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THE NEED FOR HYBRID

INTEGRATION OF NEW MATERIA
IN SILICON PHOTONICS

Dries Van Thourhout, LIMNI spring school, April 2023
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PHOTONICS RESEARCH GROUP e

Research Group of Ghent University
— Faculty of Engineering and Architecture
—  Department of Information Technology (INTEC) 20+ nationalities

10 support staff

— Associated laboratory of IMEC 6 ERC grants
—  Member of the Center for Nano- & Biophotonics (NB photonics JRNGEAREEEES
50 journal papers/year
Technology Research Class 100 clean rooms

—  Photonic Integration: Systems on a chip

vold

—  On silicon: “Silicon Photonics”
—  Enhanced with new materials:
Il-V, ferro-electrics, graphene, ...
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Applications
— High-speed telecom and datacom
— Sensing for life sciences: visible to Mid-IR
—  Optical information processing
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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
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WHAT IS SILICON PHOTONICS?

2
The implementation of high density photonic integrated circuits by means of CMOS process
technology in a CMOS fab o

Enabling complex optical functionality on a compact chip at low cost
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WHAT IS INTEGRATED PHOTONICS?

— Our inspiration: integrated electronics...

— 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 =

5 tons of components
can multiply in 1 sec

Silicon
stor

eral 100 GFLOPS
muliplications
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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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APPLICATION DRIVE WDM = Wavelength Division Multiplexing
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
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& INDUSTRIAL DEVELOPMENT .
OM AND DATACOM " UMEC
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The 500G Integrated Silicon Photonics Link
Transmitting and Receiving Light with Silicon
Optical Fiber

Integrated

Transmitter\/‘

Integrated
Receiver

Chip Chip

Receiver
Module

Transmit .
Module
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https://doi.org/10.1063/5.0050117

Si CMOS Photonics

130nm design rules for CMOS

CMOS FEOL integrated .
(Ge-last after activation)

P e
130nm design rules for Micro-Photonics g i i; E I
|
R
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Large Litho variations - active tuning is | SEACHECEERER
i e

requir
ol ste ste sie ate ater

6mm? per transceiver channel

IBM CMOS Nanophotonics technology:

10x higher integration density

The only amenable for Terabit/s-class single-chip CMOS transceivers
= 50channels x 20Gbps = 1Tbps transceiver occupies only 5x5mm?2 of a CMOS die

GHENT
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Si CMOS Nano-Photonics

130nm design rules for CMOS
65nm design rules for Nano-Photonics

CMOS FEOL integrated
(Ge-first prior to activation)

Small Litho variations - active tuning
not required

0.5mm? per transceiver channel

EXAMPLE: DIAGNOSTICS WITH SILICON PHOTONICS

Principle:
— Refractive index sensing
Challenge:
— Functionalisation for
particular disease

— Bring everything together
in cr?eap ;;étdwgeog

&=
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CONTINUOUS GLUCOSE MONITORING WITH SUBCUTANEOUS IMPLANT

Invisible, coin-sized 2+
years implant
(rechargeable)

CONTINUOUS GLUCOSE MONITORING WITH SUBCUTANEOUS IMPLANT

Mobile app/cloud/connection
to 3" party iCGM devices

Waterproof Bluetooth display
unit

Indigo Diabetes Initiates First Clinical Study of its
Continuous Glucose Monitoring Sensor

npeople ing with diabeces

https://indigomed.com/

'Lndigo

Implant

Microspectrometer chip

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

https://indigomed.com/

'Lndigo

BELGIUM - Ghent March 18,2021 -
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Silicon
PhotonicIC  \—

ted version of a scanning grating spectrometer
ucture can be used to realize a miniFTIR

Gentary UMEC  prof. 6. Roelkens

EXAMPLE: 2.3 M MIDIR SPECTROMETER
’ -

Applications Mid Infrared:

- Gas sensing

- Food spoilage detection, CO2
detection, gas leaks, ...

Also visible:

- Raman spectroscopy
- OocT

- Quantum Optics

[A. Vasiliev et a., IEEEISTQE 2018]

EXAMPLE: DETECTION OF HART DISEASES

)

/Z,I/; Phase 4

modulator

ety UMEC  prof R Baets, Y.Li

p laser doppler vibrometer to measure skin displacement above arteries

Measurement

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

21
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SENTEA FBG INTERROGATOR (UGENT/IMEC SPINOFF)
GaSb gain chips hybridly integrated with silicon PIC
— 1880 —2430 nm

01-1mV e
Tuning s/
- 120 nm/gq
_4l|

FIBER SENSOR EASY INSTALL COST-EFFECTIVE FIBER SENSING
PACKAGED OR EMBEDDED SENSORS

LERQUGH SILICON PHOTONICS

Multiple distributed sensing points

1 P
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NOVEL APPLICATIONS PHOTONICS ELECTRONICS

A conerent pump spiting  photongeneraton - R Many building blocks Single building block
2 5=0S=OX s o — Laser, Modulator, Detector Filter — Transistor
B =t £ =6 - Many technologies and materials Single material
= ~7x:x:x:X, = :»: 5] — Laser : lll-V semiconductors — Silicon
o 8 8= 00 =225 — Modulator : LiNbO3
- =9~ —= Caaas — Filter : Glass, Polymers
~ = 5= > ~
-1 =0 X > ~ " High processing requirements Relaxed processing requirements
~ 0% ~ T — Analog devices — Digital devices
~ TSmO - . e — Low Yield — High yield
=5~ - . .
5 X: =0 No economies of scale advantage Massive economies of scale
il gl DL 0= ESreTeard Many faction pushing own solution Common ITRS roadmap

Q@ SN souwce = beamspiter X crosser haseshie Soaingcouper @ pump S proonper 4 s & der

fore 1. Wang et al, Science (2018) e .
GHENT - GHENT
Siisry LMeEC Sy Umec
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Bogaerts e.a. , JSTQE 16, 3344 (2010)
CAN “SILICON PHOTONICS” SOLVE THIS BOTTLENECK ? STRAIGHT WAVEGUIDE
Single material platform — Our standard waveguide: 450nm x 220nm Si
— Fabricated using 193nm DUV lithography
— Silicon transparent at telecom wavelengths — In standard pilot line, on 200mm or 300mm wafer
— Very high contrast : compact circuits — Starting from SOI or amorphous silicon

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

1.8 dB/cm

Reuse installed equipment base

— Use best equipment available ﬂ s |

— But no capital expense ...

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

Transmission (48]
T

m

GHENT - UNIVERSITEIT = o 1 2 3 4 5 6
Duversry  LMeC GENT mmec spial ength [cm]

29 30
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ERTIES OF THIN SOI WAVEGUIDES BEND WAVEGUIDE SK Solarsia, JLT 27, p 4070 (2009

)
Y.A. Vlasov and S. J. McNab, Optics Express, p. 1622 (2004)

— Our standard waveguide: 450nm x 220nm Si
— Fabricated using 193nm DUV lithography

— In standard pilot line, on 200mm wafer

Ez _ Starting from SOI or amorphous silicon

LT

w
h=220 nm

First mode TE

Excess bend loss [d8/90°]

-In agreement with FDTD calculations

Second mode TV

- o ousesrser
— - Offset might improve p (2) T T T T
@ . @ ! vend vad:ls rlum) ’
e g T umec
31 32
‘ o INGS HIGH Q RING RESONATORS

seguide Ring shaped resonators give very sharp resonances
ola=103000  a-=sa000 Q = 85000 Q= 66000
CT-21508  GT-225¢ CT-21608  CT=19808

-10
-20

Transmission [dB]

“o0 1535 1580 T4 155
shallow-otch — \ “genen ot
apertures 500 hm wide
photoric wires

De Heyn e.a., OFC 2011

™ umec

S0 um I Sea also work A Melloni

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

33 35
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DETECTORS: GERMANIUM! g vesesasaseaed MODULATORS & SWITCHES IN SILICON
SLPIN PD
& No intrinsic electro-optic effect in silicon
|- AT,
2os sLvempo Need integration with_ novel materials (under development)
“is00 S e ww — Ge, SiGe, LiNbO3, BTO, PZT, graphene, polymers ...
s ——Bandwidth [A/W] Or: Exploit the plasma dispersion effect (mature)
R — Change in carrier density changes refractive index
R —w _ RN T 18 5 0,8
.§ - —_— An=-88.10 “AN -8,5.10 TAP (in silicon at 1550nm —
(a) BOX N Aa =8,5.10 "*AN 1 6,0.10 AP carrier densities in cm™3)
* o 10 20 30 40
Good responsivity, reasonable dark current, very fast | Frequency (GHz)
_ Difficult to beat (except for wavelength > 1.6um) _
JuIy I Soref, JQE 23, (1987).
GHENT . GHENT .
Ohiversry  LIMEC » Ohiversry  LIMEC Forupdatesee: Nedelkovi ., ECE Phgtagicsiguraal 2011 ap, ZIAiR0 37
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https://ieeexplore.ieee.org/document/6051462?arnumber=6051462
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40010001 01100111

INJECTION MODULATOR (MZI)
= 100-200um length
= p-i-n diode

= MZI configuration

[RER———

b) 20 L
CWiI:ser ‘—'anode(p‘)
— 15 —> 9D D (<atB)
g | e o ey ol R
5 56-106G LTI TIIITOIECITIIID I
"B St e ——] 111519 - =
71 200 nm b )
- el 0 1 —_
GHEN . Voltage (V) ——
STy umec W Green, OpEx 15, p17106 (2007) % 38 ‘unece  56Gb/s+ (Ge)Si Modulators and Ge(Si), Photodetectors confientil
38 40
SILICON PHOTONICS: EXTENDING THE
WAVELEN GTH RAN G E — ... without leaving the CMOS fab
i Sl umec o
42 43

IMEC SILICON PHOTONICS PLATFORM
FULLY INTEGRATED 8X50G DWDM SI PHOTONICS TECHNOLOGY

el bW e

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

i
HENT .

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 IlI-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

I

“umec

GHENT
UNIVERSITY
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INTEGRATION OF IlI-V SEMICONDUCTOR

Flip-chip integration
ecpack vith fuly processed
Y iasers

Established supply chain
1I1-V process & test prior to integration
Back-end integration

full-wafer {or die) transfer and
bonding + substrateramoval

WI-V/silicon (die-to-)wafer bonding —

Courtesy 5. Menezo, CEA-LETI
Originally developed by Uent/imec, Leti, UCSB, INTEL,...

OURALTERNATIVE #1 : TRANSFER PRINTING

1II-V process & test prior to integration
Back-end integration

High throughput integration

Efficient evanescent coupling

simultaneous transfer of
multiple coupons using
elastomer stamp

target SiPh wafer

source 11V wafer
with fully processed
laser sources

die-to-wafer bo

}:lTP combines advantages of flip-chip a

49

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

Tethers
a) b) oy 1
[1-V Device Layer ] ["Patterned device | d devi
| Pattered release layer | Patterned release layer |

Release layer

Substrate

Substrate

Stamp — .
d) e) Jﬁ f) |
Jp = i {reageie)

Substrate Substrate ‘ Silicon

Substrate

Transfer of released, micro-scale I1I-V devices to a Si target wafer

MICRO-TRANSFER PRINTING BASICS

DEVICE PROCESSING, RELEASE, PICK-UP & PRINT Stamp + Motion + Optics

Ja
s — optics (x,y,2)
il R Fattemned device. o | rafamegaees] |
e I A Iy Stamp (2,0, Tx, Ty )
= | [ /
)
[ =

Stamp

)

0l
g i l
Sube Sion

Translation stages (X, y )

Transfer of released, micro-scale I1I-V devices to a Si target wafer

HENT .
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MICRO-TRANSFER PRINTING BASICS HETEROGENEOUS integration through micro-transfer printi
DEVICE PROCESSING, RELEASE, PICK-UP & PRINT .
| °"6a -02 oo o2 o4
f)—‘ il r Misalignment (um)
L (o)
] [smen |
. s‘?, Vater . N
Upgrade transfer printer ’ Stamp
— Position tolerance of +/- 0.5 pm at 30
— Print Cycle 45 seconds e
— Up to 300mm target wafers
i
HENT

| | position tolerance of +/- 0.5 um at 3o in 2cmx2cm arrays — 1 print cyle: 45 sec
i
- = ﬁ%u_'mec o
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G Semiconductor Gnative

| Getamp(v)
|
| .
Pick-up
OO O I
[CIIIIMOG o Guonortarget

Printing

— O v
m
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O B L O - O T TUNABLE LASER
IO (DG [A LG (I

Silicon circuit

3 [MmI-Omm

transfer

outcoupling

bragg mirror/ grating
= -
ring2

bragg mirror
-

Dense III-V amplifier array [II:VISOA

) Tuning over 45nm

Power[dB]

i
N
. GHENT
UNeC unversiTy

UNNERsITET = umec “$%20

1530 1540 1550 1560 1570 1580 1590 1600
Wavelength[nm]

58
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active SOI platform
Al
c <
(X 1-r

L . .
Si0. n-Si p-Si  n-SiGen-Si
102 pn-modulator Ge photodiode

—
160 nT m

0O 220nm
3um 1

< DVS-BCB

BCB 20 nm

Transmission

W0 150 20
I Taper length um

“umec_ ity o ‘tmec
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| OOA CTTMATT80G LTI ﬁ:dqn OfphiC TRANSFER-PRINTED I1I-V-ON-SIN MODELOCKED LASER
mi —

£
@
=
7 ‘
+H |
H
g
°
3
e o
s = 755 MHz z 5 Measurement
S e © — Voight fit
5 g . 146 kHz < —noise floor
L t 20 1530 1540 1550 1560 1570 1580 : % :-
aser cavity Wavelength (nm) ° o 3.27 nm =
2 = [ 3:27nm | °
COTIITITIORC 2022 £ N =
5 g 5
; g g
a b &
splitter .
— D [T I
° 10 20 30 1578 1580 1582 1584 -10 0 10
s Wavelength (nm) Frequency (MHz)
HENT - f»«%ﬁquency (GHz) 9 [S. Cuyvers et al., ECOC 2020] o
oy INVEC
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DuaL-coms sPecTROSCOPY OF CO wiTH Two INP-ON-SOI ComB LASERS BEYOND CLASSICAL PHOTONICS Q/E‘i&gksm = CSem

uTP4Q: a versatile quantum photonics PIC platform

Sparrow
Quantum

€O gas-cell

Source wafer C:

g
S

Magrituge (a.u)

Unierza b it
@ W w2

o
Dual-comb RF spectrum frequency (MHz)

}
<
3
=\
== 3

, — ) ) Fuly integrated Quantum PIC with
— Target wafer: Low loss SiN-waveguides  QD-sources, detectors, modulators. .
JIIIITR

i ht : : . UNIVERSITEIT =

T W w w2 s e ows o owe

HENT - Optial reuency (THz) GENT mmec
K Vo Gasse et gl CIEQ2027) 5%

63 65

CO/ebsorption




16/10/2023

=

COMMUNICATIONS

On-chip deterministic operation of quantum dots
in dual-mode waveguides for a plug-and-play
single-photon sour

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

= can source be il on SiN- i
platform using mTP-technology ?

- Challenge: new material system (GaAs), thin membrane,
sharp taper tips, alignment accuracy.

Midolo-group, Copenhagen

™ umec ®

QD-SOURCE INTEGRATION THROUGH mTP

Proposed structure

Taper (GaAs) Active area Taper (GaAs) SiN-waveguide

Simulated coupling efficciency

T uamec
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PROCESS DEVELOPMENT: UNDERETCH

Underetch: ~1 column broken coupons: 87.5 %

e umec

PROCESS DEVELOPMENT: PICK & PLACE

Device pick-up from source Alignment on target

(view through PDMS stamp)

T uamec

69
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RESULTS AFTER PRINT

- Visual inspection shows good
alignment
- 58/59 printed well

RESULTS AFTER PRINT

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

™ T umec

72
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MEASUREMENT RESULTS

% Jaspor De Witte

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

© Moasurements GaAs tapers
SIN couplers median: -19.47 dBm
40| [——Median value: -22.35 dBm

Transmission (dB)

(3 2 4 6 & 10 12 1

Device #

16/10/2023

ALTERNATIVE #2: DIRECT EPITAXY ON SILICON

— Ultimate scalability: selective growth using MOCVD on 300mm wafers
— But: challenging due to lattice mismatch

Moiré pattern

200 nm.

e amec
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ASPECT-RATIO-TRAPPING (ART)

Basic processing scheme

Reference sample

i (isio, [eans MinGars MinGa Si02 opening
trench
= =
- —] »

Epitaxy by Bernardette Kunert, IMEC

e amec
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NANO-RIDGE ENGINEERING FOR 1lI-V DEVICE
OO I T B0 (] CIAIITIIIT

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

b) InGaP ca
InGaP cap ow P InGaP cap |y gp; e1|2a\i.4ts)gli(c2% Y?)l 4,No
i . ) p K p
A %“a_w —InGaAs | v gh et al., Optics Express,
L = QWs 27, 26 (2019) 37761
N N * GaPAs
GaAs — — GaAs

0.5um

EETET T e e

LOSS-COUPLED DFB NANO-RIDGE LASER

Metal grating deposited on top of the nano-ridge

Wavelength (vm)

si | sio, [GaAs [llinGaAs [linGaP  Au

Light out (a.u)
T
y

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

it

ngERSITE\T - unec T

o T
Light in (kWicm?)

79
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INGAAS/GAAS NANO-RIDGE PHOTODETECTOR
0.30A DI MY, 654/ CIMIIIIINIT 020010

440 nm

Absolute Current (A)

o
imom
i oa
oaim Lo
*0.50m Dark]

s 20

Bias Voltage (V)

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

gg\‘\{(ERSITE\T CSW 2020: Invited talk B. Kunert, TuA2 8:00-8:30h

unec

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

Organic Shell
(OleicAdid, ...)

i

MERSITE\T ‘mec
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ALTERNATIVE #3: COLLOIDAL QUANTUM DOTS

— Exploit colloidal quantum dots as the active material
— Integrated with waveguide
— Can we demonstrate lasing from such a structure ?

-

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

HYBRID SiN-QD PLATFORM

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

Silicon Oxide

= Resist

© (@

i
ul

e T amec

(typically suing CdSe/cdS core/shell particles)

83
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HYBRID SiN-QD PLATFORM

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

2691100 dBlem

Normalized PL.

IR 00
Length (cm) Wavelength (nm)

- Chip-scale fabrication technology with dry etching process optimized for SiN-QD layers.

- Optimisation of deposition ire and strain critical
- Demonstration of the waveguide loss of 2.7dB/cm with preservation of QD emission.

m (Opt. Express 23, 12152 (2015))

e umec ®

DISTRIBUTED FEEDBACK LASE R
- Nanosecond pumping
300 5 —AsE specta 3
< <
250 2 2
i 200 38 §
2150 270 w//fem?
2 4
100 H
a 50 3
01 = H n - Pump: £10ns, 1kHz, 532nm
Pumping Intensity (uJ/cm?) 75 nm/50nm/90nm SiN/QD/SiN
Equivalent CW-threshold: 39 kW/cm?
= Gain life time ~100ps - This is “‘quasi-CW operation™
mERSITE\T -
GENT unec &

86

87
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SILICON NITRIDE MICRODISK LASERS

Device design

,,,,,,,,'
$10;box wwu’
——
e S
—
m

™ T umec w

Fabrication processes

SILICON NITRIDE MICRODISK LASERS

oo, 7
4 E g
Se 3 -
s ] £ -
Rl rL .
‘®
2,
Eo—x Next challenge: Electrically injection !
ol T (how to reach sufficient current density)
1
o
600 620 40

660 N - -
Wavelength (nm) Pump fluence (1J-cm 2)

1. Disk mode is lasing under a low optical pumping threshold of 26.8 pJ-em.
2. Laser operates at both single- and multiple- modes in small disk.
= 3. Lifetime is signifiantly reduced from the spontaneous (ns) to stimulated emission regime
eRsiren (p5). (high-resolution streak camera confirms 36 ps),
- 4. The coherence time is 0.29 ps below threshold while 3 ps for lasing.
GENT mec
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PATTERNING OF QDOTS ON NANOSCALE

resist Si QDs

- Substrate &
18 film

‘ Deposition
P

! Lift-off

10um

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

UNIVERSITEIT  *
GENT

mmec NanoLett, 2015, 15(1),pp 7481-7467 w

PATTERNING OF QDOTS ON NANOSCALE

(@ (b)

Size opening in resist

resist si

28

I 0123456789101
Counts n

ol
1015 20 25 3

7503 40 45 %0
2R (om)

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

i

UNIVERSITEIT  * .
At mec Naro Lett, 2015, 15 (1), pp 74817487 o
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Integration Pb/Se g-dot, antenna, &
SNbTIN nanowire detector
[Elsinger et al., Nano Letters 2019]
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IMEC SILICON PHOTONICS PLATFORM
FULLY INTEGRATED 8X50G DWDM SI PHOTONICS TECHNOLOGY

owou (e

= Today available on 200mm wafer size, coming soon on 300mm
Eﬁm ‘mec 95% compatible with CMOS130 in commercial foundries
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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 pre | e
— Very well understood, good models available

o]0
— Very reliable processes D E § —
- 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

m
UNIVERSITEIT  *
GENT

unec

ER: Extinction Ratio -~ IL: Insertion Loss

ALTERNATIVE MODULATOR TECHNOLOGIES

Phase modulators:

— LiNbOs: thin films bonded on silicon, commercially available fromNanol N
(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 or £ 1 L e o & §@ o &
CE §
— EO-polymers: commercia = wf =~ "M R &8 X
, 3 ..
Amplitude modulators: 5 s, 817 s
— Graphene: layer transfer § " e & :HHW
g ol Mg-'
— 1V devices S | m ‘
iy material system
fiversyLMeEC ich e/ raterals

97

98

EXPLOSION IN NEW MODULATOR MATERIALS

LiNbOs on Insulator

PZT-on-anything

Pzr
SIN waveguide

K. Alexander et al, Nat. Comm. 2018

Stefan Abel et a, Nat. mat. 2018 Graphene

Romagnoli 0.8 Nafbro Pictiics 1,40
14(2018)

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

UNIVERSITEIT =
GENT

unec 100

99

100

LETTER

ts:/dolore/10.1038/541586.018.0551.y

Integrated lithium niobate electro-optic modulators
operating at CMOS-compatible voltages

Cheng Wang' , Mian Zhang'*, Xi Chen’,
Peter Winzer” & Marko Lonéar'™

& umec

e i ARTICLES ‘State Key Laboratory of Optoslectronic Materials and Technologies and Schaal of
photonics [T —— oy S D oreghen, ana.
_ . Laberary o1 O Techog, S -
High-performance hybrid silicon and fAdance Oiodeiones, St ChiaNorre ey Hifrer Edtion
e . Mega Center, . China
lithium niobate Mach-Zehnder modulators
for 100 Gbits~" and beyond
MingboHe', Mengyue Xu!, YuxuanRen’, Jan an, ZilangR " hengaianGao’
ShihaoSun, Xueain Wer, idan Zho, LinL ', Changjan Guc’, Hu Chen’, Siyuan’Yu!, Liiu ™ and
XinnCaic . b
E h " "
J— i N g Bl —

m

UNIVERSITEIT = o,
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TRANSFER PRINTING OF LITHIUM NIOBATE

1

Transmission [a.u.]
=

0
1520 1530 1540 1550 1560 1570 1580 1590 1600
Wavelength [nm]

Vily = 54Vem

Ly =1.0mm

UNIVERSITEIT  *
GENT umec Lpiectroges = 0.9 mm

T. Vanacker e.a., ECOC 2021

HIGH SPEED LN MODULATOR THROUGH m

a Electrodes

b
=0
=
ﬂﬁ 3
X
6

) 0 10 20 30 40 50 55
Frequency (GHz)

=) T Vanackere, B. Kuyken etal. CLEO (2023)
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NONLINEAR CONVERSION IN mTP LN
@ . PPLNslab.

=
T

J

Tom
Vandekerckhove

SH power (4]

Ytpeperland

»
R PPLN 02

o
o \ SiN waveguide

1500 1520 1540 1560 1580 1600 1620
Wavelength [nm]
mm

NN . T. Vandekerckhove, B. Kuyken et al. CLEO (2023)
UNIVERSITEIT [
GENT unec

ALTERNATIVE: PZT SOL-GEL INTEGRATION

Grating
Coupler

SiN

* Intermediate layer deposition

e e

SiN

t PZT deposition

™ umec
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e ~_
nature -

COMMUNICATIONS

ARTICLE
OPEN

Nanophotonic Pockels modulators on a silicon
nitride platform

Norm. transmission (d8) ®

1547 15475 1548

Wavelength (nm)

ViL=3.2V.cm -a=1dBcm™’

ﬁ[ksmlr - mmec

PZT ON SILICON NITRIDE

Vil =3.2V.cm -a=1dBcm™ - BW = 33GHz

VNA AwG Oscillscope.

o

— Cband ring
O-band ring
~—— C-band Mach-Zender

RF amplfier

EDFA  OTF
107 10° 10"

Photodiode Frequency (GHz)

jm}
UNIVERSF 10 Gbps 28 Gbps 40 Gbps
GENT Ul
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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

)

Transmission (B

56 2
Drive voltage (V)

Also.

. Oporaton from 13001 o 1600nM
- 1.2GHz3d8 ~0.1dB/Om

m
UNIVERSITEIT
GENT

‘umec

Liu e.a., Nature 2011

GRAPHENE BASED MODULATORS

o
B b '4

‘
ER=263dB S/N:7.6 ll ER=238dB S/N:6.04 R=232@ S/N:4.82]

(Eye Diagrams measured at 1560nm. 2.5Vpp and 1.75V bias)

+ First demonstration high quality eye diagrams from
graphene modulator

- Bit Rates from 6GBJs to 10GB/s

= Dynamic ER > 2.6dB, low jitter

+ Signal-to-Noise ratio beyond SNR=7

IEDC] 201 4,CH I

IVERSITEIT
NT

“mec
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Gapere
raphene
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Box.

M:o.-c- oxide. Mm Gate oxide. Msm ,.n;euxm

n-Si waveguide
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2D-MATERIALS AS SINGLE PHOTON EMITTERS

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

Key numbers
- g@=047

- t=8ns

- Emission probability = 1%

T

GHENT -
unversy - L1MEC CONFIDENTIAL "2
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LIQUID CRYSTAL WAVEGUIDE SWITCH

Slot waveguide: very efficient

metal contacts metal contacts

liquid crystal
eI

huried axide

Sisubstrate x

m O
Shiveesry " LMEC

3
ing, QDEX 2015

PHASE SHIFT WITH APPLIED VOL"

Phase Shiftin Relation with Applied Volt

efficiency: 45r|:/V
| Vin=0.002V.cm

5
£
liquid crystal g
E e H ... 70m phase shift
buried oxide 5 VOItS

1 mm device
response time < Ims

Si substrate

0 05 1 15 2 25 3 35 4 45
Applied Voltage (V)

GHENT
unversry - L1MEC ing, QDEX 2015
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MEMS INTEGRATED WITH ISIPP50G

AICu bondpads

2 Cu-damascene
interconnect layers igh.efficiency
grating couplers

iSiPPSOG Germanium

High-speed p-n
photodetectors

modulators

Open metal/dielectric stack
Expose waveguides

&orphic
MEMS INTEGRATED WITH ISIPP50G

AlOx protection
for HF vapour etchAlCu bondpads

cPFL

High-speed p-n
modulators

2 Cu-damascene
interconnect Iayers yjigh_efficiency
grating couplers

iSiPPSOG Germanium
photodetectors

Open metal/dielectric stack
Expose waveguides
AIOx protection layer

i
HENT .
Loy IMEC  ranfidansial
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&orphic
MEMS INTEGRATED WITH ISIPP50G

AIOX protection
for HF vapour etchAlCu bondpads

cPFL

High-speed p-n
modulators

Freestanding photonic
MEMS membranes

2 Cu-damascene
interconnect layers yygh-efficiency
grating couplers

iSiPPSOG Germanium
photodetectors

HF vapour removal
of buried oxide Open metal/dielectric stack

Expose waveguides

AlOx protection layer
Vapout HF underetching

I}
Ty Canfidential
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EPFL &

fhiveesy  mec

MEMS PHASE SHIFTER

device!footprint
WO x40 pum?

[narrowSi

ﬁ_l
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EPFL &

MEMS PHASE SHIFTER (GEN 2) G " UMec
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Edinger, Opt. Lett 46, 2021
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PROTECTING THE MEMS

AlCu sealing rings

Capping for
hermetic sealing

Freestanding photonic
MEMS membranes

Need for hermetic sealing
Wafer-level silicon capping

I}
HENT -
Confidontial

G. Jo, Phot. Res. 2021
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VACUUM SEALING OF ISIPP50G MEMS DEVICES 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...

&
fiesry — LMeEC

G. Jo, Phot. Res. 2021

127
SUMMARY & CONCLUSION ACKNOWLEDGEMENTS il AC
—_—_—— —_————— 5 p = e E PHAST
What do we have: Photonics Research Group

— Passives covering from visible up to MIR (UV is coming) ]
— Good detectors (Silicon & Germanium) covering 4 = 400nm to 1600nm
¢ ) covering & = 400 to 1600 GRAPHENE
— Reasonable phase modulators & switches based on carrier dispersion effec FLAGSHIP
—  Diverse range of integration techniques for IIl-V direct bandgap materials (under further
development)
Where can we improve further: H
— Long wavelength detectors, UV-detectors C
—  Single photon source integration
— Ultra-fast, low power modulators Ugent (PRG): Profs. Baets, Roelkens, Kuyken, European Research Council
—  Zero loss modulators (more stable liquid crystals ?) Bogaefts, Bienstman, Le Thomas, Clemmen, Essbahedty he Eur
— Non-volatile switches (phase change materials ?) Morthier
—  Single photon emitters, efficient spin-photon interaction,... ’\Uﬂifgél(smhe’lﬁ Profs. Beeckman, Hens, Geiregat, fW o Research Foundation
_ Opening new horizons
IMEC: Joris Van Campenhout, Marianna Pantouvaki,
) . Let me know if you have something new ! S:S‘::;:?‘:"Jf::rzzm' Bernardette Kunert and their
fivirsry  LMeEC
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PHOTONICS RESEARCH GROUP

Prof. dr. ir. Dries Van Thourh

E  dries.vanthourhout@ugent.be V| @PhotonicsUGent

T
+329 264 3438 B @DThourhout

M Dries Van Thourhout

www.photonics.intec.ugen

_
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