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Photonic Quantum Technologies LM
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QEC group: Research activities TUT
/ Building blocks N Integrated photonics and devices \

Quantum light sources  Spin-photon interfaces

Quantum dots Color centers \

4 Demonstrator experiments \

s 4
s
Quantum communication, Quantum computation

K / \__  Quantum simulation, Quantum sensing

Quantum memories Single-photon detectors

Rare-earth ions Superconducting films
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Outline TUM

Dynamics of nonclassical light Recent advances in
generation from semiconductor superconducting nanowire
quantum dots single-photon detectors
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Outline TUm
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InAs/GaAs quantum dots LM

3D confinement for Strong interband Transform-limited linewidth
electrons and holes transitions
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Ideal single photon source LM
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R. Glauber Phys. Rev. Lett. 10, 84 (1963) M. Davanco et al., APL (2011)

C.K. Hong et al. Phys. Rev. Lett. 59 (1987)
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Recent examples TUT

Micropillar resonators DBG resonators Tunable FP resonators

Gaussian beam
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J. Liu et al., Nature Nano-
technology 14, 586-593 (2019)

n-contact

N. Somashi et al., Nature N. Tomm et al., Nature Nano-
Photonics 10, 340-345 (2016) technology 16, 399-403 (2021)

Groups of Kartik Srinivasan,
Luca Sapienza, Jin Liu,
Groups of Pascale Senellart, Jian-Wei Pan, Tobias Heindl, Groups of Richard Warburton,
Sven Héfling, Andrew Shields, ... Stephan Reitzenstein, Jian-Wei Pan, David Hunger, ...
Peter Michler, Edo Waks, ...

Fundamental limits? Optimized excitation? "
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Modelling quantum light sources TLm

Hanbury Brown-Twiss (HBT) Hong-Ou-Mandel (HOM)
wﬂgﬂ at) c(t) D Q00 mfﬂ’j a(t) (1) D
Correlator Correlator
hupr[kt,] . huow kt-]
W(t s bt It
vac ololo &IQI - = D
Set up Hamiltonian, SE, Cavity, ... Quantum-optical master equation
E(t) d
Hy === (Ig)el +le)g) PO =L®P®)
Se = Ve |g) (e
Correlators of the form Quantum regression theorem
G(t,7) = (A@)B(t + 1)C(t)) (A()B(t + 1)C(t)) = Trgys{BA(L, t + 7)}

K.A. Fischer et al. NJoP 18, 1130563 (2016), R. Trivedi et al. Adv. Q. Tech., 3, 1900007 (2020) 13
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Quantum dot devices i
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 DBR enhances photon collection efficiency

» Diode structure allows for control of emission wavelength
and charge status
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Resonantly driven TLS

Re-excitation
1.0 [ ;
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TLTI

Experiment

0.01

01 1 10
Pulse length (1/y)

- Emission during the presence of the pulse reduces single-photon purity

- Lowest possible g@[0] increases with pulse length

K.A. Fischer et al. Quantum Sci. Technol. 3, 014006 (2018)
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Suppressing re-excitation
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- Energy of 2X is detuned from 2*X by the Coulomb binding energy

- Two-photon excitation of the bi-exciton (K. Brunner et al. , PRL 73, 1138 (1994))
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Ultra-low multiphoton probability LM
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- Ultra-low g@(0) confirms strongly suppressed re-excitation

- Quadratic dependence on pulse length

L. Hanschke et al. npj Quantum Information 4, 43 (2018)
Work from Zwiller group: L. Schweickert et al. Appl. Phys. Lett. 112, 093106 (2018) 24
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Indistinguishability of a cascaded emission LM
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-> The emission of a cascade is entangled
=> This limits the indistinguishability to yyx/(Yxx+Yx)
- Excellent purity and indistinguishability via tailoring the emission rates

E. Scholl et al. Physical Review Letters 125, 233605 (2020) 28
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Stimulated generation of single photons LM
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- Additional laser pulse inverts 2X-X population
- For short delays: Well defined X timing

30

F. Sbresny et al. Physical Review Letters 128, 093603 (2022)
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High purity AND indistinguishability TUm
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-> For short delays, near-unity indistinguishability
- Excellent indistinguishability and single-photon purity

F. Sbresny et al. Physical Review Letters 128, 093603 (2022) 32
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Experimental confirmation: Bright LM
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-> Bright, and with control of polarization

F. Sbresny et al. Physical Review Letters 128, 093603 (2022) 36
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Experimental confirmation: Pure TLm
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-> Excellent single-photon purity experimentally confirmed

F. Sbresny et al. Physical Review Letters 128, 093603 (2022) 38
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Experimental confirmation: Indistinguishable
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-> Theoretical model experimentally confirmed over wide parameter range
—> Bright, pure, indistinguishable and control of polarization

F. Sbresny et al. Physical Review Letters 128, 093603 (2022)
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Summary TLm

Single-photons purity Ultra-pure single photons Stimulated generation of
limited by re-excitation single photons
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113053 (2016) \ 7
K.A. Fischer et al. Nature Physics V“ I’ H
13, 649-654 (2017) |O> ]
: ]
A niscaretias Qe b d L. Hanschke et al. npj Quantum |0) 2
(2017) : . :
Information 4, 43 (2018) F. Sbresny et al. Physical Review
E. Schéll et al. Physical Review Letters 128, 093603 (2022)

Letters 125, 233605 (2020)
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TLTI

Part Il: Superconducting Nanowire Single-Photon Detectors

45
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Superconducting single-photon detectors LM

N 0 1 1 L
Normal 0.0 0.3 0.6 0.9
conducting Voltage (V)

» Apply bias current slightly below critical current

Temperature

Superconducting v\

Bias current

49
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Typical NbTiN SNSPD performance '|'|_|'|'|
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Operating principle LM

Thermal healing
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Hotspot formation

Switching of side
channels

G. N. Gol'tsman et al., Appl. Phys. Lett. 79 705-7 (2001)
51
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Helium ion irradiation of SNSPDs TLm
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* Increase of system detecton efficiency from < 2% -2 43%
* Decrease of switching current from 39.2 yA -2 8.6 pA
S. Strohauer et al., Adv. Quantum Technol. 6, 2300139 (2023)
W. Zhang et al., Physical Review Applied 12, 044040 (2019) 52
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Current crowding in SNSPDs

100 | straight wire -
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J.R. Clem & K. K. Berggren, Physical Review B 84, (2011)
D. Henrich et al., Phys. Rev. B 86, 144504 (2012)
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-=> Limits switching current of SNSPD

53

Page 27/33




Concept of current-crowding-free SNSPDs

TLTI

Current-crowding-free SNSPD
local irradiation
W Strong irradiation of straight parts...

... iIncreases their sensitivity
... decreases their switching current

<+—__ Heliumion
irradiated area

- Switching current of SNSPD not limited
by current crowding in bends anymore

Reference

full irradiation

|

straight wire

K

S. Strohauer et al. arXiv:2407.14171 (2024)
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Advantage of locally irradiated SNSPDs TLm
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S. Strohauer et al. arXiv:2407.14171 (2024) 55

Pirsa: 24100060 Page 29/33



Advantage of locally irradiated SNSPDs TLm
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S. Strohauer et al. arXiv:2407.14171 (2024) 55
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Extending the saturation regime

400 ions nm2

...................

1 0 KM i

o Iy

© LI
-'(:-:; . :‘ 35% higher |,
g 05 ¢

. ] s

= LI

5 oz

- = 400 ful

= ()_C)--ld:nui‘f A 400;;nm| .

22 28 34 40 46
Bias current (1A)

S. Strohauer et al. arXiv:2407.14171 (2024)
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Very low dark count rates
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S. Strohauer et al. arXiv:2407.14171 (2024)

Pirsa: 24100060

1E4

-
m
N

Dark count rate

Norm. count rate

-
o

O
o

o
o

800 ions nm™2

& ¥y
A
| / § £
A
A
s 6? A
aA
- L]
lA
;A
| A
b = 800 full
A 800 partial

-

15 20 25 30 35
Bias current (nA)

1E4

-
m
N

Dark count rate

57

Page 32/33




QEC group i

Subgroup leaders: PhD students: Collaborators:

Lukas Hanschke Stefan Appel Marko Petric TUM: UA Madrid: U Paderborn:

Viviana Villafane Fabian Becker William Rauhaus Jonathan Finley Fabrice Laussy  Klaus Jons
Kararina Boos Lorenz Sauerzopf Stefan Strohauer Elena del Valle

Postdocs: Carolin Calcagno Friedrich Sbresny Steffanie Grotowski  Carlos Anton HU Berlin:

Matteo Barbone Beatrice Costa Bianca Scaparra Tim Schréder

David Busse Rasmus Flaschmann Christian Schmid WMI: U Dortmund:

Bjorn Jonas Sang Kyu Kim Fabian Wietschorke Rudolf Gross Thomas Bracht MPQ:

Eduardo Zubizarreta Mirco Metz Lucio Zugliani Matthias Althammer  Doris Reiter Rahul Trivedi

Funding from:

DF Deutsche <. O,. RMb M Horizon 2020
*

Forschungsgemeinschaft ol European Union Funding

* Federal Ministry M CQST RS ¢ Research & Innovation

of Education
and Research Rlesng i;—!;;»‘=’-"==='=ﬁ?%.}‘-
Baverisches Staatsministerium fiir “AErs A" ; ey PR e S
_ ayerisches Staatsministerium fur "‘i’ ﬁﬁ- Bayerisches Staatsministerium fur ‘& Vi 61
Wirtschaft, Landesentwicklung und Energie SN&82 1 Wissenschaft und Kunst :'g,\,:\;‘_g,;,,.‘f:

Pirsa: 24100060 Page 33/33



