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SILICON PHOTONICS FOR SMART MICROSYSTEMS

1. photonic integration: Build photonic systems on a chip
2. silicon photonics : Use the power of silicon CMOS-technology for integrated photonics

3. heterogeneous integration : Avoid the limitations of silicon through combination with other

materials

4. enable a variety of applications

« Core and access telecom networks
« Optical interconnect and high performance computing
« Sensors and biosensors

 Biomedical instrumentation
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SILICON PHOTONICS FOR SMART MICROSYSTEMS — OPTICAL I/O

Cross-section

Switch ASIC/FPGA Optical Module

L N NN NN N N N NN N

LI N NN NN R NN NN N N OB NN

package
o O O &6 000 60 60 0 0 O

Optical Module

Fiber Array Coupler
CMOS \
DFB LD Array \

DRV T
L —
LC MOD PD (de)MUX FC

TSV

Light source Modulator

Transport medium Photodetector

GHENT
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DFB LD Array

Laser array

LC Light coupler
MOD Modulator

PD Photodetector

(de)MUX (de)Multiplexer

FC Fiber coupler

TSV Through Silicon Vias
DRV Electrical driver

TIA Transimpedance Amplifier
CTRL Controller circuit

Michal Rakowski, Silicon Photonics Platform for 50G Optical Interconnects, In Photonics Summit and Workshop 2017.




SILICON PHOTONICS FOR SMART MICROSYSTEMS — SENSORS

The H2020 PIX4Life project:
Establishing a PIC pilot-line for life science applications in the VIS and VNIR (400 — 850 nm)
Silicon photonics PICs with silicon nitride (SIN) WGs

Light source integration

Multi-DoF (degree of freedom) sensor on chip

receptor

detectors

microring

_ resonator
laser driver

L/

SiN waveguide PIC

current tunable
laser

resonator

P|x4/fe |
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T © BOSCH
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SILICON PHOTONICS FOR SMART MICROSYSTEMS — SENSORS

Implants for Continuous Glucose Monitoring

handheld
readout device

infrared light source

contacts for
antenna

.
hip
chip size
2mm x 0.5mm

electronics chip for
drivers and control
I
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LASER DOPPLER VIBROMETER

Measurement
beams

y i Transmit-receive
Phase & splitter

modulator \ ittt pair””

Laser input

Optical
hybrids and
Ds

i
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LDV-MEASUREMENT OF BLOOD PULSE VELOCITY

Vibrating target
Photonic core: Flex PCBs

PIC+MOB+BL

A A A A A A

Aiming lasers

jConfocal :

I optical I

I syste |

I I

I I

I I

I I

I I

I Common = W I

1 focal plane I

I I

I I

I : :
| : Micro-optit
L ——— - _—= with 1550

and isolato
PIC and external optics
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IMEC STATE-OF-THE-ART SILICON PHOTONICS PLATFORM
FULLY INTEGRATED SI PHOTONICS TECHNOLOGY

8+1-channel DWDM (De-)Multiplexing Filter

In-Plane Coupler

56G Silicon Ring Modulator

50G Ge Photodetector oot ere
fagram

Co-integration of the various building blocks in a single platform
Today available on 200mm wafer size
95% compatible with CMOS130 in commercial foundries

No integrated laser source => need for a lll-V/silicon photonic integration platform
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ESTABLISHED IlI-V-ON-SILICON TECHNOLOGIES

target SiPh wafer

Flip-chip integration
gelpack with fully processed
II-V lasers

single-die flip-chip transfer , ~

(g

full-wafer (or die) transfer and

I1I-V/silicon wafer bonding bonding + substrate removal

~~~~~~~~~~~~ target SiPh wafer
source |-V wafer 3% N 7
with epitaxial layer \‘\' =

stack for lasers

< l-Viaser <=
' processing >
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ESTABLISHED IlI-V-ON-SILICON TECHNOLOGIES

LaMP Flip-chip integration Die-to-wafer bonding

F N Watfer to wafer bonding

=

~_ DBRmirfor_ Ring resonator Bonding - Di

Chip to wafer bonding

Bonding Dicing
Dicing
Chip to chip bonding

=
Bondi
= onding g
—’
ity, Singap

Vertical
= \ coupling

Source: Nanyang Te gical U
Source: Luxtera Source: UCSB

Use mature Ill-V technology Use mature IlI-V technology

Efficient optical coupling
No waveguide-in / waveguide-out devices Waveguide in-out devices (SOA)
Wafer level assembly, packaging, test and Wafer-level test and burn-in on target
burn-in Sequential population of SiPh wafer wafer
Sequential population of SiPh wafer Advanced laser sources can be realized Parallel processing of devices
Currently only single wavelength lasers Advanced laser sources
Can be integrated on back-end stack Requires large area back-end removal

i
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MICRO-TRANSFER-PRINTING

simultaneous transfer of
multiple coupons using
elastomer stamp

target SiPh wafer

source IlI-V wafer
with fully processed
laser sources

‘ UTP combines advantages of flip-chip and die-to-wafer bonding
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onversty  LIMEC KCeleprint  AgRAtsl




i
GHENT

onversty  LIMEC

MASS TRANSFER WITH ELASTOMER STAMPS

Compliant Laterally stiff
b4
x—»x

Top View
Transparent

KCeleprint  ARASEL
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MICRO-TRANSFER-PRINTING

GHENT
UNIVERSITY

Stamp + Motion + Optics

-

— Optics (x, Y, )
Stamp (z, ©, Tx, Ty)

Translation stages (x, y )

umec KCeleprint  ARAsEL

Mature InP processing

Efficient optical coupling possible
Waveguide in-out devices (SOA)
Wafer-level test on source wafer
Parallel assembly of devices
Advanced laser sources

13



MICRO-TRANSFER-PRINTING

active SOI platform
ITI-V coupon

p-InGaAs <Al

active layer

v

: . _E
S0 n-Si p-Si n-Si Ge n-Si
102 pn-modulator Ge photodiode
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CHARACTERISTICS OF MICRO-TRANSFER PRINTING

Massively parallel

— >10,000 devices (LEDs) transferred per 45s cycle demonstrated
— Flip chip transfers individual devices.
Position tolerance of #1.5um at 3o in large arrays
— 0.5um and better when printed in small arrays
— Pattern recognition based
The highest quality source materials used
— Can be pre-processed
Different types of devices or materials can be printed close to each other
Efficient use of expensive materials

— Width of devices << conventional for higher packing

— Substrate can potentially be recovered
Independent of source substrate diameter

— InP wafers 50-100mm: Si wafers 200-300mm diameter

GHENT

onversy | LIMEC
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OUTLINE

 Introduction to micro-transfer-printing technology

« Examples of llI-V on Si micro-transfer-printing
« Substrate-illuminated InP PDs on full platform SOI
* InP widely tunable lasers on passive SOI

« Examples of Si on Si micro-transfer-printing

 Qutlook & conclusions
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SUBSTRATE-ILLUMINATED INP PDsS

d)

InGaAs release

’JJ Patterned device
%> 5» |Release | € (<

1

[1I-V PD mesa

Substrate

UNIVERSITY

Photoresist tethers

InP substrate
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4x10GBPS Il1-V/SI TRANSCEIVER

l11-V SOURCE WAFER

'uuuuu

iy
0
R (2
oo o
o0 10 i
710, 10 ) )
B0 0 g

P

GHE! . \ MR € Tyndall
GHENT mmec ACeleprint yoce:

UNIVERSITY

SiPh TARGET WAFER

™ | TAqﬁ ET

-

r Rlng modulator e : =

-

[J. Zhang et al., OE 2017]
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HETEROGENEOUSLY INTEGRATED LASERS

B‘Utc‘gupling

. gratin“ga.‘,k._ﬁ__\
bragg mirror -
o".‘

bragg mirror
‘.o’ 11V gain
<

Can be realized both using wafer bonding and transfer printing

‘amec XCeleprint |
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TRANSFER PRINTING OF ARRAYS OF LASERS

a) Dry etch below QW b) Protect with nitride
FS S S
Substrate
c) Finish mesa etch d) Pattern release layer e) Deposit n contacts
f) Encapsulate with PR g) Release etch

KCeleprint  ARASEL
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C-band SOAs on the IllI-V source wafer

' Residual N-InP
Alignment marker

P-metal
~ contact

- N-metal
contact

N-via opening

KCeleprint  ARASEL
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TRANSFER PRINTING OF ARRAYS OF LASERS

a) Slow contact on source wafer b) Fast pick up from source wafer  c) Slow peel off on target wafer

=

a) Remove PR, deposit oxide b) Passivate with BCB c) Open via to deposit p contact

Source wafer

Source wafer

Target substrate

d) Open vias to expose n contacts e) Metallization

CiveRsTy  LIMEcC
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@, | , ® : ©, —
A si
- a 8
7 Z-10} 7
£ =20} £
S-15¢ . 18 - 5.4- ~ »
300nm tolerance 25/"1um tolerance \ 1.5um tolerance
=20 4 L 1 230 L " 1 ‘ 5 i " L
0 0.5 1 1.5 2 0 0.5 | 1.5 2 0 0.5 1 1.5 2
Lateral Misalignment (;zm) Lateral Misalignment (yzm) Lateral Misalignment (zzm)
—_
JITTIITH e
GHENT ! Y Celeprint Tyndall
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ALIGNMENT TOLERANT OPTICAL INTERFACE

III-V active device (deep etch)
BCB bonding layer

SOI WG

~250um taper length — transfer printing compatible
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WIDELY TUNABLE IlI-V-ON-SILICON LASER

GHENT
UNIVERSITY

“IMeE

. Tuning over 45nm

|
(=
(=

Power[dB]

-40

’ " 1 lad |
-quo 1530 1540 1550 1560 1570 1580 15¢

Wavelength[nm]

WG coupled power [dBm]

7430 1530 1540 1550 1560 1570 1580 1590 1600

Wavelength [nm]

\outg;oupling
grating.

Wavelength[nm]

Linewidth [MHz]

o
N

548 1550 1552 1554 1556 1558 1560

EVET) 1540

1550 1560
Wavelength [nm]

1570

1580
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OUTLINE
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Introduction to micro-transfer-printing technology
Examples of IlI-V on Si micro-transfer-printing
Examples of Si on Si micro-transfer-printing
 Ge photodiodes transfer printed on passive circuits

« Si electronics transfer printing

Outlook & conclusions
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S| (OPTO-)ELECTRONIC DEVICE INTEGRATION

SOl (photonics / electronics) is very well suited for TP

i. Silicon-on-insulator (SOI) wafer iii. Etch buried oxide to
undercut the structures

75

ii. Photolithography and

etch top silicon to expose iv. Retrieve structures
buried oxide (blue)
L tether fractures i
during retrieval ,

anchor

GHENT
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GEPD RELEASE PROCESS FLOW

GHENT
UNIVERSITY

E

iSIPP25G chip 70 nm SiNx deposition

Buried Oxide Buried Oxide

Source Si Sub

Source Si Sub

“mmec

A-Si protection layer
deposition

Litho Il — Box exposure,
Tether formation r
Buried Oxide

Source Si Sub

|

Buried Oxide

Source Si Sub

A-Si removal

Source Si Sub
/‘VVIUVI m 1y

€ Tyndall

Litho | — coupon mesa
I SN

E

Buried Oxide
Source Si Sub

~13 min 40% HF release

Source Si Sub

Top view: device attached to the Si barrier using ~1.2 um wide tethers
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GED TRANSFER PRINTING PROCESS FLOW

Pick the device Bring to the target & align Print

T mﬂu :
. out

Tethers break Buried Oxide Buried Oxide

Source Si Sub Target Si Sub

Target Si Sub

1.0 3
. . . [} F 3 Fo % 1
+/- 0.5um printing alignment accuracy Eool | o T
for printing of individual coupons R B !
= 1.0 |
A N e 10 05 00 05 Lo
GHENT . ‘Celeprint Tyndall | v | |
UNIVERSITY l:“] e c A p — x misalignment




GE PD POST-PROCESSING

BCB spin-coated,
cured (280°C), planarized

Buried Oxide

P

I
GHENT " X ot ey

university L1 C

M1 window opened

DVS - BCB
. .

Buried Oxide

1.2 um Au contact deposited
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PRINTED GEPD CHARACTERISTICS 40.Gbps; 27T pattern length:

ljark = 12 NA WeowoW e
R... = 29.6 Ohm
Responsivity > 0.6 A/W
over C-band

40 Gbps, 21> pattern length

3 ' ! ' ! ' ! ' ! 1
I @ bIaS;O.5V ] | | | 79 HD-FEC E
0 m = ‘ ‘ ‘ ‘ i ]
10° e 3
m : : :
L 3 x 10" F| —=—40Gbs 27-1| N
= L —e— 40Gbs 2*° ;
= 5
4 Measurement Iﬁimit:
-9 1 1 1 1 10 ] ] ] ] 1 ] 1 3

—~ f, GHz P, dBm
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TRANSFER PRINTED ELECTRONICS

GHENT
UNIVERSITY

“mmec

Releasable silicon amplifier circuits realized

— XFAB 180nm SOI CMOS process

— 200um x 50um x 7um device size

Bond pads 10um x 10um

€ Tyndall

National Institute
Instititid Naisitnta

Design: P. Ossieur

Positional accuracy better
than zluminxandy

Displacemen t (X)

50%

X

7
7

7

v N\
A
”§§§ NN\

-1.0 -0.5 0.0 0.5 1.0
Displacement (X) (um)

Displacemen t (Y)

15D
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TRANSFER PRINTED ELECTRONICS — |II-V ELECTRONICS

100 T
| ANTT GaN HFET
HRL l‘J‘l -
GaN HFET, vl
: A AGoNHFET
e
A UCsB
— A GaN HFET
S i HRL A
o InP DHBT
o
B 10 - Ll Xindium TRLV p
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e InP SHB
- b InP DHBT NIT
g Hitachi #/nP DHBT
o GaAs HBT
= uiuC
IBM Si
% B s~ Re® SiGe }\: InP SHBT
: BJT \Q & |
: ?' FiJT o | ST Hitachi ] NNDS .
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& InPHBT Si8TsiGe BT ® n
1i Daimer-Benz ]
A GaN HFET SiGe HBT IBM SiGe ]
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Johnson’s FOM (GHz-Volt)

104
GaN
HEMT
InP
103 i
SiGe _
HBT Si
1021 CMOS
10"

100 10" 102 10° 10* 105 105 107 108 109 1010

Number of transistors
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OUTLINE
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Introduction to micro-transfer-printing technology
Examples of IlI-V on Si micro-transfer-printing
Examples of Si on Si micro-transfer-printing

« Ge photodiodes transfer printed on passive circuits

 Si electronics transfer printing

Outlook & conclusions
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OUTLOOK: TRANSFER PRINTING IN A FOUNDRY

« The demonstrations presented in this work were realized on a lab printer

« Transfer the uTP-technology to an industrial environment (XFAB)
o Bridging the “Valley-of-Death” to industrialization

« WUTP pilot line in manufacturing environment for open access

o Development of design rules (DR) and its implementation in Process-Design-Kits
(PDK)

« Development of processes for heterogeneous system integration for
(Bi)CMOS, MEMS and photonics wafers

o Realization of processes for source wafer preparation, transfer printing and post-
processing on 200mm silicon wafers

« Basically any material that can be released from its substrate can be

transfer printed
EEN
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I PR'NCE 34

: \/( e ' € Tyndall
GHENT National Institute
onvirsy  LIMeC AN leprint




HETEROGENEOUSLY INTEGRATED PICs
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CONCLUSIONS

« Micro-transfer-printing is an enabling technology for
heterogeneous integration, combining advantages of flip-
chip integration and wafer bonding

« Basically any material that can be released from its
substrate can be transfer printed

 [lI-V integration and Si device integration on SiPh
demonstrated

« Current demonstrations are lab-scale, but establishing an
open access pilot line for the technology is work in progress

LY ~ |
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