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THE NEED FOR HYBRID 
INTEGRATION OF NEW MATERIALS 
IN SILICON PHOTONICS
Dries Van Thourhout, LIMNI spring school, April 2023

D EPA R TM EN T O F IN FO R M ATIO N  TEC H N O LO G Y
PH O TO N IC S R ESEAR C H  G R O U P
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PHOTONICS RESEARCH GROUP
Research Group of Ghent University

— Faculty of Engineering and Architecture
— Department of Information Technology (INTEC)

— Associated laboratory of IMEC
— Member of the Center for Nano- & Biophotonics (NB photonics)

Technology Research
— Photonic Integration: Systems on a chip

— On silicon: “Silicon Photonics”
— Enhanced with new materials:

III-V, ferro-electrics, graphene, …

Applications
— High-speed telecom and datacom

— Sensing for life sciences: visible to Mid-IR
— Optical information processing

9 Professors 
16 postdocs
50 PhD students
10 support staff

20+ nationalities
6 ERC grants
4 spin-off companies
50 journal papers/year
Class 100 clean rooms

Ghent, Belgium
One of Europe’s best kept secrets (Lonely Planet)

Ghent University – a top 100 universityAssociated lab of imec
Europe’s Largest Research Centre in Nanoelectronics
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WHAT IS SILICON 
PHOTONICS ?
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WHAT IS SILICON PHOTONICS?
The implementation of high density photonic integrated circuits by means of CMOS process 

technology in a CMOS fab

Enabling complex optical functionality on a compact chip at low cost

Pictures, courtesy of imec
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WHAT IS INTEGRATED PHOTONICS?
̶ Our inspiration: integrated electronics… 
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5 tons of components
can multiply in 1 sec

(IBM, mark1)

Several billion transistors
Several 100 GFLOPS
multiplications in 1 sec

(core i7)

̶ Electronic ICs are successful because of:
‒ Economics of wafer scale integration
‒ Performance (smaller is faster!)
‒ Reduction of packaging costs
‒ Complex function can be made by a limited 

number of high-yield processes
‒ focus on one production technology
‒ few companies in the food chain

‒ All efforts on the same material = Silicon
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SHOULD WE INTEGRATE ALSO IN PHOTONICS?
̶ There are (similar) good reasons to do so:

̶ Economics of wafer scale integration
̶ Miniaturization
̶ Integration with electronics
̶ Reduce costly optical packaging!!!

‒ Optical packaging is expensive! (often 
requires manual and/or active alignment 
at (sub)-micron level)

‒ More integration = less packaging
̶ Performance ?
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MOORE’S LAW FOR PHOTONICS
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Appl. Phys. Lett. 118, 220501 (2021); https://doi.org/10.1063/5.0050117
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APPLICATION DRIVE
Telecom applications

— WDM & coherent introduces need for highly integrated optical circuits

Datacom applications
— Increasing need for bandwidth between racks/servers/boards/modules/…
— Single channel solutions no longer fulfill requirements
— Need for densely integrated electronics + optics

New applications
— Imagine millimeter size spectrometer with source included
— Embed in tissue (glucose sensing, structural health monitoring …)
— RF-photonics
— Quantum systems on a chip
— …

WDM = Wavelength Division Multiplexing
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THE PAST 5-10 YEARS: STUNNING INDUSTRIAL DEVELOPMENT
IN SILICON PHOTONICS FOR TELECOM AND DATACOM
• Active optical cables (e.g. PSM4: 4x28 Gb/s on parallel fibers)

• WDM transceiverss (e.g. 4 WDM channels x 25 Gb/s on single fiber)

• Coherent receivers (e.g. 100 Gb/s PM-QPSK)

• Fiber-to-the-home bidirectional transceivers (e.g. 12 x 2.5 Gb/s)

• Monolithic receivers (e.g. 16x20Gb/s)

• 40Gb/s, 50Gb/s and 100 Gb/s Ethernet (future: 400Gb/s)

• …
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https://doi.org/10.1063/5.0050117
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EXAMPLE: DIAGNOSTICS WITH SILICON PHOTONICS

Principle:
— Refractive index sensing

Challenge:
— Functionalisation for 

particular disease
— Bring everything together 

in cheap package
1573 1575 1577

In
te

ns
ite

it 
[A

.U
.]

Golflengte [nm]
1573 1575 1577

In
te

ns
ite

it 
[A

.U
.]

W avelength  [nm ]

l-shift

Prof. P. Bienstman

17

18

CONTINUOUS GLUCOSE MONITORING WITH SUBCUTANEOUS IMPLANT

Implant

Microspectrometer chip

https://indigomed.com/
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CONTINUOUS GLUCOSE MONITORING WITH SUBCUTANEOUS IMPLANT

Results on pig model (D. Stocker, EASD 2020)

https://indigomed.com/
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EXAMPLE: 2.3 µM MIDIR SPECTROMETER

Silicon 
Photonic IC

III-V PD
in TO-can

Integrated version of a scanning grating spectrometer
A similar structure can be used to realize a miniFTIR
No moving parts

[A. Vasiliev et al., IEEEJSTQE 2018]

Applications Mid Infrared:
- Gas sensing
- Food spoilage detection, CO2 

detection, gas leaks, …

Also visible:
- Raman spectroscopy
- OCT
- Quantum Optics
- …

Prof. G. Roelkens
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EXAMPLE: DETECTION OF HART DISEASES

LDV 1

LDV 2

2.5cm

Laser input

splitterPhase 
modulator

Transmit-
receive antenna 

pair

Optical 
hybrids and 

PDs

1x6 splitter

1x6 splitter

Photonic integrated circuit (PIC)

1

2

Measurement 
beams

Laser input

Microscope image of the photonic integrated 
circuit (PIC) in a silicon-on-insulator platform 

2.5 mm

5 m
m

On-chip laser doppler vibrometer to measure skin displacement above arteries 

Prof. R. Baets, Y. Li
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BROLIS: GaSb TUNABLE LASER TECHNOLOGY WITH SILICON PIC 

̶ GaSb gain chips hybridly integrated with silicon PIC
̶ 1880 – 2430 nm 
̶ 0.1- 1 mW output power
̶ Tuning speed up to 2 kHz
̶ 120 nm/gain-chip

24
25

SENTEA FBG INTERROGATOR (UGENT/IMEC SPINOFF)

FIB ER SEN SO R

M ultip le d istrib uted sensing points

Fiber sensors 

m ounted on b ridges

Fiber sensors for industrial 
tem perature sensingStrain Tem perature Vib ration

Resistant to  harsh environm ents 

Fiber sensors em bedded in 
w ind turb ine b lades

Fiber sensors em bedded in
b earings &  gearb oxes

EASY IN STALL 
P ACKAG ED  O R EM B ED D ED  SEN SO RS

COST-EFFECTIVE FIBER SENSING

THROUGH SILICON PHOTONICS

On-chip polarization independent 
spectrometer with sub-pm resolution

25
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NOVEL APPLICATIONS Quantum processor (Glasgow)

J. Wang et al., Science (2018) 

26
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PHOTONICS ELECTRONICS
Many building blocks

— Laser, Modulator, Detector Filter
Many technologies and materials

— Laser : III-V semiconductors
— Modulator : LiNbO3
— Filter : Glass, Polymers

High processing requirements
— Analog devices
— Low Yield

No economies of scale advantage

Many faction pushing own solution

Single building block
— Transistor

Single material
— Silicon

Relaxed processing requirements
— Digital devices
— High yield

Massive economies of scale

Common ITRS roadmap
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CAN “SILICON PHOTONICS” SOLVE THIS BOTTLENECK ?
Single material platform

— Silicon transparent at telecom wavelengths
— Very high contrast : compact circuits

— Detectors (germanium), Modulators (pn-junction)

Reuse installed equipment base
— Use best equipment available
— But no capital expense …

Some standardization ongoing
— 200nm and 300nm layer thickness seem popular
— Platform building ongoing

29

STRAIGHT WAVEGUIDE

̶ Our standard waveguide:  450nm x 220nm Si
̶ Fabricated using 193nm DUV lithography
̶ In standard pilot line, on 200mm or 300mm wafer
̶ Starting from SOI or amorphous silicon

Si

SiO2

1.8 dB/cm

[2um box]

Bogaerts e.a. , JSTQE 16, 33-44 (2010)

30



16/10/2023

5

BASIC PROPERTIES OF THIN SOI WAVEGUIDES

First mode

Second mode

31

BEND WAVEGUIDE
̶ Our standard waveguide:  450nm x 220nm Si
̶ Fabricated using 193nm DUV lithography
̶ In standard pilot line, on 200mm wafer
̶ Starting from SOI or amorphous silicon

Si

SiO2

0.02dB/900

- In agreement with FDTD calculations
- Offset straight-bend might improve performance (?)

S.K. Selvaraja, JLT 27, p.4070 (2009)
Y. A. Vlasov and S. J. McNab, Optics Express, p. 1622 (2004)

32

PLANAR CONCAVE GRATINGS
̶ Diffraction grating in slab waveguide

free propagation 
region

50 μm

shallow-etch 
apertures 500 nm wide 

photonic wires

1 
μm

deeply etched teeth

J. Brouckaert et al. JLT 25(5), p1269 (2007)

J. Brouckaert et al. PTL 20(4), p309 (2008)

33

HIGH Q RING RESONATORS
Ring shaped resonators give very sharp resonances

Q = 103000
CT = 21.5 dB 

Q = 93000
CT = 22.54 

Q = 85000
CT = 21.6 dB 

Q = 66000
CT = 19.8 dB 

TE TM

See also work A. Melloni

De Heyn e.a. , OFC 2011

35

36

Responsivity [A/W]

Bandwidth [A/W]

Good responsivity, reasonable dark current, very fast !
Difficult to beat (except for wavelength > 1.6um)

DETECTORS: GERMANIUM!

36
37

MODULATORS & SWITCHES IN SILICON 
No intrinsic electro-optic effect in silicon

Need integration with novel materials (under development)
— Ge, SiGe, LiNbO3, BTO, PZT, graphene, polymers …

Or: Exploit the plasma dispersion effect (mature)
— Change in carrier density changes refractive index

Soref , JQE 23, (1987).

(in silicon at 1550nm –
carrier densities in cm-3)

For update see: Nedeljkovic e.a, IEEE Photonics journal 2011. pp. 1171-1180

37

https://ieeexplore.ieee.org/document/6051462?arnumber=6051462
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INJECTION MODULATOR (MZI)
§ 100-200µm length
§ p-i-n diode
§ MZI configuration

W. Green, OpEx 15, p17106 (2007)

38
confidential

Imec Silicon Photonics Technology
iSiPP200N

56-128Gbps GeSi Electro-Absorption Modulator

56Gbps NRZ 128Gb/s PAM-4100Gb/s NRZ

56-128Gbps Ge Photodetector

50Gbps NRZ

128Gbps PAM-4

106Gbps PAM-4 56Gbps NRZ

56-106Gbps Silicon Mach-Zehnder Modulator

56-160Gbps
Silicon Ring Modulator 56Gbps NRZ

160Gbps PAM-4

Y. Tong et al., PTL 2020

High-NA (<2dB) &
SMF Edge Couplers (<3dB)SMF Grating Coupler (<2dB) 

Efficient Thermo-Optic 
Phase Tuners 

UCUT Area

light

40

Silicon WDM filters

SiN Edge Coupler

9um MFD (<3dB)

100Gb/s NRZ

Low Thermo-Optic Power 
Consumption

UCUT

Undercut

LPCVD SiN WG
840nm x 400nm

LPCVD SiN EC
130nm x 400nm

450nm

220nm

Si
SiO2

-1.84 (±0.1) dB/cm
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High-density Si Waveguides (0.5-2dB/cm)

Integrated LPCVD SiN Waveguides 

Fully Integrated Silicon Photonics Platform for 1310nm/1550nm Wavelengths
• Low-loss Passive Silicon Waveguide Devices and Fiber Coupling Structures
• 56Gb/s+ (Ge)Si Modulators and Ge(Si) Photodetectors

imec (and many others) now offer fairly complete silicon photonics platforms

40

SILICON PHOTONICS: EXTENDING THE 
WAVELENGTH RANGE ̶ … without leaving the CMOS fab

Si

SiO2

[2um box]

1.0 3.0 10.0 λ[um]

Ge

Si

Si3N4

SiO2

0.3

Al2O3

SiO2

42

43

WHAT ARE REMAINING 
CHALLENGES ?

43

44

IMEC SILICON PHOTONICS PLATFORM

Co-integration of the various building blocks in a single platform (O-band, C-band)

Today available on 200mm wafer size, coming soon on 300mm
95% compatible with CMOS130 in commercial foundries

FULLY INTEGRATED 8X50G DWDM SI PHOTONICS TECHNOLOGY

56G  G e Electro-Absorption M odulator

5 6 G b / s  e y e  d i a g r a m

56G  Silicon Ring M odulator

5 6 G b / s  e y e  d i a g r a m

8+1-channel DW DM  (De-)M ultiplexing Filter In-Plane Coupler

Surface-N orm al Coupler

50G  G e Photodetector 5 0 G b / s  e y e  d i a g r a m

56G  Silicon M ach-Zehnder M odulator

No light source (laser, amplifier, SPE…)

No linear phase modulator, low power switch

44

NEED FOR NOVEL MATERIALS

Silicon is great but:
—Indirect bandgap: no efficient light emission
—Cubic lattice: no second order non-linearities, no electro-optic effect

Hence need for integration with new materials:
—Direct bandgap III-V semiconductors for efficient light emission
—Ferroelectrics (PZT, BTO) for phase modulators and SHG
—Graphene and other 2D-materials for intensity and phase modulators
—Colloidal quantum dots for light sources and single photon emitters
—Liquid crystals for switching
—…

45
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Options for III-V integration
From hybrid to monolithic

III-V/Si integration

pick-and-
place of 

packaged 
lasers

flip-chip 
bare dies

die-to-
wafer 

bonding
micro-transfer 

printing

hetero-epitaxial 
growth

CONFIDENTIAL

46

Established III-V-on-silicon technologies 
Advantages & disadvantages

Use mature III-V technology
Fairly efficient optical coupling
No waveguide-in / waveguide-out devices
Known good die
Sequential population of SiPh wafer
Can be integrated on back-end stack

Use mature III-V technology
Fairly efficient optical coupling
Waveguide in-out devices difficult
Known good die
Sequential population of SiPh wafer
Requires local back-end removal

III-V processing on target wafer
Efficient optical coupling
Waveguide in-out devices
No known good III-V components
Parallel processing of devices
Front-end / back-end NRE

LaMP Flip-chip integration Die-to-wafer bonding

CONFIDENTIAL

47

48

INTEGRATION OF III-V SEMICONDUCTORS

III-V/silicon (die-to-)wafer bonding

Originally developed by UGent/imec, Leti, UCSB, INTEL,…  

Flip-chip integration

Established supply chain
III-V process & test prior to integration
Back-end integration

High throughput integration
Efficient evanescent coupling

Song e.a. OE 17, 14063-14068 (2009).

Courtesy S. Menezo, CEA-LETI

48

OUR ALTERNATIVE #1 : TRANSFER PRINTING

49

source III-V wafer
with fully processed
laser sources

target SiPh wafer

simultaneous transfer of 
multiple coupons using 
elastomer stamp

μTP combines advantages of flip-chip and die-to-wafer bonding

III-V process & test prior to integration
Back-end integration
High throughput integration
Efficient evanescent coupling
Supply chain being established

49

50

MICRO-TRANSFER PRINTING BASICS
DEVICE PROCESSING, RELEASE, PICK-UP & PRINT

Transfer of released, micro-scale III-V devices to a Si target wafer

50
51

MICRO-TRANSFER PRINTING BASICS
DEVICE PROCESSING, RELEASE, PICK-UP & PRINT

Transfer of released, micro-scale III-V devices to a Si target wafer

Stamp ( z, Ɵ, Tx, Ty )

Optics ( x, y, z )

Translation stages ( x, y )

Stamp + Motion + Optics

51
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MICRO-TRANSFER PRINTING BASICS
DEVICE PROCESSING, RELEASE, PICK-UP & PRINT

Upgrade transfer printer
— Position tolerance of +/- 0.5 μm at 3σ
— Print Cycle 45 seconds
— Up to 300mm target wafers

52
53

HETEROGENEOUS integration through micro-transfer printing

position tolerance of +/- 0.5 μm at 3σ in 2cmx2cm arrays – 1 print cyle: 45 sec
CONFIDENTIAL

Dow
n 1X8 array 

53

Micro-transfer printing basics

CONFIDENTIAL

Printing process physics

PDMS: viscoelastic material
peeling rate dependent adhesion to stamp

Reduce Gdonor by releasing the devices

Increase Gtarget by applying adhesive 
(although not strictly necessary)

CONFIDENTIAL

54

Example of transfer-print ready III-V devices

III-V PD mesa

Release layer

InP substrate

Photoresist tethers

p-contact

n-contact

Alignment marker
Release layer

N-via opening

P-metal 
contact

N-metal 
contact

CONFIDENTIAL

56

Coupon pitch: 70 μm 

Processed opto-electronic devices on the III-V source wafer
Material systems: InP, GaAs,GaSb

3 inch III-V wafer

2.5x2.5cm

55% wafer usage, but 3-10 times higher packing density of devices 
compared to discrete devices

Coupon pitch: 70 μm 
CONFIDENTIAL

57

TUNABLE LASER

Dense III-V amplifier array

heater

heater

III-V SOA
ring1

ring2

outcoupling
gratingbragg mirror

bragg mirror

transfer

Silicon circuit

58
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5 μm

Si
Poly-Si

3 μm

160 nm
220 nm

Si/poly-Si/n-InP to SOA waveguide

Si/poly-Si/n-InP to Si

Alignment-tolerant III-V-Si evanescent coupling interface

CONFIDENTIAL

59

Micro-transfer printed III-V amplifiers / lasers on silicon photonics
Combining the assets of flip-chip integration and wafer bonding

Local opening of back-end + integrate pre-fabricated thin-film optical 
amplifiers using an adhesive bonding agent + RDL

CONFIDENTIAL

60

InP SOAs on iSIPP50G platform

61

InP/Si extended cavity lasers on full SiPh platform

J. Zhang et al., OFC 2022

CONFIDENTIAL

Die level demonstrator

61
62

TRANSFER-PRINTED III-V-ON-SIN MODELOCKED LASER

[S. Cuyvers et al., ECOC 2020]

62

63

DUAL-COMB SPECTROSCOPY OF CO WITH TWO INP-ON-SOI COMB LASERS

FFT

K. Van Gasse et al, CLEO (2021)

CO absorption CO absorption

CO absorption

63

BEYOND CLASSICAL PHOTONICS

65

Target wafer: Low loss SiN-waveguides

Source wafer A:
QD-sources

Source wafer B:
SNSPD-
detector

Source wafer C:
LN-modulator

Fully integrated Quantum PIC with
QD-sources, detectors, modulators…

uTP4Q: a versatile quantum photonics PIC platform 

65
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QD-single photon source demonstrated by NBI 
- Record performance in terms of purity, indistinguishability 

and coupling efficiency to waveguide
- However: high waveguide loss hampers further scalability
- Question: can source be integrated on SiN-waveguide 

platform using mTP-technology ?
- Challenge: new material system (GaAs), thin membrane, 

sharp taper tips, alignment accuracy.

Midolo-group, Copenhagen

66

QD-SOURCE INTEGRATION THROUGH mTP

67

Proposed structure

Underetch

Designed structure

Overetch

Active areaTaper (GaAs) SiN-waveguideTaper (GaAs)

Simulated coupling efficciency

67

PROCESS DEVELOPMENT: UNDERETCH
Underetch: ~1 column broken coupons: 87.5 %

Tethers underetchedSome AlGaAs left

69

PROCESS DEVELOPMENT: PICK & PLACE
Alignment on targetDevice pick-up from source

(view through PDMS stamp)

(view through PDMS stamp)

70

RESULTS AFTER PRINT

- Visual inspection shows good 
alignment

- 58/59 printed well

71

RESULTS AFTER PRINT

- SEM pictures confirm physical integrity
- Some residue left after photoresist cleaning

72
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MEASUREMENT RESULTS

Device #

Average transmission loss: 2.88 dB
- 1 dB propagation in GaAs
- 0.95dB loss/taper

Jasper De Witte

73

ALTERNATIVE #2: DIRECT EPITAXY ON SILICON
̶ Ultimate scalability: selective growth using MOCVD on 300mm wafers
̶ But: challenging due to lattice mismatch

76

Direct Epitaxy on Silicon (UCSB) 

§ Using QDot gain layers to minimize effect of 
threading dislocations

§ Excellent performance & long lifetime 
demonstrated

§ But: not trivial to integrate with standard silicon 
photonics platforms

77

Planar growth, quantum dot active layers 

From Y. Wan e.a., IEEE Nanotechnology Magazine, 2021 (UCSB) 

77

ASPECT-RATIO-TRAPPING (ART)

SiO2 opening
trench

QWs

Passivation layer

Basic processing scheme Reference sample

Epitaxy by Bernardette Kunert, IMEC

78

Y. Shi et al., Optica Vol. 4, No 
12, 1468 (2017)

Y. Shi et al., Optics Express, 
27, 26 (2019) 37781

Nano-Ridge Engineering: Optically pumped InGaAs/GaAs DFB nano-ridge Laser

NANO-RIDGE ENGINEERING FOR III-V DEVICE
Novel integration concept on 300mm Si substrate

79

Y. Shi et al., Optics Express Vol. 29, No 10, 14649 
(2021)

LOSS-COUPLED DFB NANO-RIDGE LASER
Metal grating deposited on top of the nano-ridge

80
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C. I. Ozdemir et al., 2020 ECOC, 20349509 

CSW 2020: Invited talk B. Kunert, TuA2 8:00-8:30h

INGAAS/GAAS NANO-RIDGE PHOTODETECTOR
0.3pA Dark Current and 0.65A/W Responsivity at 1020nm

81

ALTERNATIVE #3: COLLOIDAL QUANTUM DOTS
̶ Exploit colloidal quantum dots as the active material

̶ Semiconductor nanocrystals processed in solution
̶ Optical properties widely tunable with size and material choice
̶ Can be deposited in many ways on many substrates 

82

Inorganic Core
(PbS, CdSe, 
CdTe, InP, ...)

Organic Shell 
(Oleic Acid, …)

~0.5 nm
TEM 
CdTe

82

ALTERNATIVE #3: COLLOIDAL QUANTUM DOTS
̶ Exploit colloidal quantum dots as the active material

̶ Integrated with waveguide
̶ Can we demonstrate lasing from such a structure ?

83

Si

SiO2

[2um box]

(Original idea: PhD. proposal Iwan Moreels, 2004, Towards electrically injected sources on silicon) 

83

HYBRID SiN-QD PLATFORM
̶ Low-loss SiN-QD waveguide with uniform single layer of QDs embedded

(typically suing CdSe/cdS core/shell particles)

85

HYBRID SiN-QD PLATFORM
̶ Low-loss SiN-QD waveguide with uniform single layer of QDs embedded

86
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- Chip-scale fabrication technology with dry etching process optimized for SiN-QD layers.
- Optimisation of deposition temperature and strain critical
- Demonstration of the waveguide loss of 2.7dB/cm with preservation of QD emission. 

(Opt. Express 23, 12152 (2015))

86

DISTRIBUTED FEEDBACK LASERS (1ST GEN)

87

Pump: ±10ns, 1kHz, 532nm
75 nm/50nm/90nm SiN/QD/SiN 

Equivalent CW-threshold: 39 kW/cm2

- Nanosecond pumping

Gain life time ~100ps  àThis is ““quasi-CW operation””

Controllable Wavelength

87
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SILICON NITRIDE MICRODISK LASERS

88

Device design

1st TE WGM

Cross section

Optical mode

Fabrication processes

QD/SiN disk

SiN waveguide

Pt

a

b

c d

88

SILICON NITRIDE MICRODISK LASERS

89
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Below threshold

Above threshold

Pump-dependent PL Pump-output & lifetime

1. Disk mode is lasing under a low optical pumping threshold of 26.8 μJ·cm -2.
2. Laser operates at both single- and multiple- modes in small disk.
3. Lifetime is significantly reduced from the spontaneous (ns) to stimulated emission regime

(ps). (high-resolution streak camera confirms 3-6 ps).
4. The coherence time is 0.29 ps below threshold while 3 ps for lasing.

      Next challenge: Electrically injection !      
(how to reach sufficient current density)

89

PATTERNING OF QDOTS ON NANOSCALE

90
Nano Lett., 2015, 15 (11), pp 7481–7487

Requires high quality monolayer film of QD
Requires optimization of lift-off solvent

90

PATTERNING OF QDOTS ON NANOSCALE

91
Nano Lett., 2015, 15 (11), pp 7481–7487

Patterning of single dots Size opening in resist

- Simple model predicts observed statistics
- For optimized resist thickness and hole size up to 50% chance for single dot

91

QDOTS WITH SINGLE PHOTON DETECTORS
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Integration Pb/Se q-dot, antenna, & 
SNbTiN nanowire detector
[Elsinger et al., Nano Letters 2019]

However, modern decoy state protocols are also provably
secure using attenuated lasers as sources, although at the cost
of reduced key generation rate.25−27 QD single-photon
emitters reaching the maximum average photon number per
pulse of ⟨n⟩ = 1 may outperform laser sources and have been
employed for long-range QKD.28 A chip-level implementation
of QKD has been achieved with integrated lasers,29 but
remains elusive for true single-photon emitters. Key properties,
to be competitive with state-of-the-art decoy state protocols,27

are a fast source in the GHz range at a telecom wavelength,
where optical fiber losses are minimal, and a narrow emission
line width to enable wavelength division multiplexing (WDM)
and thus further enhance the key generation rate. Also, low-
loss photonic waveguides, filters, and spectrometers that retain
a high average photon number ⟨n⟩ during the encoding and
highly efficient single-photon detectors for telecom wave-
lengths are essential, as well as a low detector dark count rate
to minimize the QKD error rate.
In this work, we present a silicon nitride photonic platform

that implements several of those components, as shown in
Figure 1. A single chip contains colloidal QD emitters placed in
the gap of plasmonic antennas that were fabricated on top of
silicon nitride waveguides (I), sidewall corrugated grating
filters for pump rejection (II), and a planar concave grating
(PCG) spectrometer (III) of which four channels are
connected to waveguide-coupled SNSPDs (IV). All compo-
nents were connected by low-loss photonic waveguides
surrounded by metal strips to suppress stray light coupling (V).
Purcell Enhancement with Plasmonic antennas. For

QKD fast sources are required, therefore a short radiative
lifetime of QD emitters is crucial to be competitive compared
to state-of-the-art implementations with attenuated pulsed
lasers. Purcell enhancement of emitters placed in dielectric
cavities or in the high local density of states (LDOS) field of
plasmonic antennas is a common way to reduce the radiative
lifetime without the need for engineering the emitter

itself.30−33 Here, we used the widely studied plasmonic gap
antenna in a bowtie shape34 (30 nm evaporated gold and a gap
width of 25 nm) to improve the microsecond radiative lifetime
of IR-emitting colloidal PbS/CdS QDs, coupling the emission
directly to silicon nitride waveguides and measuring the
photoluminescence (PL) decay trace with SNSPDs located on
the same chip. For reference measurements, we also fabricated
isolated pillars of QDs on the same waveguides.
The effect of a plasmonic antenna on an emitter is most

conveniently expressed in terms of LDOS and commonly
referred to as Purcell enhancement. Due to the metal losses of
the antenna, there is a nonradiative contribution in addition to
the radiative local density of states (LRDOS), leading to a
nonradiative and radiative part of the PL decay rate:32

(LDOS LRDOS) LRDOSant 0,nr 0,r 0,rγ γ γ γ= + − + (1)

where γ0,nr and γ0,r are the nonradiative and radiative decay rate
of the emitter in absence of the antenna. We therefore first
simulated the decay rate of a classical dipole emitter with a
displacement vector d in the direction of the antenna axis using
a commercial finite difference time domain (FDTD) solver
(Lumerical) and extracted LDOS and LRDOS, normalizing
the values to a homogeneous background medium in the
absence of the antenna. For the LRDOS map in Figure 2a, the
in-plane position of the dipole emitter was swept, and the
values were recorded for the center wavelength of the PbS/
CdS QD emission at λ = 1150 nm. The false-color SEM
picture of a fabricated structure in Figure 2b shows a small
pillar of QDs deterministically positioned in the gap of the
antenna. The simulated LDOS(λ) for a dipole emitter in the
center of the gap in Figure 2d shows a broad antenna
resonance that matches the PbS/CdS QD PL emission
spectrum in Figure 2c. The fraction of LRDOS(λ)/LDOS(λ)
gives an antenna efficiency >70% for most of the QD emission
spectrum, and the respective map for the center wavelength
can be found in the Supporting Information Figure S6a. Figure

Figure 1. Silicon nitride photonic chip consists of areas with colloidal QD emitters and plasmonic antennas (I), filters for pump rejection (II), a
PCG spectrometer (III) of which four channels are connected to waveguide-coupled SNSPD detectors (IV). All components are connected by
waveguides which are surrounded by metal strips to suppress stray light coupling (V). The false-color SEM picture (I) shows a SiN waveguide with
a plasmonic bowtie antenna and a patch of colloidal QDs patterned on top of it. To suppress the 700 nm pump laser, sidewall corrugated
waveguide gratings (II) were implemented. The QD emission was detected by U-shaped superconducting detectors placed underneath the SiN
waveguides (IV). For measurements with SNSPDs, the chip was cooled down in a helium bath cryostat to a temperature of 4.2 K.
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and obtain a mean value of ⟨LRDOS⟩ = 44 ± 26 and a
maximum of 200 ± 50, which is in good agreement with the
results from FDTD simulations presented above.
To understand the multiexponential decay from pillars of

PbS/CdS QDs at cryogenic temperatures, we performed
additional lifetime measurements of the same QD sample at
room temperature in solution and for a 1 μm-thick drop-cast
film. The results are reported in Figure 4d,e, and it can be
clearly seen that for the sample in solution with a quantum
yield of 8.5%, the decay is nearly single exponential. The fitting
procedure yields ζ = 0.97 ± 0.02 and a lifetime of τ̅sol = 1260 ±
50 ns, which is in line with PL lifetimes reported for similar
QDs.36 For the thin film at room temperature, the lifetime
drops to τ̅TF = 90 ± 5 ns accompanied by a reduction of the
quantum yield to 2.5%. We hypothesize that is the result of a
QD sample consisting of many dark dots and a subset of bright
dots with a quantum yield close to 100%. While in solution the
dots are sufficiently separated to suppress interaction, in thin
films, the energy transfer between adjacent QDs will lead to
the observed multiexponential decay by introducing additional
nonradiative decay channels for dots which are bright in
solution. The extensive processing of the QDs measured with
the photonic chip at cryogenic temperatures might further
reduce the fraction of bright dots, leading to an even lower
average quantum yield of ⟨ϕ0⟩ = 0.05 ± 0.03% for isolated QD
pillars on a waveguide.
The maximum LRDOS of 200 ± 50 measured on this

integration platform shows its potential to reduce the lifetime
of individual IR emitters; however, the different count rate
contributions are essential for targeting quantum applications.
Based on the analysis above, we estimate that using the
antenna, 91% of the total counts on the detector were from the
QDs, 7% from residual pump laser transmission through the
waveguide, and 1% from differently scattered laser light, while
1% were dark counts. This suggests that the current corrugated
sidewall grating filter with a pump suppression of 40 dB (see
Supporting Information Section S10) should be further

improved to reach the limit of what is possible on a single
chip.37 We also estimated a quantum yield of ϕant = 0.8 ± 0.3%
for a pillar consisting of nQD = 200 ± 50 PbS/CdS QDs,
accurately placed in the gap of a plasmonic antenna. Due to the
low index contrast of the SiN waveguides and the SiO2
cladding material, the coupling of the QD emission to the
waveguide mode is only 12%, a value that could be readily
increased by adding DBR mirrors, incorporating the QDs
inside the waveguide,23 and partially removing the cladding
material.38 This means that by using brighter emitters and
minor changes in the design, the integration platform
presented here should allow to scale down to one emitter
per antenna and thereby achieve single-photon emission. It can
also be expected to obtain improved emission enhancement for
ideally placed individual QDs. There has been some recent
progress on single-photon emission from colloidal QDs
emitting in the visible,21,22 but improved emitters in the IR
suitable for QKD with narrower line width and faster initial
radiative decay have yet to become available.

On-Chip Lifetime Spectroscopy. WDM can increase the
key generation rate for QKD, and it is already widely used for
conventional optical telecommunication. To multiplex and
demultiplex the signal from several sources to a single
transmission channel and back to several detectors, arrayed
waveguide gratings (AWG) are the photonic component of
choice. AWGs allow for a narrow channel spacing while
keeping the device footprint small and have been successfully
integrated with SNSPDs.39 An alternative component is a
planar concave grating (PCG), which can perform better in
terms of cross-talk between the channels, but typically has a
larger footprint for a small channel spacing.40 However, the
ensemble PL spectrum of the PbS/CdS QDs we used for this
work was very broad (see Figure 5b), so we opted for a PCG
spectrometer to perform a wavelength-resolved on-chip PL
lifetime characterization of the emitters instead. The
spectrometer shown in Figure 5d was designed to have four
channels connected to SNSPDs, which was the maximum

Figure 5. On-chip lifetime spectroscopy of PbS/CdS QDs. The lifetime values in (a) were extracted using a stretched exponential fit of the PL
decay traces measured with SNSPDs connected to the respective spectrometer channels. The emission spectrum of an embedded layer of PbS/CdS
QD at 4.2 K (b) matches the measured spectrometer channel transmissions in (c). The SEM micrograph in (d) shows the PCG spectrometer with
a colored overlay visualizing the propagation of light from the input to the output arms. The PL decay traces in (f) were normalized after
subtraction of the background, and the experimental data are overlaid with fitted stretched exponential functions. The excitation position
dependence of the lifetime in (f) was measured without the PCG using a single SNSPD.
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IMEC SILICON PHOTONICS PLATFORM

Co-integration of the various building blocks in a single platform (O-band, C-band)

Today available on 200mm wafer size, coming soon on 300mm
95% compatible with CMOS130 in commercial foundries

FULLY INTEGRATED 8X50G DWDM SI PHOTONICS TECHNOLOGY

56G  G e Electro-Absorption M odulator

5 6 G b / s  e y e  d i a g r a m

56G  Silicon Ring M odulator

5 6 G b / s  e y e  d i a g r a m

8+1-channel DW DM  (De-)M ultiplexing Filter In-Plane Coupler

Surface-N orm al Coupler

50G  G e Photodetector 5 0 G b / s  e y e  d i a g r a m

56G  Silicon M ach-Zehnder M odulator

No light source (laser, amplifier, SPE…)

No linear phase modulator, low power switch
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MOTIVATION
̶ The Silicon platform already has modulators and switches:

̶ Exploiting carrier dispersion
‒ Depletion (pn), injection (pin), accumulation devices

̶ Using native CMOS-processes
̶ Highly mature
̶ Very well understood, good models available
̶ Very reliable processes

̶ BUT
̶ Carrier dispersion show intrinsic trade-off between: efficiency – loss – speed
̶ No pure phase modulation (AM/FM mixing)
̶ Not compatible with cryogenic temperatures
̶ Ge-based devices (FK): limited ratio ER/IL, limited operating wavelength range

ER: Extinction Ratio – IL: Insertion Loss
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ALTERNATIVE MODULATOR TECHNOLOGIES
Phase modulators:

— LiNbO3: thin films bonded on silicon, commercially available from NanoLN
(Harvard, Stanford, UCD, Sun Yat-sen & SNU …)

— BTO (Barium Titanate): epitaxially grown on silicon with STO buffer layer 
(IBM, Yale, imec)

— PZT: sol-gel deposition on any substrate (UGent)
— EO-polymers: commercially or speciality (KIT, ETHZ…)

Amplitude modulators:
— Graphene: layer transfer (Berkeley, CNIT, imec …)
— III-V devices

https://www.zurich.ibm.com/st/photonics/materials.html
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EXPLOSION IN NEW MODULATOR MATERIALS
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LiNbO3 on Insulator

Wang e.a., Nature 2018

BTO on Silicon

Stefan Abel et al, Nat. mat. 2018

PZT-on-anything

K. Alexander et al, Nat. Comm. 2018

PZT

SiN waveguide 

Koos e.a., Nature 2017

Electro-optic Polymers

Leuthold e.a.
Romagnoli e.a., Nature Photonics 12 40 
44 (2018)

Graphene

99

LITHIUM NIOBATE (LN)
̶ Till recently the main modulator technology in telecom

̶ Very well understood
̶ Very good linearity
̶ Decent performance (reff ~30pm/V)

̶ But how to integrate with Silicon ?
̶ LiNbO3 typically grown as bulk crystal

̶ Breakthrough: 
̶ Company NanoLN started providing thin film LN on Silicon substrates
̶ Loncar-group (Harvard) demonstrated it is possible to etch low-loss WG in LN

100

From  https://surfacingm agazine.net
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State Key Laboratory of Optoelectronic Materials and Technologies and School of 
Electronics and Information Technology, Sun Yat-sen University, Guangzhou, China. 
2Centre for Optical and Electromagnetic Research, Guangdong Provincial Key 
Laboratory of Optical Information Materials and Technology, South China Academy 
of Advanced Optoelectronics, South China Normal University, Higher-Education 
Mega-Center, Guangzhou, China. 
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http://www.nanoln.com/
https://www.zurich.ibm.com/st/photonics/materials.html
https://surfacingmagazine.net/
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TRANSFER PRINTING OF LITHIUM NIOBATE

Thin film LN

ElectrodesSiNx

𝑉"𝐿" ≈ 5.4 𝑉𝑐𝑚

𝐿#$ = 1.0 𝑚𝑚
𝐿%&'()*+,'- = 0.9 𝑚𝑚 T. Vanacker e.a., ECOC 2021
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HIGH SPEED LN MODULATOR THROUGH mTP

T. Van Acker et al. CLEO 2022

T. Vanackere, B. Kuyken et al. CLEO (2023)

Tom Vanackere
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NONLINEAR CONVERSION IN mTP LN

T. Vandekerckhove, B. Kuyken et al. CLEO (2023)

Tom 
Vandekerckhove
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ALTERNATIVE: PZT SOL-GEL INTEGRATION

106

106

VpL = 3.2 V.cm - α ≈ 1 dB cm−1

107

PZT ON SILICON NITRIDE
VpL = 3.2 V.cm - α ≈ 1 dB cm−1 – BW = 33GHz

108
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GRAPHENE BASED MODULATORS
̶ Shifting graphene’s Fermi level changes its absorption (and refr. index)
̶ The effect is broadband and intrinsically very fast

~0.1dB/µm

Also:
§ Operation from 1300nm to 1600nm
§ 1.2GHz 3dB BW 

Liu e.a., Nature 2011
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GRAPHENE BASED MODULATORS
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IEDM 2014, Y. Hu et al.

ER=2.63dB  S/N:7.6

6Gbps    8Gbps 10Gbps

ER=2.38dB S/N:6.04 ER=2.32dB  S/N:4.82

30ps   20ps   15ps   

§ First demonstration high quality eye diagrams from 
graphene modulator

§ Bit Rates from 6GB/s to 10GB/s
§ Dynamic ER > 2.6dB, low jitter
§ Signal-to-Noise ratio beyond SNR=7

(Eye Diagrams measured at 1560nm. 2.5Vpp and 1.75V bias)
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Wafer-scale Graphene EAM (WP10)
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164 devices 
measured

Transmission Transmission modulation Cumulative distribution function S-parameter

111

CONFIDENTIAL

2D-MATERIALS AS SINGLE PHOTON EMITTERS
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positions where the material was bend over a nanopillar and hints
to the presence of strain-induced emitters coupled to the
waveguide16,17. To confirm that these spots are indeed coupled
to the waveguide, we scan the excitation beam from the top, but
collect the PL through the lensed fiber and indeed observe that
only the waveguide region lights up (Fig. 2c). A small offset in the
piezo position of the fiber from the waveguide results in an
immediate loss of the signal, further confirming that we indeed
collect light originating from the waveguide. The integrated
intensity near the center of the waveguide is in general higher,
which could be attributed to the fact that the electromagnetic

overlap with the waveguide mode is higher near the center. As
such, more radiation from the 2D material can couple into the
waveguide mode. When the emitters are not located on the
waveguide, it is interesting to estimate how far they can be away
from the waveguide core and still generate PL that can couple into
the waveguide. Figure 2d shows a line scan along two lines
perpendicular to the waveguide to estimate the spatial extent over
which the PL can still be coupled. Emitters located up to 1.9 μm
on either side of the waveguide can couple into the waveguide. A
closer examination of the confocal and waveguide-coupled
spectra of spots S3 and S4 is shown in Fig. 2f. The spectra
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Fig. 1 Integrated WSe2 quantum emitters. a Top view of the device: a WSe2 flake is integrated on a 220 nm thick single mode SiN waveguide, separated by
2 air trenches from the bulk SiN. The waveguide ends are tapered to allow easier coupling with a lensed fiber. The orientation of the dipole moment of the
WSe2 emitters (red arrow) is random with respect to the quasi-TE polarization (approximately aligned along x−direction) of the fundamental waveguide
mode (black arrow). A fraction ηwg of the total emission couples into the left-propagating waveguide mode (represented by red shaded areas). b Cross-
section of the sample. The width of the air trenches and waveguide is 3 μm and 700 nm respectively. The generated PL of emitters near the waveguide
couples both to free-space and to the waveguide (red shaded circles). A cross-sectional mode profile (at λ= 750 nm) of the waveguide, taken along the
dotted black line in the top figure, is shown as well. c Impression of the fiber-coupled chip (inset shows light coupling from the fiber to the chip). The
tapered lensed fiber is a standard SM630 fiber from Thorlabs with a focal spot size of 2 μm and an 8 μm working distance. dMicroscope image of SiN chip
with WSe2 transferred on waveguide region. The flake is highlighted by the white triangle
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Fig. 2 Waveguide-coupled WSe2 quantum emitters. a Confocal laser scan (λ= 532 nm) of the relevant sample area. Spots S1 and S2 are spots off the
waveguide, while spots S3 to S5 mark positions on the waveguide. The red arrow indicates the direction along which the fiber-coupled light is collected.
b Confocal PL scan, by scanning the excitation beam over the sample from the top and collecting the PL from the top. c Waveguide PL scan, by scanning
the excitation beam over the sample from the top and collecting the PL through the fiber. The white dotted lines mark the waveguide position. d Line scan
along the the green and blue lines in Figure c, highlighting the estimated spatial region coupled to the waveguide (shaded red region). e PL spectra from
spots S1 and S2, collected from the top. f PL spectra from spots S3 (red) and S4 (blue), collected from the top (solid color) and through the fiber (shaded
color). Matching peaks are highlighted by shaded purple regions. Where necessary, the spectrum baseline is shifted for improved visualization. The
waveguide-coupled spectra are multiplied by 10. The excitation power for all PL spectra was Pe≈ 25 nW

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-12421-0 ARTICLE

NATURE COMMUNICATIONS | ��������(2019)�10:4435� | https://doi.org/10.1038/s41467-019-12421-0 |www.nature.com/naturecommunications 3

Transfer of 2D WSe2 flake for single photon emission
[Peyskens et al, Nat comm. 2019]

positions where the material was bend over a nanopillar and hints
to the presence of strain-induced emitters coupled to the
waveguide16,17. To confirm that these spots are indeed coupled
to the waveguide, we scan the excitation beam from the top, but
collect the PL through the lensed fiber and indeed observe that
only the waveguide region lights up (Fig. 2c). A small offset in the
piezo position of the fiber from the waveguide results in an
immediate loss of the signal, further confirming that we indeed
collect light originating from the waveguide. The integrated
intensity near the center of the waveguide is in general higher,
which could be attributed to the fact that the electromagnetic

overlap with the waveguide mode is higher near the center. As
such, more radiation from the 2D material can couple into the
waveguide mode. When the emitters are not located on the
waveguide, it is interesting to estimate how far they can be away
from the waveguide core and still generate PL that can couple into
the waveguide. Figure 2d shows a line scan along two lines
perpendicular to the waveguide to estimate the spatial extent over
which the PL can still be coupled. Emitters located up to 1.9 μm
on either side of the waveguide can couple into the waveguide. A
closer examination of the confocal and waveguide-coupled
spectra of spots S3 and S4 is shown in Fig. 2f. The spectra
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Fig. 1 Integrated WSe2 quantum emitters. a Top view of the device: a WSe2 flake is integrated on a 220 nm thick single mode SiN waveguide, separated by
2 air trenches from the bulk SiN. The waveguide ends are tapered to allow easier coupling with a lensed fiber. The orientation of the dipole moment of the
WSe2 emitters (red arrow) is random with respect to the quasi-TE polarization (approximately aligned along x−direction) of the fundamental waveguide
mode (black arrow). A fraction ηwg of the total emission couples into the left-propagating waveguide mode (represented by red shaded areas). b Cross-
section of the sample. The width of the air trenches and waveguide is 3 μm and 700 nm respectively. The generated PL of emitters near the waveguide
couples both to free-space and to the waveguide (red shaded circles). A cross-sectional mode profile (at λ= 750 nm) of the waveguide, taken along the
dotted black line in the top figure, is shown as well. c Impression of the fiber-coupled chip (inset shows light coupling from the fiber to the chip). The
tapered lensed fiber is a standard SM630 fiber from Thorlabs with a focal spot size of 2 μm and an 8 μm working distance. dMicroscope image of SiN chip
with WSe2 transferred on waveguide region. The flake is highlighted by the white triangle
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waveguide, while spots S3 to S5 mark positions on the waveguide. The red arrow indicates the direction along which the fiber-coupled light is collected.
b Confocal PL scan, by scanning the excitation beam over the sample from the top and collecting the PL from the top. c Waveguide PL scan, by scanning
the excitation beam over the sample from the top and collecting the PL through the fiber. The white dotted lines mark the waveguide position. d Line scan
along the the green and blue lines in Figure c, highlighting the estimated spatial region coupled to the waveguide (shaded red region). e PL spectra from
spots S1 and S2, collected from the top. f PL spectra from spots S3 (red) and S4 (blue), collected from the top (solid color) and through the fiber (shaded
color). Matching peaks are highlighted by shaded purple regions. Where necessary, the spectrum baseline is shifted for improved visualization. The
waveguide-coupled spectra are multiplied by 10. The excitation power for all PL spectra was Pe≈ 25 nW
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Key numbers
- g(2) = 0.47
- 𝜏 = 8 ns
- Emission probability = 1%

Pauli matrices41). For our calculations we assume the emitter is
resonant with the cavity (ωe= ωc) and is initialized in the excited
state by a short excitation pulse (EXC) with no photons present in
the cavity. The master equation governing the dynamics of this
system is discussed in Supplementary Note 7. In the regime where
γ∗≪ γe+ γp (which should be satisfied for low temperatures and
moderate Q–factor cavities), the single photon extraction effi-
ciency into the guided mode (η) is given by

η ¼ κ

ðγe þ γc þ κÞ 1þ γeðγcþκÞ
4Ω2

! " : ð1Þ

The expressions for the indistinguishability V of photons
coupled into the guided mode, as derived by Grange et al.40,
depend on the regime within which the system falls (see
Supplementary Note 7). To assess η and ηV (as shown in Fig. 4b,
c), we first need to determine the different coupling strengths.
The coupling constant Ω depends on the cavity mode volume Vc

through Ω2 ¼ 3πc3
2ndω2

c
cos2θd

Γ
Vc

! "
, with Γ the free-space radiative

decay rate in a uniform dielectric with index nd, and θd the angle
between the emitter dipole moment and the cavity field. For our

calculations we assume nd is the refractive index of a WSe2
monolayer (nd= 4)42. In our case, the radiative decay rate to non-
guided modes will usually differ from Γ due to the non-uniform
dielectric environment and may furthermore be influenced by the
vicinity of the dielectric cavity, but as a simplifying assumption
we set Γ ≈ γr with γr the radiative decay rate determined from our
experiment, i.e. γr ≈ 3MHz. Numerical simulations of dipole
emission near a waveguide show that the total radiated dipole
power (with polarization parallel to the top surface of the
waveguide) is on the same order of magnitude as what the dipole
would radiate in a homogeneous dielectric, so in a first
approximation this is a valid assumption. To take into account
different polarizations of the quantum emitter, we assume an
average value for cos2θd over all possible orientations θd, i.e. <
cos2θd >= 1/2. The decay rate γe also contains contributions to
non-radiative modes (γe= γr+ γnr), and can be approximated by
γe= γr/ξ with ξ the quantum yield of the monolayer. Strain-
induced quantum emitters in WSe2 are reported to have a typical
quantum yield of 1%43, so we take γe ≈ 300MHz for our
calculations. It is important to note that the quantum yield of
these emitters can however vary significantly depending on
growth conditions. As such the 1% is only a first approximation.
The effect of different quantum yields will be described furtheron.
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Fig. 4 Integrated cavity-emitter system. a Schematic of an integrated cavity-emitter system, evanescently coupled to a single mode waveguide. The
coupling rate between an emitter with frequency ωe and a cavity with resonance frequency ωc is given by Ω. The decay rate from the cavity-emitter system
to the guided mode is κ, while the other decay channels of the emitter and cavity are given by γe and γc, respectively. The emitter dephasing is described by
γ*. The system is excited (EXC) by a short pulse and subsequently the single photon PL is collected. b, c Single photon extraction efficiency η (b) and
extraction-indistinguishability product ηV (c) as a function of cavity mode volume Vc and cavity decay rate κ. The black solid lines represent lines of
constant Purcell factor FP, while the black dashed line represents (Vc, κ) combinations for which η is maximal. The parameter values used to generate plots
b, c are Qi= 10000, Γ= 3MHz, γe= 300MHz, cos2θd= 1/2 (i.e. average over different orientations of the quantum emitter), γ*= 100 GHz44, nd= 4 and
λc= λ0/neff with a free-space wavelength of λ0= 750 nm and an effective refractive index of neff= 1.6 for the fundamental TE-mode (which is calculated
using a commercial FDTD solver from Lumerical). Both plots are on a log10 color scale, i.e. 0 corresponds to perfect η= 1 or ηV= 1. d Optimum ηopt
(evaluated at (Vc, κ) combinations for which η is maximal) as a function of FP for different values of Γ ranging from 0.01γe to γe (different quantum yields)
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Fig. 3 On-chip single photon emission. a Confocal and waveguide-coupled spectrum of spot S5, excited with λ= 702 nm. The waveguide spectrum is
multiplied by 10 and offset by 2000 cts/sec for improved visualization. Common peaks are highlighted by the shaded purple regions. A 715 nm (1.73 eV)
longpass filter, marked by the dashed line, was used to filter the pump. For the g(2)(τ) measurement a 750 nm (1.65 eV) longpass filter (gray shaded area)
was used to isolate the single emitter at 756.6 nm (1.64 eV). The inset figure shows confocal spectra obtained by either green (λ= 532 nm) excitation
(green curve) or excitation with λ= 702 nm (blue curve). b–d Characterization of the 1.64 eV emitter. b Normalized background-corrected (BC) running
average (RA) coincidence counts (red) and g(2)(τ) fit (blue). c Measured intensity saturation (red) and fit to saturation curve (blue). d Normalized SPD
count of the emitter (red) as a function of half-wave plate rotation angle α and fit to intensity transmission curve (blue); α= 0 corresponds to a half-wave
plate fast axis along the Y−direction. See Supplementary Fig. 1 for orientation of the half-wave plate with respect to the (X, Y, Z) axes. Based on the fit, the
difference in polarization angle between the PL (βd) and excitation (βe) beam can be extracted; β= 0 corresponds to a polarization along the X−axis
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Slot waveguide: very efficient
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PHASE SHIFT WITH APPLIED VOLTAGE
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MEMS PHASE SHIFTER
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MEMS PHASE SHIFTER (GEN 2)
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VACUUM SEALING OF ISIPP50G MEMS DEVICES
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SUMMARY & CONCLUSION
Silicon Photonics is booming

— Widely used in telecom and datacom
— New application rapidly emerging (biomedical sensing, 

environmental sensing, spectroscopy, artificial intelligence, 
quantum computing…

— Available from major fabs all over the world
Remaining challenges:

— Further need for integration of new materials to enhance 
functionality

— Waferscale integration of lasers, phase modulators, single photon 
sources…
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SUMMARY & CONCLUSION
What do we have:

— Passives covering from visible up to MIR (UV is coming)
— Good detectors (Silicon & Germanium) covering 𝜆 = 400nm to 1600nm

— Reasonable phase modulators & switches based on carrier dispersion effec
— Diverse range of integration techniques for III-V direct bandgap materials (under further 

development)

Where can we improve further:
— Long wavelength detectors, UV-detectors

— Single photon source integration
— Ultra-fast, low power modulators

— Zero loss modulators (more stable liquid crystals ?)
— Non-volatile switches (phase change materials ?)

— Single photon emitters, efficient spin-photon interaction,…
— …

Let me know if you have something new !
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