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Outline

> Introduction

— photonic integrated circuits - PICs
— quantum PICs - QPICs

» Quantera project uTP4Q

— towards quantum PIC (for optical communication)
— heterogeneous photonic integration — micro-transfer printing
— selected results

» Conclusion
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Integration of components

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Integrating electronics into electronic integrated circuits - ICs

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Integrating photonics into photonic integrated circuits - PICs

» small, can be co-integrated with IC
» high functionality on small area

» one package required

» uniformity, reliability

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Electronic integrated circuit - IC Photonic Integrated Circuit - PIC

- electrons - - photons -

» passive and active
components

» different technologies
(see further)

» in case of silicon technology
CMQOS process

» low losses at high freq., fast
signal processing
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PIC material platforms

> 1lI-V semiconductors: InP, GaAs
» Silicon-based: Si, Si;N,, + Ge - use advantages of CMOS processing

> Lithium Niobate: LiNbO
» polymers
» others

Transparency windows for low loss waveguiding for different platforms

BIO PHOTONICS

APPLICATIONS vs. A o .
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Basic components In Si PICS

Passive Active
Routing j' Modulation Tuning S\r\‘ﬁ
v e B

Strip waveguide Rib waveguide SWG waveguide Crossing

Filtering or (de)multiplexing

Ring resonator Arrayed waveguide grating Bragg grating ~ Mach—Zehnder interferometer (MZI)

Polarization control

Ring modulator Photodetector

Integrated lasers — heterogeneous integration of Ill-V

Multimode interferference

Directional coupler Polarization rotator Polarization splitter

coupler heli(@/s InP Microdisk Laser on Silicon
Input/Output

Edge coupler

Grating coupler

W. Shi et al.: Scaling capacity of fiber-optic transmission systems, Nanophotonics 2020; 9(16): 4629-4663
J. Krc etal. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Health

Environment
"\ Energy
~10° chips/year
2000 2010 o] 2030
Courtesy of Roel Baets and Wim Bogaerts, Ghent University
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Quantum technologies
& photonic integration

N e
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Quantum technologies
Qubit Technologies

Trapped Ions Neutral Atoms Solid-State Defects

s Messenger
(Quantum Resd /Write Head)
”~

&
\ia NV Centers in
diamond,
Phosphorous in Si“%,
dimers in SiC, etc.

it: S. Debnath, E. Edwards / JOI

oe Group, University of Maryland/JOQI mage mage from Hanson Group, Delft

Photons Superconducting Circuits

o ot &
- \
W (IBM Quantum|

Image from Centre for Quantum Computation &
Communication Technology,
credit Matthew Broome

Courtesy of Dr. Heike Riel, IBM, SPIE 2022 conference
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Quantum optical communication m
Secure communication between “Alice and Bob”™ — quantum key distribution

eavesdroppers:  passive active

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Using single photons for key distribution in optical communication

If a photon is detected by an eavesdropper it gets lost or by re-generation it changes its property

Bob
Q

single-photon detector

+/- 45° Basis

random polarization switching
independent of Alice (Bob’s Bases):

random polarization switching
for each photon (Alice’s Bases):

Horizontal - Yertical M

Diagonal (-45° +45°)

N/
single-photon source =— % =
gle-p y; |\

Alice’s Bit Sequence

1
Bob's Bases
Alice Bob's Results 0

0 0 1

IBEIB

1 0 (including missing photons and some uncertainties)

_,;,_.A‘.

Extracted secret key 1 0 1 1 1 0
at Alice and Bob side
after Bob receives Alice’s Bases
and after Alice receives Bob’s bits

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Quantum photonic integrated circuits - QPICs

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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QPICs

QPICs for guantum:

computing
communications
simulations
sensing

VV VY

Figure 1: Quantum photonic integrated circuit, including non-linear optics (spirals) and quantum light sources (red dots)
in nano-beam cavities, quantum memories (rings including ions), and superconducting detectors (strips), as well as active
and passive photonic elements (taken from Nat Rev Phys (2021): https://doi.org/10.1038/s42254-021-00398-2)

Source: QPIC position paper 2022

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium 16
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uTP4Q project
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uTP4Q

A versatile quantum photonic IC platform through micro-transfer printing
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uTP4Q
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A versatile quantum photonic IC platform through(micro-transfer prin@
“ QUANTERA

An advantageous way of heterogeneous integration —
combining components from different platforms on wafer scale
Source wafer C:

SNSPD-detectors
Single-photon detectors

-

\ < PIC for quantum
< > B communication
Modulators/
Switches

Source wafer B:
LN-modulators <

N
2 =)
| RS
_ Fully integrated Quantum PIC with
Single-photon : QD-sources, detectors, modulators...
sources >
Source wafer A: = ‘
QD-sources
Target wafer: 7
Low-loss SiN connections and
J. Krc et al.

passive components

FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Q U A N T I: R A UTP4Q A versatile quantum photonic IC platform through micro-transfer printing -
Dewce Independent Quantum Key Distribution - DIQKD
Discrete realization:
™y photonic
o
modulator/ ; § :
swﬂchE §g’ : 5
single-photon :
sour(?,e f
e
single-photon
detector

Integration
Local station o '

ALICE

_E
i
Local station
BOB
Central Heralding Statlon
E. Ruiz et al., PRL 106, 012222 (2022)
J. Krc et al

J. Kolodynski et al., Quantum 4. 260 (2020)

QPICs

FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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E'E Q U A N T E R A UTP4Q A versatile quantum photonic IC platform through micro-transfer printing Spa';;.g;%tum
[ J
Single photon sources - InAs quantum dots
»oum ~ 20 nm
\ 122 MHz
GaAs G n(Ga)As Single-photons
10
500 nm Fabricated
d 0 GaAs coupon for
micro-transfer printing

»
L4

gap
D
?

o )

~930 NM @ 10 K EEESeSs
O Uppu et al, Science Advances 6, 50 (2020)

Uppu et al, Nat. Comm. 11, 3782 (2020)

= iy

GaAs band gap
InGaAs band
—

) —olF L
Lodahl et al, Rev. Mod. Phys. 87, 347 (2015).
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i E Q U A N T E R A UTP4Q A versatile quantum photonic IC platform through micro-transfer printing
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LiNbO modulators, switches

Cladding SiO, | LNOI PIC

BOX Si0, Jw

pa—

Maodulator
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Q U A N T I: R A UTP4Q A versatile quantum photonic IC platform through micro-transfer printing . -
|

Slngle photon detectors - NbN superconducting =——— WWU

nan owwes
KIRCHHOFF -
C . e — " _]INSTITUT
: L ll % FUR PHYSIK
i K I I
t I I I
..1 " "
: : SiN
Au.gontacts I RS :
B G ' R,(t)Q !
ne__[IsNseD g
_ | i L
N nanowire
D 5
300 B8 0.4
. & 2
UIde e E 200 0.2 1 | nanowire width
> (2) 3) T aomm
% 0.0 1 s 100 NM
> 100 0 20 40 60 80 100
- @ nanowire length (um)
0
0 5 10 15 20
Time (ns)
S. Ferrari et al., Nanophotonics 2018; 7(11): 1725-1758 o,

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium




PV University of Ljubljana
Faculty of Electrical Engineering

pad for printing Possible ]
photon(s) in single-photon detector non-detected
| | | ' ' ' = yhoton(s) out

: : : & : :
w % T T T AP rerler AN TG TTFS e e e A ¥
: : : ,gg ;

300 um

A ..

__________ SIN chip for micro-transfer printing

== — of single-photon superconducting

nanowire detector

S— S— . . —_
== e | A Printed coupon (first tests) JIIIT}
I contacts GHENT
- - e UNIVERSITY

WPELHRE S UNIVERSITAT
‘2K %] HEIDELBERG
A £/ ZUKUNFT

UTP SNYPD SIN [TEST PIL U®

J.KRC BT AL. UL-LPUO $ UG-PRG place for nanowire

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium




PV University of Ljubljana
Faculty of Electrical Engineering

+++++

e O U A N T E R A UTP4Q A versatile quantum photonic IC platform through micro-transfer printing Silicon nitride (SiN)

+
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SiN platform offers low losses

Silicon versus Silicon Nitride

N\

Wavelength Refractive Waveguide Non-linear Thermo-optic Doping based Integrated Layer Stack Silicon nitride: n=2
Range Index Loss Process Coefficient Modulators Photodetector Flexibility Silicon oxide: n=1.45

) (at 1550nm) (dB/cm) (K) (Gb/s) (GHz) Moderately high index contrast
Silicon 1100 - 4000 3.48 1-15 Low 1.86 x 1074 >40 >60 Limited

Silicon 400 - 4000 20 \0.001 - O.E/ High 2.45x 107 Not available Not available Excellent
Nitride

Abdul Rahim (2017), Expanding the Silicon Photonics Portfolio With Silicon Nitride Photonic Integrated Circuits

Silicon & Silicon Nitride both offers excellent platform for different requirements

]
EUROPRACTICE Webinar Series on imec’s MPW Services
EUROPRACTICE has r d funding from the E . . M e Cili et N N
H Unkone Hzo?oFra’::w:fgzw’;r:’eg,uf’ew:{;"’”“ Webinar |, BioPIX — imec’s Silicon Nitride Photonics Platform l]]] e '
26 January 2022 - 18

technological development and demonstration under grant
agreement No 825121

Europractice & imec webinar on SIN MPW, 2022

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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SIN test chip
A =930 nm

fabricated at
Ghent Uni.
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UNIVERSITY i

J. Krc et al.

6.3 mMm

2300 1 INIDE LT W33 1
G ) EP-0 0 L-5) 622N (W) 2 MG L1160 U3 200 D LW n
c A3 (2000 (R, ) 1 MTITER LefR 6N 3,300 1 T 19, G U143, 2 1

R

1 WLemenm 3

1 L-E 5

FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium

v

el
I

|
it
A

n-asern)

A
al
iy




- University of Ljubljana
Faculty of Electrical Engineering

Sparrow
Quantum

sisvAcist st 2t

M. Davanco et al., Nat Commun, vol. 8, no. 1, Art. no. 1, Oct. 2017.
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Optimization of GaAs coupler considering realistic situation m

Possible Width (W) fabrication T
i< ali - GHENT
mlsallgnment_ t.olerances and possible UNIVERSITY
of Ga As waveguide sidewall nanoroughness ,
g
air |<;a‘ASII 170 nm Different BCB
BCB «— thicknesses
SiN 1300 nm possible
< > W1 W2, W3, W4, ...
gox S HM
Cross-section Top view of GaAs coupler

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Coupler optimization — simulation results (FDTD, EME) o

Optimisation for robust coupling

Before optimisation considering tolerances in widths and BCB thicknesses
30
150 L Lmisalignment=0nm 30 150 1 — L Lmisalignment=0nm
100 4 B Lmisalignment=250nm 1004 # B Lmisalignment=250nm
E 50 W Lmisatignmen:=500nm — / B [ isalignment=500nm
25 7 :g 0 Taeredge\ 25 n % .
8 shape of the .. . R
s |1 GaAs coupler optimization of s i
“o0d top view = o0 \
sl WLl ©ven | GaAscouplershape caf <)y
—_ X-coordinate (um) l o7 0 1'0 2'0 3'0
5 different comb. - Xcooordnate (um)
8 15 - of width tolerances § 15 -
3 reference and BCB thickness 3
3 3
= —— 3
=
-g' 10 4 <5 101
5 [
T T
51 _ - b‘ D A
0. ‘ ‘ ‘ ‘ ‘ ‘ ‘ _ 0 _-..l.-..r.lll.l_l..ll_,.-.l.l.l_lll.l.q.llll_
0 250 500 project 0 250 500
Misalignment (nm) target Misalignment (nm)
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s (FDTD, EME) —

Optimisation for robust coupling
) tolerances in widths and BCB thicknesses

Coupler optimi

Before opti

30
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Conclusion

> Integrated photonic is important for guantum communication and
other quantum applications

» Micro-transfer printing enables heterogeneous integration of
high-performance quantum components on wafer scale

> Both is combined in the project uTP4Q aiming to establish a
versatile platform for quantum photonic ICs, such as integrated
DIQKD solutions

» Successful demonstration of printed devices (single-photon sources,
modulators, single-photon detectors) on low-loss SIN platform was presented
and also some results of optimization of GaAs couplers.

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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2021-2027 silicon photoni
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cast by application

$0.4M
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® Long haul transceivers

® 5C transceijvers ® Photonic processing
® Co-packaged engines ® Optical interconnects
® Immunoassay
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NATURE PHOTONICS | VOL 4| ALGLST 20010 | www.nature.com/naturgphotonics

Integrating silicon photonics

Mario Paniccia, Intel fellow and director of Intel’s Photonics Technology Lab, talks to Nature Photonics
about the company’s progress in commercializing high-speed silicon photonics.

The latest breakthrough from Intel: an integrated link consisting of a fully integrated silicon photonic
transmitter chip with hybrid silicon lasers (left) and a fully integrated receiver chip based on
germanium photodetectors (right).

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Figure 5: Quantum photonic integrated circuit with thermo-optic Fig. 4: Optical micrograph of an assembled ion trap device with an eight-

phase shifters (bottom) allows for simulating the vibrational channel fibre array attached. b, Higher-maghnification view near the trap
quantum dynamics of molecules (taken from Nature (2018): zones (taken from Nature (2020) https://doi.org/10.1038/541586-020-
https://doi.org/10.1038/s41586-018-0152-9) 2823-6)

Source: QPIC position paper 2022
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Quantum computing
Built for Difficult Problems

Problems we can’t address adequately
today

Problems we can
address with

quantum
o

Simulating Quantum Mechanics
Factoring: 887339 =7 x ?

Quantum computing provides a new path to solve some of
the hardest problems in business and science

Courtesy of Dr. Heike Riel, IBM, SPIE 2022 conference

Simulating Quantum Systems

Physics
Chemistry
Material Science

Algebraic Problems

Machine Learning
Differential Equations
Factoring

Database Search

Quantum Monte Carlo

Optimization (e.g. Routing, Supply
chain, ...)

Graph Problems

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium



University of Ljubljana
Faculty of Electrical Engineering

SIN integrated structures — University of Ljubljana 3
(PECVD, litho, plasma etchlng) .

PV(
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Quantum communication
Communication between “Alice and Bob”

eavesdroppers:  passive active

J. Krc et al. FOAN 2023, Oct. 30 — 31. 2023, Ghent, Belgium
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Micro-transfer printing basics ,_\

Device processing, release, pick-up & print LI
GHENT

Tethers
a) b) c #7 —¢ UNIVERSITY
IlI-V Device Layer | Patterned device | | Patterned device | .
Release layer | Patterned release layer | | Patterned release layer | l]]] e c

Substrate Substrate Substrate

\j Stamp — e Stamp ]
% ° | I

FJ—‘ Patterned device |
%> 3> |Release | < | rJ—’l i‘_L\ J\I Printed device |,rL
I -

Substrate Substrate Silicon
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