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ABSTRACT

Many protocols of future quantum networks rely on the availability of entangled qubits which enable links among remote
nodes due to their unique properties. Therefore, the efficient generation of entangled photons constitutes a key goal toward the
implementation of such quantum networks. However, currently available sources are bound by intrinsic limitations, as for instance
probabilistic nature of emission. Deterministic quantum emitters pose a potential solution for this issue, however, the maturity of
their device platforms still needs to be improved for truly on-demand emission. While record efficiencies are currently found at
near-infrared wavelengths, sources at telecommunication wavelengths will likely be the ideal choice for quantum networks. That
motivates the development of efficient sources of entangled photons in the telecom regime. This work addresses that challenge
presenting a telecom C-band source of polarization entangled photons based on semiconductor quantum dots incorporated in
a planar cavity structure. In this way, triggered emission of entangled photon pairs with a coincidence rate of 201 + 13 kcps
(biexciton/exciton fiber-coupled single-photon count rates of 5.04 + 0.16 Mcps/1.97 + 0.06 Mcps) combined with g®(0) values
of 0.009 + 0.001/0.015 =+ 0.001 is achieved. Full quantum state tomography of the two-photon state demonstrates simultaneously
entanglement fidelities of up to 0.964 + 0.001 to the ®* Bell state.

1 | Introduction

After decades of fundamental theoretical [1, 2] as well as exper-
imental [3-7] research on quantum communication protocols,
advances in technologies facilitate more and more real-world
implementations of these well-understood applications [8-10].
The natural platform of qubits for these applications is given by
photons due to their ability to bridge large distance at speed of

light. Especially photonic quantum entanglement constitutes a
key resource for many protocols, for instance BBM92 [11, 12]. For
large scale quantum networks, however, the realization of quan-
tum repeaters presents an important cornerstone to overcome
inevitable transmission losses [13, 14]. For this, entangled photons
constitute one of the most important resources for quantum
repeaters [15], often in combination with atomic memories [16]
allowing for synchronization of e.g. entanglement swapping
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processes [17, 18]. While experiments in a laboratory environment
as well as out-of-the-lab demonstrations of entanglement-based
implementations have been realized [19-21] the scalability of
the quantum networks depends heavily on the availability of
high-quality sources of entangled photons. For decades sponta-
neous parametric down-conversion (SPDC) sources have been
the backbone of generation of entangled photon pairs [22,
23]. However, for SPDC sources the multiphoton-contribution
and pair generation efficiency are fundamentally linked due
to their probabilistic nature of light generation [24]. For this
reason, potentially deterministic sources of entangled photon
pair generation have attracted major research interest. For this
purpose, semiconductor quantum dots (QDs) [25-27] constitute a
promising candidate via their natural platform for entanglement
generation, the biexciton—exciton cascade. These sources promise
high achievable rates, high entanglement fidelities as well as
mature fabrication technologies which allow for monolithic
fabrication of microcavities. While QDs emitting at near-infrared
wavelengths have shown remarkable performance as entangled
photon pair sources [21, 28-31], QDs emitting at the telecom C-
band, only allowing for long-distance fiber-based communication
[32], have not yet been able to match these characteristics. So far
entanglement generation from QDs at the telecom C-band has
been shown on a fundamental research level [33, 34] enabling
even first applications [35, 36], however the overall efficiency
of the sources was still limited. The efficiency of QD sources
can be strongly enhanced by cavity structures. For entanglement
generation the cavity mode has to be, however, broad enough to
accommodate the biexciton as well as exciton transition lines. For
this reason, circular Bragg grating cavities (CBG) are considered
as highly appealing structures since they allow for a high,
broadband extraction efficiency with moderate Purcell enhance-
ment. This enables coupling of both transition lines to the same
cavity mode [30, 31]. Furthermore, telecom C-band CBGs have
been demonstrated as efficient single-photon sources [37-39].
However, CBGs are prone to fabrication imperfections due to
their very high demands on spatial positioning [40] and structural
symmetry [41] which can affect the emitted polarization state
ultimately limiting entanglement fidelities. Only recently, also
limitations of the entangled state by the collection parameters
have been reported for CBGs [42].

Here, we demonstrate the development of a high-brightness
QD-source of entangled photon pairs emitting at the telecom
C-band based on a planar cavity. Contrary to CBGs, in-plane
symmetry is inherently guaranteed for planar cavities and the
collection geometry does not affect the degree of entanglement
[42] constituting a more robust sample design. The source is
based on InAs QDs grown on a metamorphic buffer (MMB) layer
and embedded in a planar A-cavity structure consisting of semi-
conductor (top) as well as dielectric (bottom) distributed Bragg
reflector (DBR) mirrors. The QDs are driven under resonant
two-photon excitation (TPE) which enables accurate prepara-
tion of the biexciton state. In this way, high coincidence rates
of 201 + 13 keps (biexciton/exciton fiber-coupled single-photon
countrates of 5.04 + 0.16 Mcps/1.97 + 0.06 Mcps) are combined
with with entanglement fidelities of up to 0.964 + 0.001 and low
biexciton (exciton) g?(0) values of 0.009 +0.001 and 0.015 +
0.001, respectively. These results push forward the current state-
of-the-art for QD-based sources of entangled photons in the
telecom C-band.

2 | Methods and Device Characterization

Figure 1a shows a scanning electron microscopy (SEM) picture
of the sample structure with a sketched QD layer. The sample
fabrication starts with the deposition of alternating pairs of an
AlAs/GaAs DBR mirror on a GaAs substrate and the subsequent
growth of a thin-film MMB [43] layer which provides the neces-
sary strain reduction for telecom C-band QD emission on a GaAs
substrate. After the growth of the InAs QD layer the deposition of
10 pairs of dielectric SiO,/TiO, DBR mirror completes the planar
A-cavity structure. All semiconductor growth steps are performed
via metal-organic vapor phase epitaxy whereas the dielectric DBR
is formed via ion-beam sputtering deposition. In a final step, the
sample is transferred on a carrier chip via a flip-chip process
and the substrate is removed via a physical polishing as well
as wet-chemical etching leaving 11 pairs of AlAs/GaAs as upper
DBR layer.

In order to investigate the influence of the top DBR deposition
and the subsequent flip-chip process as well as the performance of
the final sample, 18 (21) QDs on the final cavity sample (as-grown
sample before top DBR deposition) are investigated regarding
their spectral properties. All 18 QDs on the final cavity sample
are found within a sample area of 460x460 um. The samples are
operated in a cryostat at about 4K and addressed via confocal
u-photoluminescence spectroscopy. For each QD the biexciton
state is excited via resonant TPE which enables straightforward
suppression of the excitation laser via volume Bragg grating
(VBG) notch filters. Figure 1b shows the emission spectrum of
an exemplary QD, from here on referred to as QDI, at z-pulse
(see Supporting Information for Rabi oscillations) as well as the
cavity mode under strong, non-resonant pumping. Across the
entire sample area of about 4x4 mm only a minor change of the
cavity center wavelength below the width of the spectral cavity
mode is observed. The QD spectrum shows a clear fingerprint
of a biexciton-exciton cascade observing only the two desired
transitions, which show a good overlap with the cavity mode,
whereas any other emission as well as the excitation laser are
well suppressed.

Any asymmetry in the QD confinement potential leads to a
splitting of the originally degenerate exciton states, the so-called
fine-structure splitting (FSS) [44]. This FSS leads to a time-
dependent two-photon state of the biexciton-exciton cascade of
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with 7 the time delay between biexciton and exciton photon. In
case of time-averaging over the entire exciton wave package in a
fixed measurement basis, this results in a reduction of the degree
of entanglement. Therefore, for each QD the FSS is analyzed in
a next step. For this, detection-polarization resolved spectroscopy
is performed revealing the size of each QD’s FSS. Additionally,
the polarization angle for H-polarization is extracted and depicted
together with the FSS in Figure 1c. Both samples show moderate
QD FSS with mean values of 52 + 27 ueV (61 + 31 peV). While
these average values would strongly limit applications due to
the wide spread of the distribution, there is also a reasonable
chance to find QDs with FSS in the few peV range. QDs with
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FIGURE 1 | (a)SEM picture and sketched QD layer of the sample structure. The final sample consists of InAs QDs in an MMB structure embedded
in a planar cavity with 10 (11) pairs of TiO,/SiO, (AlAs/GaAs) DBR mirrors. (b) Exemplary cavity spectrum under strong, non-resonant pumping and
emission spectrum of QD1 under resonant two-photon excitation showing only biexciton (XX) and exciton (X) transition lines. (c) Fine-structure splitting

and polarization angle of the H-component of the exciton emission for 18 QDs on the final cavity sample (green) and 21 QDs on the as-grown sample

(violet).

such a FSS can be already interesting for certain applications [45].
Moreover, post-growth FSS tuning techniques as piezoelectric
actuators [46, 47], electric [48] or magnetic fields [26] or even
off-chip modulation [49] are easily compatible with this sample
design potentially allowing for a full FSS erasure. Furthermore,
from Figure 1c it is evident that the FSS of all QDs is aligned
to mainly one axis (and a minor fraction to a second, 90o-
rotated axis). This indicates that the FSS is aligned with the
crystal axes of the material, in turn suggesting that anisotropies
in growth speed or strain relaxation along the different crystal
axes are responsible for the FSS. The fabrication of the final cavity,
however, does not seem to have any major influence on the strain
acting on the QDs. Even though the FSS values found on these
structures do not rule out real-world applications (especially
together with potential post-growth FSS tuning techniques),
growth optimizations toward higher QD symmetry [50, 51] are
still appealing. This would increase the yield of low FSS QDs or
decrease the technical complexity for said FSS tuning techniques.

3 | Quantum Optical Performance

After this description of the sample structure and statistics of the
FSS metrics of the biexciton-exciton cascades for entanglement
generation, in the following we will focus on the quantum optical
properties of the emission. For this purpose, we discuss the
performance of QD1, which shows a low FSS, with respect to the
most relevant quantum optical properties for entangled photon
pair sources, i.e. single-photon purity and entanglement fidelity
of the emitted photons as well as the efficiency. QD1 is excited
via resonant TPE whereas the excitation laser is suppressed with
VBG notch filters and subsequently the exciton and biexciton
are filtered individually with VBG bandpass filters as well as
narrowband etalons (full-width at half maximum of 16 GHz). In
order to unambiguously demonstrate the cascaded nature of the
transition lines, a cross-correlation measurement is performed
between the two lines. As shown in the inset of Figure 2a,
cascaded emission between the two lines is clearly evidenced by
the shape and the bunching behavior of the zero-delay peak.

Due to the FSS of QD1, the two-photon state of the biexciton—
exciton cascade is time-dependent. This also allows to investigate
the FSS of a QD in the temporal instead of spectral domain
enabling a more precise determination of low FSS values due
to fast single-photon detectors (Single Quantum Eos) and corre-
lation electronics (Swabian Instruments TimeTagger Ultra). For
this purpose, another cross-correlation measurement is carried
out (see main frame of Figure 2a), where we project both,
biexciton as well exciton, transitions onto D-polarization of the
QD polarization eigenbasis. A fit to the data with the following
Equation (2) (including a convolution which takes into account
the full detection system’s time jitter of 80 ps) yields an exciton
decay time of 756 & 2 ps as well as an oscillation period (Trgs =
%) of 1287 + 1 ps (FSS of about 3.21 ueV):

C(t)=A-0(1) ce Tac - <1 + Ay - e_Tdamp 'COS<27TTT >> +B

FSS

@
A and B are the amplitude and background level of the signal
while the heaviside function ©(7) and the decay time T, describe
the exponential decay of the exciton state. Please note that
Agse and Ty, are rather heuristic parameters motivated by the
imperfection and damping of the oscillation rather than a precise
theoretical model but still ensure a well-converging fit for precise
determination of the decay time and the FSS.

Ideally, the cascaded emission process generates exactly one
photon for the biexciton and one for the exciton. However, laser
leakage, re-excitation of the system or spectral background might
lead to multiphoton contributions for each detection channel.
In order to investigate these influences, the single-photon purity
of the individual transition lines is probed via photon autocor-
relation measurements in a Hanbury-Brown and Twiss (HBT)
interferometer setup, as depicted in Figure 2b. As anticipated
from resonant TPE [52], for both transitions the zero-delay peak is
strongly suppressed showing highly pure single-photon emission
with g®(0) values of 0.009 +0.001 and 0.015 + 0.001 for the
biexciton and exciton, respectively.
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(a) Biexciton-exciton cross-correlation measurements of QD1. The inset shows the full cross-correlation of both transitions while the

main frame depicts cross-correlation only between D-polarized photons. A fit to the oscillations (turquoise line) yields an oscillation period of 1287 + 1 ps

(FSS of about 3.2 ueV). (b) Photon autocorrelation measurements of QD1 with an HBT setup of the biexciton transition (red) and the exciton transition
(blue) yielding g®(0) values of 0.009 + 0.001 and 0.015 + 0.001, respectively. The exciton data are offset vertically by 0.25 for better visual clarity.
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(a) Time evolution of the fidelity toward the Bell state ®* for a fixed window of 5 ps at different time delays for QD1. (b) Fidelity toward

the Bell state ®* for an increasing time window starting at zero time delay as well as coincidence rate within that time window for QD1.

Finally, the degree of entanglement of the emitted photon pairs
is investigated. For this purpose, quantum state tomography
[53] is employed where we measure the biexciton-exciton cross-
correlation for all possible 36 combinations of polarization
projections to {H, V, D, A, L, R} for both transitions. From
the outcome of those measurements the two-photon density
matrix is reconstructed by means of a maximum likelihood
estimation [53, 54]. From this density matrix, the entanglement
fidelity toward the Bell state ®* is calculated and the time
evolution the fidelity is depicted in Figure 3a for a fixed time
window of 5ps, however with increasing time delay between
biexciton and exciton photon. As expected, the entanglement
fidelity oscillates with the FSS oscillation period of 1287 ps due
to the coherent phase evolution between the two exciton fine-
structure states [55]. Furthermore, an overall damping of the
fidelity over time is observed in Figure 3a. This can be mainly
ascribed to decoherence mechanisms as spin-scattering as well
as cross-dephasing between the two exciton states which reduces
the overall degree of entanglement [55, 56]. This instantaneous
evolution of the entanglement fidelity demonstrates how the two-
photon state changes over time. For applications in quantum
communication, though, often the state fidelity for an increasing
integration time window of time delays between biexciton and
exciton is interesting. Therefore, we discuss in the following this
very merit as well as the coincidence rate (see Figure 3b). Due
to the time-averaging, the fidelity does not drop as fast in this
scenario showing that moderately high fidelities can be obtained
even when considering a substantial fraction of the emission

of QDI, for instance 25% of the coincidences with a fidelity of
0.842 + 0.001 (250 ps time window) or 50 % of the coincidences
with a fidelity of 0.594 + 0.001 (570 ps time window). However,
more sophisticated quantum communication protocols could
involve several coincidence windows around the maxima of
the fidelity curves in Figure 3a (in case of adaptations of the
bases even the minima can be used since they typically coincide
with high fidelity toward the ®~-state). This can increase the
coincidence rate significantly without any technical overload.
And even further, if it is possible to fully resolve the phase
evolution (for instance with a rotating measurement basis), all
coincidences can be used [45] with limitations on the fidelity
arising only from the minor decoherence of the quantum state
which is, however, beyond the decay time of the exciton state.

As mentioned above, the employed resonant TPE allows for
efficient spectral filtering of the emission. Combined with the
planar cavity arrangement this enables high efficiency operation
of the entangled photon pair source. After all filtering elements
(detailed discussion of the setup efficiency can be found in the
Supporting Information) as well as incoupling into a single-mode
optical fiber, a coincidence rate of 201 + 13 kcps (corrected for the
detection efficiency) (pair efficiency of 0.27 + 0.02 %) is observed
at a repetition rate of 76 MHz for QD1. At the same time, the fiber-
coupled single-photon countrate of biexciton and exciton are
determined as 5.04 + 0.16 Mcps (efficiency of 6.64 + 0.21 %) and
1.97 + 0.06 Mcps (efficiency of 2.60 + 0.08 %), respectively. This
constitutes the highest efficiency and rates for telecom C-band
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FIGURE 4 | Two-photon density matrices for QD1 (a/b), QD2 (c/d), QD3 (e/f) for a 5 ps (20 ps for QD3) time window. The top row shows the real

and the bottom row the imaginary components.

QD entangled photon pair sources reported so far, estimating
more than a ten-fold increase compared to the previous state-
of-the-art [35, 36]. For QDs, only the best-performing sources
based on CBG cavities at near-infrared wavelength achieve
higher coincidence rates in a single-mode fiber of about 1 Mcps
[31]. However, owing to post-growth FSS tuning techniques (in
reference [31] via piezo electric actuators), these sources achieve
high entanglement fidelities for the entire exciton wave packet.
Implementation of piezo tuning of the FSS, which is already
compatible with the sample design, could therefore be a next
step toward telecom C-band sources of entangled photons with
higher maturity. Nevertheless, this work denotes an important
step toward closing the gap between the telecom sources and the
more established near-infrared platform.

After the discussion of the time dependence and efficiency of the
entangled photon pair generation, we conclude this study with
a look at the two-photon state without consideration of the FSS
oscillation, that means the density matrix at the maximum of
the fidelity at zero phase (see Equation (1)). This is performed
for QD1 as well as for two other QDs (QD2 and QD3) whereas
QD3 is from a separate epitaxial growth and embedded in a
structure with reversed DBR geometry (no-flip chip process and
adjusted DBR reflectivities). Figure 4 shows the real (upper row)
as well as imaginary parts (bottom row) of the obtained density
matrices for a 5ps (20 ps for QD3) time window. As anticipated
from the theoretical form of the time-dependent two-photon
state in Equation (1), the density matrices strongly resemble
the Bell state ®* with entanglement fidelities/concurrences [53]
of 0.964 +0.001/0.946 + 0.001, 0.912 + 0.001/0.865 + 0.001 and

0.975 + 0.002/0.956 + 0.005 for QD1, QD2 and QD3, respectively.
For QD2, the FSS induced oscillation of the state is explicitly fast
with a period of 241 + 1 ps. Due to the limited detection time
resolution of 80 ps, this leads to a partial time-averaging of the
state which we assume to be the main origin for the reduced
fidelity of QD2 compared to the other QDs (see Supporting
Information for time resolved fidelity and concurrence for QD1,
QD2 and QD3). Beyond that, a high degree of entanglement is
observed for multiple QDs on this structure constituting state-of-
the-art performance for telecom C-band entangled photon pair
sources based on QDs [34-36, 47].

4 | Conclusion

In this work, we present a telecom C-band source of entangled
photon pairs based on semiconductor QDs in a planar cavity
arrangement. SiO,/TiO, and AlAs/GaAs DBR mirrors serve as
bottom and top reflectors for the 1-cavity. Statistical investigations
on 18 (21) QDs on the final cavity sample (as-grown sample before
top DBR deposition and flip-chip process) show that there is
no significant influence of the post-growth fabrication steps on
the optical properties relevant for entanglement generation. We
show detailed investigations of the quantum optical properties
of one exemplary QD with an FSS of 3.2 eV operated under
resonant TPE. Full quantum state tomography of the two-photon
polarization state is performed in all 36 basis combinations. This
enables the time-resolved reconstruction of the photon pair’s state
demonstrating a maximum entanglement fidelity of 0.964 + 0.001
toward the Bell state ®*. At the same time, the enhanced photon
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extraction due to the planar cavity together with efficient spectral
filtering of the emission enables a high entanglement rates with
of 201 + 13keps (biexciton/exciton fiber-coupled single-photon
countrates of 5.04 + 0.16 Mcps/1.97 + 0.06 Mcps) combined with
g®(0) values of 0.009 + 0.001/0.015 + 0.001. These results con-
stitute an important step forward toward the implementation
of QD-based entangled photon sources in realistic quantum
communication scenarios.
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