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ABSTRACT: Entangled photons are an integral part in quantum 1.07 7 ' ' o! b
optics experiments and a key resource in quantum imaging, 3 _

quantum communication, and photonic quantum information E

processing. Making this resource available on-demand has been an 5 g 5+

ongoing scientific challenge with enormous progress in recent years. e 1

Of particular interest is the potential to transmit quantum 8 7

information over long distances, making photons the only reliable 1 -°

flying qubit. Entangled photons at the telecom C-band could be 0.0 (') ' 1' ' 2' ' é ' 4'1 ' 5
directly launched into single-mode optical fibers, enabling world- Time delay (ns)

wide quantum communication via existing telecommunication

infrastructure. However, the on-demand generation of entangled photons at this desired wavelength window has been elusive.
Here, we show a photon pair generation efficiency of 69.9 & 3.6% in the telecom C-band by an InAs/GaAs semiconductor quantum
dot on a metamorphic buffer layer. Using a robust phonon-assisted two-photon excitation scheme we measure a maximum
concurrence of 91.4 + 3.8% and a peak fidelity to the ®* state of 95.2 + 1.1%, verifying on-demand generation of strongly entangled
photon pairs and marking an important milestone for interfacing quantum light sources with our classical fiber networks.

KEYWORDS: semiconductor quantum dots, telecom wavelengths, entangled photons, two-photon resonant excitation, single-photon source,
quantum state tomography

D 1 ost photonic quantum technologies rely on entangle- were employed in a heralded CNOT operation, generating Bell
. . . 2.

ment to generate a quantum advantage compared to states outside of the typical cascaded operation.
their classical counterparts. Preeminent examples are super In the presence of asymmetry, the excitonic states exhibit a
sensitivity and super resolution,”” entanglement-enhanced fine-structure splitting  resulting in ﬂ_le_ tlme—evolwzrég two-
microscopy,” ghost imaging,* photonic one-way quantum photon Bell state generated by the radiative cascade:
computing,s’6 and (entanglement-based) quantum key dis- 1

ibution. " Speci icati i I¥(t),,) = —=(HH) + ”/"Ivv

tribution.”” Specifically quantum communication requires the (Do) = 2 (HH) +e ) 1)

transmission of such entangled states over long distances,

making it favorable to generate the entangled photons in the Here, 6 corresponds to the fine-structure splitting and 7 to the

telecom C-band (15301565 nm). This would yield the reduced Planck’s constant. With appropriate time resolution
lowest absorption losses in deployed fiber networks. Histor- the oscillating entangled state can be resolved and the
ically, probabilistic sources based on spontaneous processes, measured degree of entanglement is unaltered.”"”’

e.g., parametric downconversion or four-wave mixing, have Using pulsed two-photon excitation of the biexciton state,”®
dominated the field of fiber-based entanglement distribu- giving rise to the desired cascaded emission, quantum dots
tion”'® and moreover satellite-based long-distance communi- achieved background-free emission of single PhOtODS;ls’lé high
cation.'* In recent years semiconductor quantum dots have degrees of entanglement with near-unity fidelity and
emerged as strong competitors due to their promise of

deterministic qubit generation, based on their unrivaled Received: April 2, 2021 (Phétonics
emission of on-demand single photonsls_18 and entangled Published: July 15, 2021

photon pairs."’~** These outstanding properties hinge on the

emission of photons via the radiative biexciton—exciton
cascade, emitting polarization-entangled photon pairs.**
Recently, photons emitted by a semiconductor quantum dot
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Figure 1. Telecom entanglement setup consisting of (a) laser excitation and pulse shaper, (b) cryogenically cooled InAs/GaAs quantum dot sample
with excitation setup, (d) superconducting nanowire single-photon detectors for time-resolved measurements, (e) filtering and quantum state
tomography setup, and (f) spectroscopy setup. (c) Quantum dot spectra for two-photon resonant excitation (top) and phonon-assisted two-photon
resonant excitation (bottom). The TPE spectrum in (c) is recorded after filtering only with F1 and F2; the spectrum under phonon-assisted
excitation in (c) is measured after the exciton (X) is reflected from F4 and the biexciton (XX) from F3, respectively.

concurrence,”” quantum teleportation,29 and entanglement
swapping.””*" These results underpin the great potential of the
quantum dot biexciton—exciton cascade in quantum commu-
nication applications. However, all these achievements have
been demonstrated outside of the telecom wavelength range.
In the recent past, enormous progress in the fabrication of
telecom quantum dots®*>* has been made, in particular the
use of a metamorphlc buffer layer to grow InAs quantum dots
on GaAs substrates,®” havmg enabled the demonstration of
entangled photons under nonresonant continuous-wave
excitation.”” Here, we present on-demand generation of
entangled photon pairs from epitaxially grown InAs quantum
dots with a metamorphic buffer layer on a GaAs substrate,
enabling emission in the telecom C-band (see Supporting
Information and ref 35).

B TELECOM ENTANGLEMENT SETUP

The quantum dots are grown via metal—organic vapor-phase
epitaxy, which is a scalable industry-grade growth method. The
GaAs/InAs matenal system avoids the shortcomings of the
InP-based emitters.”® A schematic illustration of the setup is
presented in Figure 1, showing the excitation laser (a), cryostat
and sample (b), single-photon detection (d), filtering with
entanglement analysis (e), and spectroscopy setup (f). The
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sample is placed in a closed-cycle cryostat and cooled to 10 K
(Figure 1(b)). To excite the sample, we use a tunable pulsed
laser that generates 2 ps pulses with a repetition rate of 80
MHz. A pulse slicer is used to adjust the pulse length of the
laser pulses between 2 and 70 ps (Figure 1(a)). After
excitation, the emitted quantum dot photons are collected
with a 0.8 NA objective and then sent to our spectrometer
(Figure 1(b) and (f)) and entanglement analysis setup (Figure
1(e)). Tunable notch filters (F) with a 0.7 nm spectral
bandwidth can be used to either block the excitation laser (F1
and F2) or reflect a selected quantum dot transition and
separate XX from X and from the remaining laser light (F3 and
F4). F3 and F4 can be tuned such that the entire quantum dot
spectrum can be sent to a spectrometer equipped with an
InGaAs array for spectral analysis (typical resolution is 25
ueV). If tuned to the exciton and biexciton wavelengths,
respectively, F3 and F4 deflect the quantum dot photon
toward standard telecom single-mode fibers. The fibers
carrying the XX or X photons can be connected to C1 for
spectral analysis. A set of waveplates, as well as a polarizer in
front of each fiber, are used to set the polarization basis for the
quantum state tomography measurements. The fiber-coupled
quantum dot photons are then connected to superconducting
nanowire single-photon detectors with a time resolution of

https://doi.org/10.1021/acsphotonics.1c00504
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Figure 2. Two-photon resonant excitation in comparison with phonon-assisted excitation. (a) Excitation power-dependent peak area of the
biexciton state of QD1 showing Rabi oscillations up to 7z. The filled dot represents the pulse area used to measure the autocorrelation. (b)
Autocorrelation measurement of the biexciton state under z-pulse excitation. (c) Excitation power-dependent peak area of the exciton state of QD2
showing plateau-like saturation behavior for higher excitation powers. The filled dot represents the pulse area used to perform all following
measurements. (d) Autocorrelation measurement of the biexciton state.

approximately 30 ps and efficiencies of 15% and 25% measured
at a dark count level of 30 s™" (Figure 1(d)).

B PHOTOLUMINESCENCE MEASUREMENTS

In the top part of Figure 1(c) we show a quantum dot
spectrum in the telecom C-band recorded under two-photon
resonant excitation (QD1). Excitonic and biexcitonic emission
are visible in the spectrum at emission wavelengths of 1544.8
and 1550.7 nm, respectively. In between the two emission
lines, scattered laser light is visible (red). For excitation laser
pulses with a central wavelength of 1547.8 nm, a pulse length
of 47 ps was used. In the bottom part of Figure 1(c) we show
the spectra for exciton and biexciton of QD2 using the
phonon-assisted two-photon excitation scheme. The spectra
are recorded through optical fibers after the tunable filters F3
and F4 in addition to tunable fiber-based filters (not shown,
0.8 nm spectral bandwidth) tuned to the emission wavelength
of either the exciton or the biexciton. For excitation we use 58
ps pulses with a center wavelength of 1554.8 nm. As clearly
visible in the spectrum, the remaining contribution of the
excitation laser after careful filtering is negligible. For the
spectrum under phonon-assisted excitation (Figure 1(c),
bottom panel), three filters per quantum dot transition have
been used to suppress the laser, as opposed to only F1 and F2
in the case of TPE (spectrum in Figure 1(c), top panel),
yielding a stronger laser suppression.
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B TWO-PHOTON EXCITATION SCHEMES

We show coherent control of the three-level system of QD1 via
measuring the integrated peak area as a function of excitation
power shown in Figure 2(a) for the biexciton exhibiting Rabi
oscillations up to 7z. With a fit to the data we can extract the
population in the z-pulse of 82.6 + 1.6% (84.6 + 2.7%) for the
biexciton (exciton), yielding a photon pair generation
efficiency of 69.9 + 3.6%. Here, we estimate the pair
generation efficiency as the product of the probabilities of
the biexciton decayed with subsequent decay of the exciton
state within the same excitation laser excitation cycle. For more
details on the fit model, see Supporting Information. To
stabilize the charge environment, we add approximately 100
nW of a continuous-wave laser with 4 = 632.8 nm to our
pulsed excitation laser. To determine the multiphoton
suppression, we perform a second-order autocorrelation
measurement of the biexciton under two-photon resonant 7-
pulse excitation, which is shown in Figure 2(b), yielding g®(0)
= 0.043 + 0.004 (0.074 =+ 0.004 for the exciton, see Supporting
Information). The degree of second-order coherence is
determined by the ratio of peak areas between the center
and the averaged side peaks by summing up all histogram
events within the repetition period. The filtering in this case is
performed by three filters (F1, F2, and F4 for the biexciton).
Polarization-dependent photoluminescence measurements re-
veal a fine-structure splitting of 25 + 7 peV for this particular
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Figure 3. Results of quantum state tomography in the telecom C-band. (a) Top panel: Amount of total coincidences as a function of time. Bottom
panel: Center peaks of two coincidence measurements recorded in the circular basis (RR and RL) that are showing oscillations due to the fine-
structure splitting of QD2. Inset: Quantum oscillations between the two Bell states ®* and ®™. (b) Concurrence reconstructed from the quantum
state tomography measurements. The green open circles correspond to data; the gray solid line corresponds to a linear fit to the data. The
maximum concurrence is 91.4 & 3.8% for a time delay of 176 ps. (c) Fidelity to ®* as a function of time, showing oscillations due to the fine-
structure splitting of QD2. The green open circles correspond to data; the gray solid line corresponds to a sine fit to the data.

quantum dot (QD1). This causes a precession of the eigenstate
h

s
unsuitable for entanglement measurements with our setup time

with a period of T = - = 170 ps, making this quantum dot

resolution (73 ps).

We would like to note that this excitation method requires
some sort of stabilization to maintain the high biexciton state
population. Besides demanding quantum dot specific excitation
conditions, small fluctuations in excitation laser power or
wavelength would cause diminished state occupation for the
quantum dot. However, practical quantum networks relying on
the interaction of multiple remote sources require excitation
techniques that function for a variety of quantum dots and
independent of environmental fluctuations. A more robust and
universal scheme compared to pure two-photon excitation is
It enables the
preparation of the excited state with close to maximum

phonon-assisted two-photon excitation.””

probability for a much broader range of excitation powers and
wavelengths, while keeping consistently high levels of fidelities
and indistinguishability of the prepared photons,”’ making the
scheme highly relevant for future applications that require
several remote emitters at the same wavelength such as
quantum teleportation or entanglement swapping. A power-
dependent measurement of QD2 under phonon-assisted
resonant excitation yields the curve shown in Figure 2(c),
similar to the one previously reported in ref 40 for quantum
dots emitting at 780 nm. All following measurements are taken
with excitation powers well within the plateau at the end of the
power-series curve. We also conduct a second-order
autocorrelation measurement for QD2 under phonon-assisted
excitation, which yields g (0) = 0.038 + 0.005 (0.068 + 0.004
for the exciton), similar to the case of the pure two-photon
resonant excitation used for QDI1. From the time-tagged
autocorrelation measurement, a biexciton lifetime of 446 + 4
ps is extracted (see also Supporting Information). For the
exciton we determine a lifetime of 1256 + S0 ps.
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B GENERATION OF HIGHLY ENTANGLED PHOTONS

To demonstrate that we can extract entangled photon pairs
under phonon-assisted two-photon resonant excitation, we
perform quantum state tomography on the two photon state
generated by the XX—X cascade by recording time-tagged data
in all 36 different polarization bases,”" from which we extract
correlation histograms with our extensible time tag analyzing
software.”” The center peak in the coincidence histogram
shows oscillations (Figure 3(a)) due to the evolving polar-
ization state of the exciton in the circular basis. The emitted
photon state temporally oscillates between the two Bell states
@ = 1y/2(IHH) + IVV)) = 11/2(IRL) + ILR)) and @~ =
1\/2(|HH) - vv)) = 1\/2(|RR) + ILL)), which is shown in
the inset of Figure 3(a). From the oscillations we can extract a
value of the fine-structure splitting of 4.11 & 0.13 peV, yielding
a more precise value due to higher resolution in the time
domain compared to spectroscopy. To analyze the degree of
entanglement, we extract the concurrence from our data using
a modified version of the quantum state tomography code of
ref 43. In Figure 3(a), we show the zero time delay peak for
polarization settings RL and RR up to a time delay of S ns. 99%
of correlation events happen within this time window (see top
panel of Figure 3(a)). The concurrence, shown in Figure 3(b),
stays well above 0.5 for all time bins evaluated in the entire 5
ns range, where a value of above 0 confirms the presence of
entangled photons. Furthermore, we extract a maximum raw
concurrence of 914 =+ 3.8%, without correcting for the
nonzero g(z)(O), the detector dark counts, or uncorrelated
background light. This result is possible (i) due to the high
time resolution of our detection system, which allows us to
clearly observe the evolving state, and (ii) as a result of our
excitation scheme, which directly populates the biexciton and
strongly suppresses re-excitation within the same excitation
pulse. Re-excitation would degrade the measurable entangle-
ment even for quantum dots without fine-structure splitting.
By averaging the concurrence weighted with the amount of
coincidences per bin, we find a mean concurrence of 80.95 +
0.47% (see also Supporting Information). This highlights the
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Figure 4. Density matrix of QD2 excited via phonon-assisted two-photon excitation. Real (a) and imaginary (b) part of the density matrix

reconstructed for a time delay of 176 ps and a bin width of 16 ps.

entanglement quality provided by the used excitation scheme
and demonstrates that the decrease in concurrence in Figure
3(b) is only due to the increasing noise level at the tail of the
quantum dot decay and not due to dephasing. Figure 3(c)

shows the fidelity to the state @ = %(IHH) +IVV)) as a

function of time. Also here the characteristic oscillations due to
the fine-structure splitting of the quantum dot can be observed,
making the emitted state oscillate between @ and @~. The
maximum raw fidelity to ®* is 95.2 & 1.1% for a time delay of
176 ps, corresponding to a quantum bit error rate as low as
3.2% (calculated according to the Supporting Information of
ref 44). Finally, we reconstruct the density matrix from the
quantum state tomography measurement following ref 41,
which is presented in Figure 4 for a time delay of 176 ps and a
bin width of 16 ps after it has undergone a coordinate
transformation to compensate for birefringence caused by the
sample, the cryostat, and the excitation part of the setup; see
Figure 1(b). These elements perform a coordinate trans-
formation of the photons that are originally emitted in the
standard HV basis, to the birefringent HV basis. A virtual
waveplate is introduced in order to transform back from the
birefringent HV coordinate system to the HV basis in which
the polarization analysis is performed. The applied trans-
formation is preserving the orthogonality of the polarization
basis such that the absolute values of, for example, the fidelity
of a state in a given basis compared to a maximally entangled
state are not changed. The maximally entangled state in the
birefringent HV basis and the closest entangled state in the HV
basis are given in the Supporting Information. The real part of
the density matrix (Figure 4(a)) exhibits dominant outer
diagonal elements, while all other elements of the matrix are
strongly suppressed, with a negligible imaginary part (Figure
4(b)). This further highlights the unrivaled quality of the
entangled photons created from our source via the phonon-
assisted excitation scheme.

B CONCLUSION

We have demonstrated on-demand emission of polarization
entangled photon pairs from an InAs/GaAs quantum dot in
the telecom C-band. Besides the small fine-structure splitting,
we are able to measure a maximum concurrence of up to 91.4
+ 3.8%. An unprecedented level of fidelity in the telecom C-
band to ®* of 952 + 1.1% was extracted without correcting
for detector dark counts, background photons, or the nonzero

2341

¢?(0) value. The high-quality entanglement that we are
generating with our source is based on the state preparation via
the phonon-assisted two-photon excitation scheme, combined
with a good enough time resolution of our detection system
compared to the fine-structure splitting of our quantum dot.
The biexciton lifetime extracted under phonon-assisted
excitation is significantly shorter than previously predicted by
nonresonant excitation methods and demonstrates that these
InAs/GaAs quantum dots could be operated at rates above the
usual 80 MHz, allowing high quantum key rates. The industry-
grade growth technique of the used quantum dots allows for
wide availability of entangled photon emitters in the telecom
C-band in the future and is, thus, a promising candidate for
providing feasible sources for deployment in fiber-based
quantum networks. Moreover, within the GaAs platform
mature fabrication techniques for high-performance nanostruc-
tures with broadband enhancement efficiencies have been
established,'”"®*>*® permitting high extraction efficiencies of
on-demand entangled photon pairs in the telecom C-band
from future devices. The high level of concurrence in
combination with the resilient phonon-assisted excitation
scheme has strong potential for any application relying on
remote sources of entangled photons. Additional advances in
growth techniques®’ or integration onto a six-legged piezo
device®® will enable a reduction and control of the fine-
structure splitting. A combination structure with higher
extraction efficiency and post-growth control over the quantum
dot properties such as fine-structure splitting and emission
energy will facilitate the selection of suitable quantum dots.
The indistinguishability of photons generated by telecom C-
band quantum dots should be determined in future experi-
ments; however it would require s-shell resonant excitation to
not be limited by the entanglement present in the cascaded
emission.*’ Furthermore, the on-demand generation of
entangled photons opens up the possibility to transmit
quantum secure keys efficiently over long distances, marking
a step toward practical applications of quantum dots in fiber-
based quantum networks.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00504.

https://doi.org/10.1021/acsphotonics.1c00504
ACS Photonics 2021, 8, 2337—2344


https://pubs.acs.org/doi/10.1021/acsphotonics.1c00504?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00504?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00504?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00504?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00504?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

Sample growth, quantum dot characterization, Rabi
oscillations of QD1, Rabi oscillations of QD2, lifetimes
of QD2, exciton autocorrelation, tomography setup
characterization, two-photon state reconstruction, con-
currence (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Katharina D. Zeuner — Department of Applied Physics, Royal
Institute of Technology, Albanova University Centre, 106 91
Stockholm, Sweden; ® orcid.org/0000-0003-0043-2527;
Email: zeuner@kth.se

Klaus D. Jéns — Department of Applied Physics, Royal
Institute of Technology, Albanova University Centre, 106 91
Stockholm, Sweden; © orcid.org/0000-0002-5814-7510;
Email: klausj@kth.se

Authors

Lucas Schweickert — Department of Applied Physics, Royal
Institute of Technology, Albanova University Centre, 106 91
Stockholm, Sweden; © orcid.org/0000-0002-1858-007X

Carl Reuterskiold Hedlund — Department of Electrical
Engineering, Royal Institute of Technology, 164 40 Kista,
Sweden

Carlos Nunez Lobato — Department of Electrical Engineering,
Royal Institute of Technology, 164 40 Kista, Sweden

Thomas Lettner — Department of Applied Physics, Royal
Institute of Technology, Albanova University Centre, 106 91
Stockholm, Sweden; © orcid.org/0000-0002-6434-2435

Kai Wang — Department of Applied Physics, Royal Institute of
Technology, Albanova University Centre, 106 91 Stockholm,
Sweden

Samuel Gyger — Department of Applied Physics, Royal
Institute of Technology, Albanova University Centre, 106 91
Stockholm, Sweden; ® orcid.org/0000-0003-2080-9897

Eva Scholl — Department of Applied Physics, Royal Institute of
Technology, Albanova University Centre, 106 91 Stockholm,
Sweden

Stephan Steinhauer — Department of Applied Physics, Royal
Institute of Technology, Albanova University Centre, 106 91
Stockholm, Sweden; © orcid.org/0000-0001-6875-6849

Mattias Hammar — Department of Electrical Engineering,
Royal Institute of Technology, 164 40 Kista, Sweden

Val Zwiller — Department of Applied Physics, Royal Institute
of Technology, Albanova University Centre, 106 91
Stockholm, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.1c00504

Author Contributions

The sample was grown by C.RH.,, CN.L,, and M.H. Sample
characterization was performed by K.D.Z,, S.S., and K.-W. with
help from C.N.L. KD.Z,, L.S,, and K.D.J. built the setup with
help from T.L. The experiment was performed by K.D.Z. and
L.S. with help from K.DJ,, S.G,, and E.S. The data analysis was
performed by K.D.Z,, LS., KDJ, and T.L. The paper was
written by K.D.Z. and V.Z. with input from all authors. The
project was conceived by K.D.Z, KDJ., and V.Z. and
supervised by KD.J. and V.Z.

Notes
The authors declare no competing financial interest.

2342

B ACKNOWLEDGMENTS

This project has received funding from the European Union’s
Horizon 2020 research and innovation program under grant
agreement no. 820423 (S2QUIP). K.D.J. acknowledges
funding from the Swedish Research Council (VR) via the
starting grant HyQRep (ref: 2018-04812) and the The Goran
Gustafsson Foundation (SweTeQ). M.H. acknowledges
funding from the Swedish Research Council (VR, Grant No.
2016-03388). V.Z. acknowledges funding by the European
Research Council under the Grant Agreement No. 307687
(NaQuOp), the Knut and Alice Wallenberg Foundation
(KAW, “Quantum sensors”), and the Swedish Research
Council (VR, Grant No. 638-2013-7152 and Grant No.
2018-04251). The Quantum Nano Photonics group at KTH
acknowledges the continuous support by the companies APE
Angewandte Physik und Elektronik GmbH on their
picoEmerald system and Single Quantum BV on their detector
system. KD.Z. and KDJ. acknowledge fruitful discussions
with Michele Rota and Rinaldo Trotta. K.D.J. acknowledges
fruitful discussions with Matthias Paul. T.L. acknowledges
fruitful discussions with Marijn Versteegh. S.S. acknowledges
support from the Swedish Research Council (Vetenskapsradet)
Starting Grant (ref: 2019-04821).

B REFERENCES

(1) Nagata, T.; Okamoto, R.; O’Brien, J. L.; Sasaki, K.; Takeuchi, S.
Beating the standard quantum limit with four-entangled photons.
Science 2007, 316, 726—729.

(2) Miiller, M.; Vural, H.; Schneider, C.; Rastelli, A.; Schmidt, O. G.;
Hofling, S.; Michler, P. Quantum-Dot Single-Photon Sources for
Entanglement Enhanced Interferometry. Phys. Rev. Lett. 2017, 118,
1-6.

(3) Ono, T.; Okamoto, R.; Takeuchi, S. An entanglement-enhanced
microscope. Nat. Commun. 2013, 4, 1-7.

(4) Lemos, G. B; Borish, V.; Cole, G. D.; Ramelow, S.; Lapkiewicz,
R,; Zeilinger, A. Quantum imaging with undetected photons. Nature
2014, 512, 409—412.

(5) Raussendorf, R; Browne, D. E.; Briegel, H. J. Measurement-
based quantum computation on cluster states. Phys. Rev. A: At Mol,
Opt. Phys. 2003, 68, 32.

(6) Walther, P.; Resch, K. J.; Rudolph, T.; Schenck, E.; Weinfurter,
H.; Vedral, V; Aspelmeyer, M.; Zeilinger, A. Experimental one-way
quantum computing. Nature 2005, 434, 169—176.

(7) Ekert, A. K. Quantum Cryptography and Bell’s Theorem. Phys.
Rev. Lett. 1991, 67, 413—418.

(8) Gisin, N.; Ribordy, G.; Tittel, W.; Zbinden, H. Quantum
cryptography. Rev. Mod. Phys. 2002, 74, 145—198.

(9) Li, X;; Voss, P. L,; Chen, J.; Sharping, J. E.; Kumar, P. Storage
and long-distance distribution of telecommunications-band polar-
ization entanglement generated in an optical fiber. Opt. Lett. 2008, 30,
1201.

(10) Hiibel, H.; Vanner, M. R; Lederer, T.; Blauensteiner, B.;
Loriinser, T.; Poppe, A.; Zeilinger, A. High-fidelity transmission of
polarization encoded qubits from an entangled source over 100 km of
fiber. Opt. Express 2007, 1S, 7853.

(11) Treiber, A.; Poppe, A.; Hentschel, M.; Ferrini, D.; Loriinser, T.;
Querasser, E.; Matyus, T.; Hiibel, H.; Zeilinger, A. A fully automated
entanglement-based quantum cryptography system for telecom fiber
networks. New J. Phys. 2009, 11, 045013.

(12) Dynes, J. F.; Takesue, H.; Yuan, Z. L.; Sharpe, A. W.; Harada,
K.; Honjo, T.; Kamada, H.; Tadanaga, O.; Nishida, Y.; Asobe, M,;
Shields, A. J. Efficient entanglement distribution over 200 kilometers.
Opt. Express 2009, 17, 11440.

(13) Wengerowsky, S.; et al. Entanglement distribution over a 96-
km-long submarine optical fiber. Proc. Natl. Acad. Sci. U. S. A. 2019,
116, 6684—6688.

https://doi.org/10.1021/acsphotonics.1c00504
ACS Photonics 2021, 8, 2337—2344


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00504/suppl_file/ph1c00504_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katharina+D.+Zeuner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0043-2527
mailto:zeuner@kth.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+D.+Jo%CC%88ns"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5814-7510
mailto:klausj@kth.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucas+Schweickert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1858-007X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carl+Reuterskio%CC%88ld+Hedlund"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Nun%CC%83ez+Lobato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Lettner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6434-2435
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+Gyger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2080-9897
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eva+Scho%CC%88ll"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephan+Steinhauer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6875-6849
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mattias+Hammar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Val+Zwiller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00504?ref=pdf
https://doi.org/10.1126/science.1138007
https://doi.org/10.1103/PhysRevLett.118.257402
https://doi.org/10.1103/PhysRevLett.118.257402
https://doi.org/10.1038/ncomms3426
https://doi.org/10.1038/ncomms3426
https://doi.org/10.1038/nature13586
https://doi.org/10.1103/PhysRevA.68.022312
https://doi.org/10.1103/PhysRevA.68.022312
https://doi.org/10.1038/nature03347
https://doi.org/10.1038/nature03347
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1364/OL.30.001201
https://doi.org/10.1364/OL.30.001201
https://doi.org/10.1364/OL.30.001201
https://doi.org/10.1364/OE.15.007853
https://doi.org/10.1364/OE.15.007853
https://doi.org/10.1364/OE.15.007853
https://doi.org/10.1088/1367-2630/11/4/045013
https://doi.org/10.1088/1367-2630/11/4/045013
https://doi.org/10.1088/1367-2630/11/4/045013
https://doi.org/10.1364/OE.17.011440
https://doi.org/10.1073/pnas.1818752116
https://doi.org/10.1073/pnas.1818752116
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

(14) Yin, J; et al. Entanglement-based secure quantum cryptography
over 1,120 kilometres. Nature 2020, 582, 501—505.

(15) Schweickert, L.; Jéns, K. D.; Zeuner, K. D.; Covre Da Silva, S.
F.; Huang, H.; Lettner, T.; Reindl, M.; Zichi, J.; Trotta, R,; Rastelli,
A.; Zwiller, V. On-demand generation of background-free single
photons from a solid-state source. Appl. Phys. Lett. 2018, 112, 093106.

(16) Hanschke, L.; Fischer, K. A.; Appel, S.; Lukin, D.; Wierzbowski,
J.; Sun, S.; Trivedi, R.; Vuckovi, J.; Finley, J. J.; Miiller, K. Quantum
dot single-photon sources with ultra-low multi-photon probability. npj
Quantum Inf. 2018, 4, 43.

(17) Wang, H; et al. On-Demand Semiconductor Source of
Entangled Photons Which Simultaneously Has High Fidelity,
Efficiency, and Indistinguishability. Phys. Rev. Lett. 2019, 122, 1—6.

(18) Liu, J.; Su, R; Wei, Y; Yao, B.; da Silva, S. F. C; Yu, Y.; Iles-
Smith, J.; Srinivasan, K; Rastelli, A.; Li, J; Wang, X. A solid-state
source of strongly entangled photon pairs with high brightness and
indistinguishability. Nat. Nanotechnol. 2019, 14, 586—593.

(19) Dousse, A.; Suffczynski, J.; Beveratos, A.; Krebs, O.; Lemaitre,
A.; Sagnes, L; Bloch, J.; Voisin, P.; Senellart, P. Ultrabright source of
entangled photon pairs. Nature 2010, 466, 217—220.

(20) Miiller, M.; Bounouar, S.; Jéns, K. D.; Glissl, M.; Michler, P.
On-demand generation of indistinguishable polarization-entangled
photon pairs. Nat. Photonics 2014, 8, 224—228.

(21) Winik, R; Cogan, D.; Don, Y.; Schwartz, L; Gantz, L;
Schmidgall, E. R.; Livneh, N.; Rapaport, R.; Buks, E.; Gershoni, D.
On-demand source of maximally entangled photon pairs using the
biexciton-exciton radiative cascade. Phys. Rev. B: Condens. Matter
Mater. Phys. 2017, 95, 1-7.

(22) Huber, D.; Reindl, M.; Filipe Covre da Silva, S.; Schimpf, C.;
Martin-Sénchez, J.; Huang, H.; Piredda, G.; Edlinger, J.; Rastelli, A,;
Trotta, R. Strain-Tunable GaAs Quantum Dot: A Nearly Dephasing-
Free Source of Entangled Photon Pairs on Demand. Phys. Rev. Lett.
2018, 121, 33902.

(23) Chen, Y.; Zopf, M; Keil, R; Ding, F.; Schmidt, O. G. Highly-
efficient extraction of entangled photons from quantum dots using a
broadband optical antenna. Nat. Commun. 2018, 9, 2994.

(24) Benson, O.; Santori, C.; Pelton, M.; Yamamoto, Y. Regulated
and Entangled Photons from a Single Quantum Dot. Phys. Rev. Lett.
2000, 84, 2513—2516.

(25) Li, J.-P.; Gu, X;; Qin, J; Wu, D.; You, X;; Wang, H.; Schneider,
C.; Hofling, S; Huo, Y.-H,; Lu, C.-Y,; Liu, N.-L;; Li, L; Pan, J.-W.
Heralded Nondestructive Quantum Entangling Gate with Single-
Photon Sources. Phys. Rev. Lett. 2021, 126, 140501.

(26) Ward, M.; Dean, M.; Stevenson, R.; Bennett, A; Ellis, D.;
Cooper, K; Farrer, L; Nicoll, C.; Ritchie, D.; Shields, A. Coherent
dynamics of a telecom-wavelength entangled photon source. Nat.
Commun. 2014, S5, 4249—4254.

(27) Fognini, A.; Ahmadi, A.; Zeeshan, M.; Fokkens, J. T.; Gibson,
S.J.; Sherlekar, N.; Daley, S. J.; Dalacu, D.; Poole, P. J.; Jons, K. D,;
Zwiller, V.; Reimer, M. E. Dephasing Free Photon Entanglement with
a Quantum Dot. ACS Photonics 2019, 6, 1656—1663.

(28) Stufler, S.; Machnikowski, P.; Ester, P.; Bichler, M.; Axt, V. M.;
Kuhn, T.; Zrenner, A. Two-photon Rabi oscillations in a single
In,Ga,_,As/GaAs quantum dot. Phys. Rev. B: Condens. Matter Mater.
Phys. 2006, 73, 1-7.

(29) Reindl, M.; Huber, D.; Schimpf, C.; da Silva, S. F. C.; Rota, M.
B.; Huang, H.; Zwiller, V.; Jons, K. D.; Rastelli, A.; Trotta, R. All-
photonic quantum teleportation using on-demand solid-state
quantum emitters. Sci. Adv. 2018, 4, eaaul25S.

(30) Basso Basset, F.; Rota, M. B.; Schimpf, C.; Tedeschi, D.;
Zeuner, K. D,; da Silva, S. F. C,; Reindl, M.,; Zwiller, V,; J6ns, K. D.;
Rastelli, A.; Trotta, R. Entanglement swapping with photons
generated on-demand by a quantum dot. Phys. Rev. Lett. 2019, 123,
160501.

(31) Zopf, M; Keil, R; Chen, Y.; Yang, J; Chen, D; Ding, F;
Schmidt, O. G. Entanglement Swapping with Semiconductor-
Generated Photons Violates Bell's Inequality. Phys. Rev. Lett. 2019,
123, 160502.

2343

(32) Benyoucef, M.; Yacob, M.; Reithmaier, J. P.; Kettler, J.;
Michler, P. Telecom-wavelength (1.5 pm) single-photon emission
from InP-based quantum dots. Appl. Phys. Lett. 2013, 103, 162101.

(33) Miiller, T.; Skiba-Szymanska, J.; Krysa, A. B.; Huwer, J.; Felle,
M.; Anderson, M.; Stevenson, R. M.; Heffernan, J.; Ritchie, D. A,;
Shields, A. J. A quantum light-emitting diode for the standard telecom
window around 1,550 nm. Nat. Commun. 2018, 9, 862.

(34) Haffouz, S.; Zeuner, K. D.; Dalacu, D.; Poole, P. J.; Lapointe, J.;
Poitras, D.; Mnaymneh, K;; Wu, X,; Couillard, M.; Korkusinski, M.;
Schéll, E.; Jons, K. D.; Zwiller, V.; Williams, R. L. Bright Single InAsP
Quantum Dots at Telecom Wavelengths in Position-Controlled InP
Nanowires: The Role of the Photonic Waveguide. Nano Lett. 2018,
18, 3047—-3052.

(35) Paul, M.; Olbrich, F.; Hoschele, J.; Schreier, S.; Kettler, J.;
Portalupi, S. L.; Jetter, M.; Michler, P. Single-photon emission at 1.55
# m from MOVPE-grown InAs quantum dots on InGaAs/GaAs
metamorphic buffers. Appl. Phys. Lett. 2017, 111, 1-10.

(36) Nawrath, C.; Olbrich, F.; Paul, M.; Portalupi, S. L.; Jetter, M.;
Michler, P. Coherence and indistinguishability of highly pure single
photons from non-resonantly and resonantly excited telecom C-band
quantum dots. Appl. Phys. Lett. 2019, 115, 023103.

(37) Olbrich, F.; Hoschele, J.; Miiller, M.; Kettler, J.; Luca Portalupi,
S.; Paul, M,; Jetter, M.; Michler, P. Polarization-entangled photons
from an InGaAs-based quantum dot emitting in the telecom C-band.
Appl. Phys. Lett. 2017, 111, 133106.

(38) Portalupi, S. L.; Jetter, M.; Michler, P. InAs quantum dots
grown on metamorphic buffers as non-classical light sources at
telecom C-band: A review. Semicond. Sci. Technol. 2019, 34, 053001.

(39) Glassl, M.; Barth, A. M.; Gawarecki, K.; MacHnikowski, P.;
Croitoru, M. D.; Liiker, S.; Reiter, D. E.; Kuhn, T.; Axt, V. M.
Biexciton state preparation in a quantum dot via adiabatic rapid
passage: Comparison between two control protocols and impact of
phonon-induced dephasing. Phys. Rev. B: Condens. Matter Mater. Phys.
2013, 87, 1-8.

(40) Reindl, M,; Jéns, K. D.; Huber, D.; Schimpf, C.; Huo, Y,;
Zwiller, V.; Rastelli A.; Trotta, R. Phonon-Assisted Two-Photon
Interference from Remote Quantum Emitters. Nano Lett. 2017, 17,
4090—4095S.

(41) James, D. F.; Kwiat, P. G.; Munro, W. J.; White, A. G.
Measurement of qubits. Phys. Rev. A: At.,, Mol,, Opt. Phys. 2001, 64, 15.

(42) Lin, Z.; Schweickert, L.; Gyger, S.; Jéns, K. D.; Zwiller, V. ETA
- Extensible Timetag Analyzer; 2020, DOI: 10.5281/zenodo.3736539.

(43) Fokkens, T.; Fognini, A; Zwiller, V. Optical Quantum
Tomography Code. Available at https://github.com/afognini/
Tomography/.

(44) Aspelmeyer, M,; Béhm, H. R; Gyatso, T.; Jennewein, T.;
Kaltenbaek, R.; Lindenthal, M.; Molina-Terriza, G.; Poppe, A.; Resch,
K; Taraba, M.; Ursin, R,; Walther, P.; Zeilinger, A. Long-Distance
Free-Space Distribution of Quantum Entanglement. Science 2003,
301, 621—-623.

(45) Gschrey, M.; Thoma, A.; Schnauber, P.; Seifried, M.; Schmidt,
R,; Wohlfeil, B.; Kriiger, L.; Schulze, J. H.,; Heindel, T.; Burger, S.;
Schmidt, F.; Strittmatter, A.; Rodt, S.; Reitzenstein, S. Highly
indistinguishable photons from deterministic quantum-dot micro-
lenses utilizing three-dimensional in situ electron-beam lithography.
Nat. Commun. 2015, 6, 7662.

(46) Lettner, T.; Zeuner, K. D.; Schéll, E.; Huang, H.; Scharmer, S.;
Da Silva, S. F. C.; Gyger, S.; Schweickert, L.; Rastelli, A.; Jons, K. D.;
Zwiller, V. GaAs Quantum Dot in a Parabolic Microcavity Tuned to
87Rb D1. ACS Photonics 2020, 7, 29—3S.

(47) Kors, A.; Reithmaier, J. P.; Benyoucef, M. Telecom wavelength
single quantum dots with very small excitonic fine-structure splitting.
Appl. Phys. Lett. 2018, 112, 1-5.

(48) Trotta, R,; Martin-Sénchez, J.; Wildmann, J. S.; Piredda, G.;
Reindl, M.; Schimpf, C.; Zallo, E.; Stroj, S.; Edlinger, J.; Rastelli, A.
Wavelength-tunable sources of entangled photons interfaced with
atomic vapours. Nat. Commun. 2016, 7, 10375.

https://doi.org/10.1021/acsphotonics.1c00504
ACS Photonics 2021, 8, 2337—2344


https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1063/1.5020038
https://doi.org/10.1063/1.5020038
https://doi.org/10.1038/s41534-018-0092-0
https://doi.org/10.1038/s41534-018-0092-0
https://doi.org/10.1103/PhysRevLett.122.113602
https://doi.org/10.1103/PhysRevLett.122.113602
https://doi.org/10.1103/PhysRevLett.122.113602
https://doi.org/10.1038/s41565-019-0435-9
https://doi.org/10.1038/s41565-019-0435-9
https://doi.org/10.1038/s41565-019-0435-9
https://doi.org/10.1038/nature09148
https://doi.org/10.1038/nature09148
https://doi.org/10.1038/nphoton.2013.377
https://doi.org/10.1038/nphoton.2013.377
https://doi.org/10.1103/PhysRevB.95.235435
https://doi.org/10.1103/PhysRevB.95.235435
https://doi.org/10.1103/PhysRevLett.121.033902
https://doi.org/10.1103/PhysRevLett.121.033902
https://doi.org/10.1038/s41467-018-05456-2
https://doi.org/10.1038/s41467-018-05456-2
https://doi.org/10.1038/s41467-018-05456-2
https://doi.org/10.1103/PhysRevLett.84.2513
https://doi.org/10.1103/PhysRevLett.84.2513
https://doi.org/10.1103/PhysRevLett.126.140501
https://doi.org/10.1103/PhysRevLett.126.140501
https://doi.org/10.1038/ncomms4316
https://doi.org/10.1038/ncomms4316
https://doi.org/10.1021/acsphotonics.8b01496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b01496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.73.125304
https://doi.org/10.1103/PhysRevB.73.125304
https://doi.org/10.1126/sciadv.aau1255
https://doi.org/10.1126/sciadv.aau1255
https://doi.org/10.1126/sciadv.aau1255
https://doi.org/10.1103/PhysRevLett.123.160501
https://doi.org/10.1103/PhysRevLett.123.160501
https://doi.org/10.1103/PhysRevLett.123.160502
https://doi.org/10.1103/PhysRevLett.123.160502
https://doi.org/10.1063/1.4825106
https://doi.org/10.1063/1.4825106
https://doi.org/10.1038/s41467-018-03251-7
https://doi.org/10.1038/s41467-018-03251-7
https://doi.org/10.1021/acs.nanolett.8b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4993935
https://doi.org/10.1063/1.4993935
https://doi.org/10.1063/1.4993935
https://doi.org/10.1063/1.5095196
https://doi.org/10.1063/1.5095196
https://doi.org/10.1063/1.5095196
https://doi.org/10.1063/1.4994145
https://doi.org/10.1063/1.4994145
https://doi.org/10.1088/1361-6641/ab08b4
https://doi.org/10.1088/1361-6641/ab08b4
https://doi.org/10.1088/1361-6641/ab08b4
https://doi.org/10.1103/PhysRevB.87.085303
https://doi.org/10.1103/PhysRevB.87.085303
https://doi.org/10.1103/PhysRevB.87.085303
https://doi.org/10.1021/acs.nanolett.7b00777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b00777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevA.64.052312
https://doi.org/10.5281/zenodo.3736539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://github.com/afognini/Tomography/
https://github.com/afognini/Tomography/
https://doi.org/10.1126/science.1085593
https://doi.org/10.1126/science.1085593
https://doi.org/10.1038/ncomms8662
https://doi.org/10.1038/ncomms8662
https://doi.org/10.1038/ncomms8662
https://doi.org/10.1021/acsphotonics.9b01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5023184
https://doi.org/10.1063/1.5023184
https://doi.org/10.1038/ncomms10375
https://doi.org/10.1038/ncomms10375
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics pubs.acs.org/journal/apchd5

(49) Schéll, E.; et al. Crux of Using the Cascaded Emission of a
Three-Level Quantum Ladder System to Generate Indistinguishable
Photons. Phys. Rev. Lett. 2020, 125, 233605.

2344 https://doi.org/10.1021/acsphotonics.1c00504
ACS Photonics 2021, 8, 2337-2344


https://doi.org/10.1103/PhysRevLett.125.233605
https://doi.org/10.1103/PhysRevLett.125.233605
https://doi.org/10.1103/PhysRevLett.125.233605
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

