra (top) and coherence time of the neutral X photons (bottom)
under off-resonant excitation for different temperatures.

II. SPECTRAL OVERLAP BETWEEN DEVICES

Optical quantum interference lies at the heart of en-
tanglement swapping schemes, requiring mode overlap of
indistinguishable photons of the same wavelength for suc-
cessful BSMs. In contrast to SPDC sources, whose emission
wavelength can be easily adjusted, QDs exhibit discrete
spectral lines which differ from dot to dot. Therefore, the
emissions have to be tuned into resonance with each other,
e.g., via quantum frequency conversion [30], which is, how-
ever, limited in efficiency due to coupling and conversion
losses as well as higher operation complexity. Another pos-
sibility is applying external (e.g., strain or magnetic) fields
[31–33], for which it is important to understand the initial
compatibility of two optical devices in wavelength: A too
broad distribution of emission wavelengths increases the diffi-
culty of finding similar QDs that can be tuned into resonance.
Figure 1(a) shows the distribution of X emission wavelengths
of two dielectric antenna devices containing GaAs/AlGaAs
QDs (see details about the samples in the Supplemental
Material [34]). This virtual strain-free QD system is known for
the high level of control over the optical properties, resulting
in similar emission spectra and low X fine-structure splittings
(FSSs) [35]. Most of the QDs in the fabricated antennas emit
photons at wavelengths between 773 and 785 nm. On the one
hand, this distribution is blueshifted and broadened compared
to the as-grown sample, which can be attributed to different
local strain conditions for the QDs after device fabrication.
On the other hand, both wavelength distributions are very
similar, rendering the fabrication process uniform and offering
a certain probability of finding a QD in each device with
close-by emission wavelengths.

Now, two QDs (labeled A and B) in each dielectric antenna
device are chosen with a small difference of emission wave-
lengths between XXA and XXB of 15.6 pm. Their spectral
characteristics are illustrated in Fig. 1(b), obtained by two-

photon resonant excitation of the biexciton using π pulses.
External tuning techniques then allow for tuning the emis-
sion wavelengths of QDs, e.g., via temperature [36,37], strain
[31,32], electric fields [38,39], or magnetic fields [33].

Applying external fields often results in a mutual change
of parameters, as shown in Fig. 1(c). Tuning the temperature
from 3.4 to 31.7 K results in a redshift of the X emission
by 0.445 nm [40,41]. The temperature-induced change in the
band gap typically does not lead to changes in the X fine
structure and lifetime. However, increased charge fluctuations
and scattering process with phonons lead to degraded first-
order coherence (increased linewidths), setting a limit to the
visibility for quantum interference with photons from another
device. The coherence time (T2) of the neutral X emission as
a function of the temperature was obtained with a Michelson
interferometer and is shown. A more than threefold decrease
in coherence time is observed when tuning the temperature
from 3.4 to 31.4 K. While the wavelength barely changes for
low temperatures, it shifts more efficiently for a temperature
greater than 15 K [Fig. 1(c)].

III. REPEATER-RELEVANT DEVICE CHARACTERISTICS

We now investigate the relevant parameters for an en-
tanglement swapping scheme with different sources. The
temperature of QD B is now adjusted to 10.81 K, thereby
realizing spectral overlap of the XX transitions of QD A and
QD B. Due to slight differences in the XX binding energies
(in our case, ≈0.26 meV), the X and XX transitions can-
not be tuned in resonance with each other simultaneously.
Figures 2(a)–2(c) show the relevant properties for quantum
interference, i.e., the BSM in entanglement swapping, and
Figs. 2(d)–2(f) for entanglement of the initial pairwise entan-
glement. Figure 2(a) illustrates the intensity autocorrelation
g(2)(τ ) from the XX streams of devices A and B. At zero
time delay, g2

A(0) = g2
B(0) ≈ 0.03 is determined, indicating
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FIG. 2. Optical properties from separate devices required for efficient entanglement swapping. (a)–(c) Quantum interference-related
properties of the XX photons from two devices (A and B) that have been tuned into resonance via temperature tuning. (a) Second-order
autocorrelation measurements for the XX photon streams of both devices, revealing pure single-photon emission as well as blinking.
(b) Lifetime measurements and (c) coherence time measurements of both XX photon streams. (d)–(f) Entanglement-related properties of the
QD in device B. (d) Radiative lifetime of X photons. (e) Entanglement fidelity and raw coincidence counts, obtained via quantum tomography
based on polarization-resolved cross-correlation measurements between XX and X emissions, as a function of gate-time window size. (f) Real
part of the two-photon density matrix obtained at a gate window size of 500 ps.

a high single-photon purity leading to negligible degrada-
tion on quantum interference [42] between photons from
the two devices. Apart from that, the data are superimposed
by a bunching towards zero time delay, giving evidence to
blinking. Such emission intermittence [43] can be explained
by residual charges in the QD blocking the resonant exci-
tation of the neutral XX. The ”on” fractions are 46.9(3) ±
0.42% and 51.1(2) ± 0.83% for device A and B [34], re-
spectively [44,45]. Blinking [46,47] is detrimental for the
efficiency of quantum interference [48] [in our case, estimated
to 48.9(4)%] and therefore also entanglement swapping.

The success of quantum interference is furthermore gov-
erned by the photon indistinguishability of each photon
source, typically determined by VδE = T2/2T1. Figures 2(b)
and 2(c) show the lifetime and coherence time measurements
from the XX photons of each device. The indistinguisha-
bilities are therefore estimated to V (XXA )

δE = 34.0(0)% and
V (XXB )

δE = 26.4(4)%, respectively. The limited coherence is
usually attributed to dephasing due to charge and spin noise
or phonon scattering [49]. The ratio of the lifetimes of XX
and X [i.e., 0.67(3) for QD in device B] is limiting the in-
distinguishability even further (in our case, to ∼15.7%) due
to intrinsic dephasing in the cascade emission [25,26,50]. A
shortening of the XX lifetime, e.g., by the Purcell effect, is
therefore beneficial for addressing both discussed points that
limit the indistinguishability simultaneously [25,26,51].

The experimentally relevant degree of entanglement is de-
termined by the X fine-structure splitting, radiative lifetime,
and spin scattering times. In the GaAs/AlGaAs material sys-
tem, QDs can be found where spin scattering has only a small
influence [35]. The X lifetime measurement of device B is
shown in Fig. 2(d). Although a lower X lifetime would lead
to less phase noise in the entangled state, it deteriorates quan-
tum interference visibilities at the same time, and therefore
the success of BSM required in the entanglement swapping
scheme. The QD in device B exhibits a fine-structure splitting
of 4.22(8) meV. The polarization entanglement is obtained
by polarization-resolved cross-correlation measurements and
quantum tomography [54]. Gating of detection events can be
applied to enhance the measured degree of entanglement at
the expense of coincidence counts [23]. This relationship is
displayed in Fig. 2(e). The fidelity of the entanglement can be
strongly enhanced when the gate-time window size is reduced
to 500 ps. The corresponding real part of the two-photon den-
sity matrix is shown in Fig. 2(f) (the imaginary part is shown
in the Supplemental Material [34]). However, the coincidence
counts also decrease significantly. Time gating can also lead
to the improved success of BSMs in entanglement swapping
[23], also with the expense of reduced overall coincidences.
The efficiency of entanglement swapping, i.e., the fourfold
coincidence detection rate, is furthermore determined by
the source efficiency, including the excitation and collection
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TABLE I. Summary of typical GaAs/AlGaAs QD characteristics
relevant in entanglement swapping, together with the used initial val-
ues for the model. (Given uncertainties denote the standard deviation
of statistical measurements.)

Initial values
Parameters Typical values for our model

Wavelength (X) (nm) 779.8 ± 1.6 [35] 777.85 ± 2.19
Fine structure (X) (meV) 4.8 ± 2.4 [35] 11 ± 6.5
X lifetime (ps) 213.75 ± 42.75a 300 ± 50
XX lifetime (ps) 127.5 ± 14.67a 150 ± 25
Pure dephasing time (ns) 0.41 ± 0.16b 0.5 ± 0.25
g(2)(0) (XX) 0.02 [35], 0.001 [19] N.C. c

Spin scattering time (X) (ns) 15 [35] N.C. c

Pair collection efficiency (%) 37.2 [27], 65.4 [19] N.C.c

aRefs. [19,25–27,29,35,46,52].
bThe statistics of the dephasing time is estimated by the lifetime and
linewidth of the charge exciton of 10 QDs in [53].
cN.C.: not considered in our model.

efficiencies as well as the coupling efficiency into a single-
mode fiber which depends on the mode profile of the emission.

We can eventually identify the most critical, statisti-
cally distributed device parameters which affect entanglement
swapping with polarization-entangled photon pairs generated
via the XX-X cascade from different devices. Typical values
for GaAs/AlGaAs QDs found in the literature are listed in
Table I. Together with the experimental data obtained here,
we now define initial values for a theoretical model to estimate
entanglement swapping performance, as will be described in
Sec. V. Although the pure dephasing times may be different
for the XX and X emissions, we assume it to be identical here
since both transitions are affected by dephasing due to the
solid-state environment in a similar way. For actual networks
of multiple sources or coupling to quantum memories, the
binding energy of the XX also plays a role and is statistically
distributed, but is not mentioned in the table above.

IV. NECESSITY OF FINE-STRUCTURE TUNING

For experiments such as entanglement swapping with QD-
based light sources, a high swapping fidelity is accomplished
only if the sources emit high-fidelity entangled photon pairs
themselves. In recent years, it has been shown several times
that high degrees of entanglement persist even with larger X
fine-structure splittings if one experimentally determines the
phase factor for each emission [55],

|ψ12(t )〉 = 1√
2

(|H1H2〉 + e−i S
h̄ t |V1V2〉

)
, (1)

where the phase factor is determined by the X fine-structure
splitting S and the time t that the exciton evolves. The dis-
tribution of the X fine-structure splitting undergoes a strong
change during fabrication. From Fig. 3(a), it is clear that the
QDs in the as-grown sample have FSSs lower than 10 μeV,
much smaller than the ones in the dielectric antennas. A large
FSS leads to two-photon states that oscillate between two Bell
states with a randomized phase [55]. This phase can be deter-
mined by measuring the detection events of the XX and X
photons from each emission and therefore obtaining t . How-
ever, it is important to note that these types of time-resolved
measurements are accompanied by a significant loss in overall
efficiency for any protocol that relies on BSMs with photons
from different sources [56], i.e., quantum teleportation or
entanglement swapping. This even accounts for experiments
using photon pairs emitted by the same source but at different
times. Let us consider an emission process of entangled pairs
from two separate devices with subsequent detection events in
an entanglement swapping scheme as illustrated in Fig. 3(b).
Each emission from device A or B therefore carries its respec-
tive phase factor α = − SA

h̄ tA or β = − SB
h̄ tB,

|ψ1234(α, β )〉 = 1
2 (|H1H2〉 + eiα |V1V2〉) |H3H4〉 + eiβ |V3V4〉).

(2)
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After projecting photons 2 and 3 on the Bell state |�−
2,3〉 =

1√
2
(|H2V3〉 − |V2H3〉), one obtains the un-normalized state,

|ψ1,4(α, β )〉 = 〈�−
2,3|ψ1234(α, β )〉

= eiβ
(|H1V4〉 − ei(α−β ) |V1H4〉

)
, (3)

which means that similar to the case of entangled pair
emission from a single device, the final (swapped) state is
oscillating between two Bell states, here with the phase α − β.
In order to utilize this state, this phase has to be an exper-
imentally accessible parameter. However, the wave functions
of indistinguishable photons incident on a nonpolarizing beam
splitter obey the symmetric exchange condition [57,58]. The
BSM therefore removes the “which path” information, mak-
ing it impossible to determine from which source each photon
originated. Two possible combinations of phase factors are
possible:

α′ = −SA

h̄
(t1 − tBSM1) and β ′ = −SB

h̄
(t4 − tBSM2) (4)

or

α′′ = −SA

h̄
(t1 − tBSM2) and β ′′ = −SB

h̄
(t4 − tBSM1), (5)

where the indices i = 1, 4 in ti correspond to the photons
described in the state |ψ1234〉, and the i = (BSM1), (BSM2)
correspond to the photons detected at the two respective de-
tectors of a BSM. Independent of the present fine-structure
splittings, it is impossible to experimentally determine which
of the two cases occurs and therefore which of the two states,

|ψ1,4(α′, β ′)〉 �= |ψ1,4(α′′, β ′′)〉 , (6)

is present. The final state is therefore not a coherent, but a sta-
tistical superposition of the two possible states |ψ1,4(α′, β ′)〉
and |ψ1,4(α′′, β ′′)〉. The entanglement of the swapped state
only persists in the case of low X fine-structure splittings and
radiative decay times or the case of tBSM,1 = tBSM,2. The latter
case is undesirable since it strongly lowers the efficiency of
the BSM by discarding many detection events tBSM,1 �= tBSM,2

within the coincidence window. A finite FSS in separate
devices significantly lowers the fidelity of the two-photon
states obtained in an entanglement swapping scheme. This is
illustrated in Fig. 3(c) under the assumption of ideal quantum
interference at the BSM for clarification of the theoretical
concept. In reality, quantum interference is degraded by de-
phasing processes, the intrinsic dynamics of the three-level
cascade decay [25,26,50], as well as the frequency detuning
caused by the FSS, resulting in the reduction of photon in-
distinguishability [59]. The latter two effects can be mitigated
by selectively reducing the XX lifetime. Nevertheless, based
on the above discussion, a scalable application of QD-based
entangled photon sources must rely on tuning the fine struc-
ture to remove the state oscillation. This can be achieved,
e.g., via frequency shifting optical setups [60,61] or external
fields such as anisotropic strain. Once such tuning is realized
with high efficiency, it allows for strong pairwise photonic
entanglement from individual QDs which can then be applied
in quantum networks.

V. PREDICTIONS FOR A REAL-WORLD
QUANTUM NETWORK

Even though prominent results have been obtained in op-
timizing individual parameters of single quantum dots, it is
still unclear how to repeatably produce usable devices, due to
the statistical performance from device to device. To quanti-
tatively investigate the requirements of the parameters from
QD-based photon sources for quantum networks, we now
develop a theoretical model which takes into account the
statistical effect on the fidelity of photons that result from
entanglement swapping. We start by considering two inde-
pendent sources, which are tunable in wavelength to target
the spectral overlap of the emission wavelengths. To estimate
the magnitude of the overlap, first the probability density of
finding a QD with a specific wavelength in devices A and B
is obtained (based on Fig. 1) and shown in Fig. 4(a). Under
the assumption that the probability density of the emission
wavelengths obeys a standard distribution, we can describe
it by

p(λ) = 1√
2πσ

· e− (λ−μ)2

2σ2 , (7)

where p(λ) is the probability density, and μ, σ are the ex-
pected and standard deviation values of the distribution. By
fitting the data, it is possible to extract the corresponding val-
ues [34]. Next, the tuning range for the employed wavelength
tuning of each device δλ is defined. Now we can analytically
calculate the probability of tuning two devices into resonance
[34]. Figure 4(b) shows the result, assuming an equal σλ in
the devices, but different expected values with a difference of
�μλ. Here, an exemplary wavelength tuning range of 1 nm
for each device is assumed. The color map shows that high
probability can be obtained with a decreasing expected value
difference �μλ and narrower wavelength standard deviation
σλ. Furthermore, for higher �μλ and a fixed tuning range,
it is beneficial to have σλ that is not too small in order to
increase the chance of tuning remote devices into resonance.
The model is now extended further, in order to obtain the
fidelity of the swapped photon pairs based on the statistically
distributed parameters in the devices. The exact nature of
the distribution is not clear for every parameter and can be
adapted for each specific QD material and fabricated device.
Here we assume that the probability density for all parameters
(e.g., X fine-structure splitting) follows a (truncated) Gaussian
distribution. This assumption models the fine structure well,
as can be seen in Fig. 4(a). The rest of the parameters were
approximated by reasonable experimental values (see Table I
and Supplemental Material [34]) based on the presented ex-
periments and the existing literature.

The model is based on a numerical Monte Carlo approach.
First, a random set of parameters is drawn for each param-
eter from devices A and B. A tuning mechanism can now
be considered which, e.g., tunes the wavelengths from the
different devices into resonance, potentially also affecting the
other parameters. Then, the swapping fidelity is analytically
calculated under the assumption of ideal projection of entan-
gled states in the BSM, which has been demonstrated with
high quality in practice [23]. This process of random sampling
is repeated one-million times. The resulting fidelities of the
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samples are used to obtain the probability density. The blue line (curve 1) shows the fidelity distribution for the experimentally accessed
parameters in this work. Possible improvements in the fidelity distribution by consecutively adding tuning mechanisms and optimizing device
properties are shown in curves 2 to 5. Curve 6 shows the case with removed statistical parameter distribution (for an explicit display, the heights
of curves 1 and 6 are scaled down by a factor of x0.15 and x0.1, respectively).

swapped state are then normalized to display a probability
density. Figure 4(c) shows the resulting probability distribu-
tion for obtaining a certain entanglement swapping fidelity
for several considered cases. The integration of the probability
density within a certain fidelity range then can yield the total
probability for obtaining a fidelity within this range in a swap-
ping experiment. Here, we consider a BSM with polarizing
beam splitters, which is known to result in a lower limit of 0.5
in the swapping fidelity [23]. This coincides with the upper
fidelity limit for classical two-photon states. Since we do not
consider spin scattering or limited single-photon purity here,
the swapped fidelities will not fall below 0.5. The blue curve
(1) shows the probability density considering the experimental
parameters obtained in this work and assuming temperature
tuning. It is clear that entanglement swapping is mostly not
successful, leading to fidelities close to 0.5. The reason is
the limited tuning range via temperature and the simultaneous
decrease in photon coherence. For the orange curve (2), we
now assume that all QDs from both devices can be tuned
into resonance with each other (e.g., by strain tuning) without
affecting other properties. This leads to a visible increase of
the entanglement fidelity. However, the values are still located
mostly below 0.6. The reason is the X fine structure in the
devices. Therefore, we assume an additional tuning mech-
anism for the fine structure (e.g., anisotropic strain tuning)
with a magnitude of 50 μeV. The resulting green curve (3)

now shows fidelities between 0.75 and 0.85. If, furthermore,
a selective Purcell enhancement of the XX emission with a
Purcell factor of FP = 10 is added [62], the red curve (4)
arises. Another significant increase in entanglement swapping
fidelity is the result, with fidelities ranging between 0.85 and
0.97. To increase the probability of a high swapping fidelity
even more, the pure dephasing times can be increased to 4 ns.
The result is shown by the violet curve (5), exhibiting fidelities
between 0.9 and 0.99. Curve (6) shows the comparison to the
expected probability density if the parameters would not be
statistically distributed at all. Therefore, the statistical effect
of the QD properties on entanglement swapping is clear by
comparing curves (5) and (6). Only a very small chance exists
that two QDs can be found such that the swapped fidelity is
actually above those of curve (6). Due to the distribution of
properties, the swapped entanglement deteriorates in almost
all cases. How much lower the fidelity becomes is directly
related to the relative uncertainties in the distributed param-
eters. It is worth mentioning that the same effect would be
seen when using differently fabricated sources, e.g., based
on circular Bragg gratings or diode structures. High fidelities
can therefore only be obtained by either accepting very low
sample yield (choosing only the best QDs) or by reducing the
parameter uncertainties.

The developed model can be optimized further by im-
plementing the following effects, leading to an even higher
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accuracy when estimating the fidelity of the swapped photonic
states. X spin-scattering times can be considered, though they
are expected to be long enough to not strongly deteriorate the
entanglement of the emitted photon pairs [35]. Furthermore,
the single-photon purity can be considered, which can be
close to unity in GaAs/AlGaAs QDs [63]. The detrimental
effect of the fine structure on the quantum interference at the
BSM can be implemented. However, when the XX lifetime
is decreased via asymmetric Purcell enhancement, this effect
becomes less dominant due to the increased radiatively limited
XX linewidths. Also, the total efficiency of the entanglement
swapping operation can be included, based on the efficiency
of each QD in each device and possibly applied postselection
of single-photon counting events.

Now the question has to be raised as to where the advantage
in using QD-based entangled photon sources lies. For SPDC
sources, a match of emission wavelength between indepen-
dent sources can be easily achieved by tuning the pump laser
or phase-matching conditions. In the low-efficiency limit, this
can lead to the generation of highly indistinguishable photons
and photon pairs with high fidelities [64], which is the reason
why these types of sources are used in various entanglement-
related quantum applications. In contrast, QDs allow for a
deterministic emission of photon pairs without any physical
limits. However, to really offer an advantage over SPDC
sources, QD-based sources must show better total efficiencies
while offering the same possible fidelities of swapped photon
pairs. For QD-based sources to achieve these fidelities, ma-
terial growth and device fabrication have to be controlled to
an extent that allows for highly narrow distributions in opti-
cal properties. Tuning methods of emission wavelength and
fine structure are required. Simultaneously, QDs may need to
be embedded in devices suppressing blinking and increasing
coherence and photon indistinguishability.

VI. CONCLUSION

We present insights on the scalability of semiconductor-
enabled quantum photonic networks based on experimental
observations and a developed numerical model. Consider-
ing QD-based dielectric optical antennas in an entanglement
swapping scheme serves as an example for unraveling the
challenges for employing semiconductor QDs in applications
such as quantum repeaters. Two QDs from two individual de-
vices are tuned into resonance with each other by temperature
tuning, and the properties of the single- and entangled-photon
characteristics are evaluated. We showed that the exciton fine
structure is detrimental for scalable networks and therefore
requires tuning. The statistical distribution of parameters (e.g.,
emission wavelengths and fine structures) in two separate
devices is studied, and the influence on the achievable entan-
glement swapping fidelities is investigated.

Different tuning techniques are contemplated, revealing
that the desired tuning of one parameter is often accompa-
nied by a simultaneous tuning of others. Anisotropic strain
tuning is most promising for independent tuning of indepen-
dent parameters (i.e., wavelength and fine structure). Further
challenges such as blinking and limited coherence can be
addressed, e.g., by implementing QD devices with dynamic
charge tuning [53]. A selective Purcell enhancement of the
XX emission can be obtained using circular Bragg gratings
[19]. However, the combination of all three techniques is
technologically very demanding. In addition, since a large
parameter space exists for generating polarization-entangled
photon pairs from the XX-X cascade, not all important pa-
rameters can be tuned deterministically. A random sampling
of several properties is thus unavoidable, posing intensified
requirements to the material growth in order to obtain scalable
semiconductor devices. The deviation of device parameters
may necessitate entanglement purification, which uses up
available resources in a quantum network and therefore may
relativize the key advantage of source efficiency of QD-based
sources. Therefore, the level of control over the parameter
statistics directly translates to a potential advantage of QD-
based sources in a quantum network. A possible alternative is
to generate photonic entanglement with a significantly larger
number of photons per individual QD first (e.g., cluster states)
[20], before interfacing with photons from other sources.

This discussion and the numerical prediction can easily be
extended to other types of solid-state quantum light emitters
or quantum memories with photon interfaces (comprising en-
tanglement generation via photon interference). The model
incorporates well-known analytical approaches for the in-
dependent physical problems (entangled two-photon states
for individual QDs and subsequent entanglement swapping),
whereas a numerical solution based on random sampling
serves to evaluate the influence of statistical distributions of
parameters in the chosen material system. This distribution
eventually leads to the degradation of remote entanglement,
necessitating time gating or correction protocols such as en-
tanglement purification, which reduce the overall quantum
network efficiency. It is therefore a key challenge for the
scalable implementation of solid-state quantum light sources.
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