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THE EXPLOSION OF SOCIAL MEDIA
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KEY ENABLER: OPTICAL FIBERS
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CONNECT THE WORLD
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OPTICAL NETWORKS
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OPTICAL SOURCE

LASER: Light Amplification by Stimulated Emission of Radiation
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PROPERTIES OF LIGHT
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OPTICAL TRANSMITTER
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OPTICAL RECEIVER
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SPEED UP THE NETWORK

Amplitude/Intensity
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COHERENT RECEIVERS

1. Local oscillator (LO) laser—as a phase reference
2. 90° optical hybrid

3. Balanced detectors / Electronic circuits

4.  Digital Signal Processor

ES(O+E () — &
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COHERENT RECEIVERS
Balanced detector
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WHICH COMMUNICATION SYSTEM SHOULD BE USED?

Coherent communication

6000 km 12 000 km R—
Long Haul . . : +
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Metro Network N
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- Antonin Gallet. Ph.D thesis 2019 Intensity modulation and direct detection{iMDD)
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SMALLER, CHEAPER, FASTER!

Transmitter Receiver

GaAs or LiINbO, InP/PLC

[l

e ©

InP/PLC :
——

https;//www.photonics.com/Articles/Trends_in_Silicon_Photonics_for_Fiber_Optic/p5/vo170/i1112/a64191

@ SiPh on BGA
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SMALLER, CHEAPER, FASTER!

A 2w IBpsk

(40nm) 4 Watts/100Gbps
(CMOS)
oo £
DR QPSK
€ § QPSK
8-QAM , QPSK
Sy &
o2
Ny S | apsk 16-QAM 8-QAM
AC100
2 57" 16-QAM
*0 OIF-80W 20W
& §‘§ ! o (28nm) =
§ A AC100-M ;
3.2%5.7" ca
" P CFP-30W 400G .. 400G AC200
Q‘}‘g-é & 8t l 2 lambdas 100G, 200G
FF /: ACACIA . CFraiow
>
2012 2014 2015 2017
Evolution in power and density per 100Gps for coherent
transceiver modules
https;//www.photonics.com/Articles/Trends_in_Silicon_Photonics_for_Fiber_Optic/p5/vo170/i1
— 112/a64191
Jin
GHENT .
university  L1M1E€C

Percent

100 =\
==
10 N N Y
5 Y N\
NS N
SOS N
i NN\
I Power \ \
—— Cost \
T s Footprint \

1
2012 2013 2014 2015 2016 2017 2018 2019

Power, cost, and footprint reduction in coherent
communications per data transmission rate. Courtesy of

Acacia Communications Inc
H. Zhang, and et. al,, Opt. Express 26, 6943-6948 (2018)

15



PHOTONIC PLATFORMS

InGaAsP/ALGaAsIn Passive+active functions
€ D Expensive

Medium yield
Small wafer

InP
HOW MUCH A SILICON PHOTONICS CHIP COSTS? -
- :EgPIXfab ol - - -
Si0 = 3
e : 05 10 pm-Tmm
- aggregate silicon photonics volume in fab
10 large enough to establish and maintain a
3 mature standardized process flow
g - chipsize: 5x5 mm?
..g ~ ~
: 1 10 pm
I}
2 Cheap @ev
= . . 24 ‘;
1 10 100 1K 10K 100K ngh VIEld ﬂ'!l
Number wafers per order Large wafer
CMOS compatibility
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STANDING ON THE SHOULDERS OF GIANTS

The imec iSiPP50G platform
560G Silicon Ring Modulator In-Plane Coupler

56G Silicon Mach-Zehnder Modulator

D?DS 2

Co-integration of the various building blocks in a single platform
Today available on 200 mm wafer size, moving to 300mm
95% compatible with CM0S130 in commercial foundries

SII;IIIE\DJETRSITY “mec

Surface-Normal Coupler

17



nAlGaAs Clad

I1-¥ buffer + DFLs
(n-doped)
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ESTABLISHED Il1-V-0ON-SILICQ

*target SiPh wafer

Flip-chip/pick-and-place integration WY N,

1I-V lasers

single-die flip-chip transfer P

[lI-V/silicon wafer bonding

full-wafer {or die) transfer and
bonding + substrate removal

-------------- target SiPh wafer
source |11-V wafer f_,--':\;\-n-‘.“
with epitaxial layer \ \ i
stack for lasers \ . 3

e E
i ——
GHENT T
UNIVERSITY -

ntel Silicon Photonics 100G PSM4 QFSP28 Transceiver

: . illl-V laser, <l s
\__ processing fe
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CHALLENGES FACED BY WAFER BONDING

Wafer to wafer bonding
converter  the light source "o, :
i i ey, |

Bonding Dicing
Pre-process wafers S— @ ‘g

Chip to wafer bonding
== Dicing
=] E

Bonding

Dicing
Challenging for multiple IlI-V materials
Source: Nanyang Technological University, Singapore [ ﬁ ] e e
T. Komljenovic,et. al, Proceedings of the IEEE, vol. 106, no. 12, pp. 2246-2257, 2018
—__Xmm >
] [l e [
|L —— 1| Substantial modification of the silicon
arge area back-end remaova backend process flow

200mm Si Substrate

200mm Si Substrate

S:IE\'-'\IETRSITY “mec
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MICRO-TRANSFER PRINTING

Tethers
a) b) ¢

lll-V Device Layer | Patterned device | | Patterned device |

Release layer | Patterned release layer | [ Patterned release layer |

Substrate Substrate Substrate

L ]
Stamp L 1
Stamp
e) } f)
& |

d)
Patterned device
%> > |Release |

=1y

i 4,

Substrate

Substrate

J\ | Printed device |/L
[y B

Silicon

Transfer of released, micro-scale 111-V devices to a Si target wafer

_
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MICRO-TRANSFER PRINTING—CHOICE OF THE RELEASE LAYER

Candidate: I_lJ I \_I_‘ Selectivity to InP:
[nAlAs [~ TRelease | < <] [nAlAs: > 4,000

InGaAs Substrate  |pP InGaAs:> 1,000
Etchant: cold FeCl:H,0

30 . : . 100 120 mInS 360 mInS
1 pum thick InGaAs & -
20 04 . n
E 400, InGaAs InGaAs
g E‘ 200
=] 5 = ]
B E a0 InGaAs 380 um Ed ES
m - T — . .
> S InGaAs 200 um 60 mins 60 mins
.5) I 400 InGaAs 0 um InP
‘© InAlAs 380 pm
T -500 ——— InAlAs 200 g
=30r - - -RT FeCI3 v InAIA 0 - s
——cold FeCl3 600 +———— Late R il —
- n n n E
4 0 10 0 10 20 50 75 100 125 150 175 @ m
Along coupon (um) Distance [um]
P J. 0'Callaghan, 7(12) p.4408-4414, Optical Materials Express,2017.
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WKCeleprint
MICRO-TRANSFER PRINTING—STAMP AND TRANSFER PRINTING SYSTEM

Stamp + Motion + Optics

Compliant Laterally stiff A

\4

— Optics (x,vy,2)
Stamp (z, 6,Tx,Ty)

Top View

O O
H B <

Transparent

D

Translation stages (x,y )

Position tolerance of 1.5 pm at 30 in large arrays
T +0.5 pm when printed in small arrays

lGlll;IlIE\E’qETRSITY “mec ’



MICRO-TRANSFER PRINTING—INTEGRATION OF [I1-V/SI PICS

Simultaneous transfer of multiple coupons using elastomer stamp

)0 ym

—

avice 1 Ge PD/

I Device 2 Ge EAM/
] Si modulator

|| —

1 Si Substrate

- Target SiPh wafer
Source II-V wafer with

fully processed devices

UTP combines advantages of flip-chip/pick-and-place and die-to-wafer bonding.

_
11T
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MICRO-TRANSFER PRINTING—SAVE EXPENSIVE MATERIALS

Transfer printing: Pick-and-place:

Coupon width-e.g. 50 um ) Min 111-V die size: 600 pm X 300 ym (0201)
Coupon length: e.g. 1.5 mm (device length "1.4um) For a component with size of 14 mm X 50 ym
Pitch_y: 70 um A15 mm X 300 pm I1I-V die is required
Pitch_x: "1.6 mm

InF sulsirale

IH=% gain epi-LayErs

MM pm

https://www.manncorp.com/how-manufacturers-specify-equipment

SHIE\?IETRSITY “mec



WHAT DID | DO IN MY PHD YEARS?

1. Transfer-printed Fiber-To-The-Home (FTTH) transceivers
1. Transfer printing 0-band photodiodes
2. Transfer-printed DFB lasers
3.  Four-channel point-to-point FTTH transceiver array
4.  Asingle-channel point-to-point FTTH transceiver based on the co-integration of DFB laser and
0-band PD
2. Integration of IlI-V-on-Si coherent receivers through micro-transfer printing
1. Transfer-printed widely tunable and narrow linewidth laser
2. Transfer-printed coherent receiver on a passive PIC
3. Integrated coherent receiver based on the imec iSiPP25/50G platform

SHF\?IETRSITY “mec
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WHAT DID | DO IN MY PHD YEARS?

1.

2.

GHENT
UNIVERSITY

Transfer-printed Fiber-To-The-Home (FTTH) transceivers
1. Transfer printing 0-band photodiodes
2. Transfer-printed DFB lasers
3.  Four-channel point-to-point FTTH transceiver array
4.  Asingle-channel point-to-point FTTH transceiver based on the co-integration of DFB laser and
0-band PD
Integration of IlI-V-on-Si coherent receivers through micro-transfer printing
1. Transfer-printed widely tunable and narrow linewidth laser
2. Transfer-printed coherent receiver on a passive PIC
3. Integrated coherent receiver based on the imec iSiPP25/50G platform

“mec
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FIBER-TO-THE-HOME

Higher bandwidth
Good service isolation
Good security

Long reach
Dedicated fiber line for each end user
o Point-to-Point Large number of transceivers in the CO
(0 h
1550 nm 1550 nm
®) Tx § é Rx @)
= ' > Z
=~ 11310 nm Z Z 1310 nm
RX P
Tx
\_ J

_
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FOUR-CHANNEL POINT-TO-POINT FTTH TRANSCEIVER ARRAY

1310nm
4 c P N\ SiRingMod |\ ot oo
~ | ]
I'-.lw { i} ..'I
B\ T
g C-band
\./ i
ring modulator
[ SINx L]

5 -
] M Ring modulator
3 ' 5 o
3 S |
- i -
= el
= 1550 » >
nm s
_ Frequency detuning Time Cascaded 1X2 MMI
I .
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PRE-FABRICATION OF O-BAND PDS ON THE SOURCE WAFER

E = N-InP undlercut

Substrate Substrate

a

1um InGaAs release layer
Release: 100 mins
Etchant:FeCl;:H,0 @5°C

Substrate
(

Substrate
SiNx

N-InP
B
1.57 pm undercut  |4GaAs
InP substrate
I InP I % | el 32 g sl 20 g s o i

Substrate

-Tether

S:IE\I:IETRSITY “mec



TRANSFER PRINT PRE-FABRICATED O-BAND PDS ON AN ISIPP25G CHIP

/,SiNx ! : b
i Sres Responsivity in 0-band : “0.4 A/W
__ P_copact i il Responsivity in C-band ; 0.025-0.03 mA/W
0 |

Substrate
.'IOm

11.5GHz

Normalized Magnitude (dB)

0 5 i 15 30 25
Frequency (GHz)

1T

lGIII;IlIE\':IETRSITY “mec
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DEMONSTRATION OF THE TRANSCEIVER ARRAY

Signal format : NRZ-PRBS

Error-free operation demonstrated

|
Received O-band signal

50 mV/div

|

[

~252.3mV :
-250 ps 00s

GHENT

UNIVERSITY “mec
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SINGLE CHANNEL FTTH TRANSCEIVER

Co-integration of a DFB laser (transmitter) and an 0-band PD(receiver) on a passive PIC

Si wavequide circuit: 400 nm thick, 180 nm single-step etch.
4 Current

| | 4 Optical power R —
Time Y o
_ i _.." a: E

/
ime ) 2
Directly modulated laser - - - - T'_me_ S s_' ;
1 C-band DML O-band PI!:J :

— GND

CEAEH DI S —

BOX

Si Substrate

Ohversy  LIMeC 33
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MICRO-TRANSFER-PRINTED [II-V-0N-SI DFB LASERS

Source wafer

Transfer printing
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MICRO-TRANSFER-PRINTED I11-V-0N-SI DFB LASERS—2NP GENERATION

* (@rating period: 477 nm(2nd order)
* (rating length: 300 pm
* Lateral misalignment: 240 nm

e KL=5.16
e SMSR:>40dB
* Threshold: 18 mA

e Waveguide coupled power: 2 mW

“mec
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Normalized Magnitude (dB)

SINGLE CHANNEL FTTH TRANSCEIVER

Signal format : NRZ-PRBS
DFB laser small signal 3-dB bandwidth: 7.8 GHz
DFB fiber coupled power: 0.45 mW

C-band DML

Si Substrate

Responsivity of the PD in 0-band: "0.3 A/W

. . o : .
Error-free operation @ 10 Gbit/s —— i_i
e Cr—
5
e . e
T T T '_'—WéOn‘mA" —=—12.5 Gbits, 21 * —=— 12,5 Gbit/s, 2'-1
3 5 3 21 . . | —*— 10Gbits. 21 ;e —e— 10 Gbit/s, 2"-1
4 ™.
— 44 ‘
74
un]
Q -6
o -6+
3
-84 -8
-8t
Y 4
P R 1 R N o, Downstream | | | o Upstream
0 2 4 6 8 10 12 14 -16 14 12 -10 -8 -6 -4 A

Frequency (GHz) Received optical power (dBm) Received optical power (dBm)




WHAT DID | DO IN MY PH.D YEARS?

1.

2.

_

I}
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Transfer-printed Fiber-To-The-Home (FTTH) transceivers
1. Transfer printing 0-band photodiodes
2. Transfer-printed DFB lasers
3. Four-channel point-to-point FTTH transceiver array
4.

A single-channel point-to-point FTTH transceiver based on the co-integration of DFB laser

and 0-band PD
Integration of IlI-V-on-Si coherent receivers through micro-transfer printing.
1. Transfer-printed widely tunable and narrow linewidth laser
2. Transfer-printed coherent receiver on a passive PIC
3. Integrated coherent receiver based on the imec iSiPP25/50G platform

“mec
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LASER SPECTRAL LINEWIDTH

VAVAVAVAY
S WM S W
Mirror Galn medium Mirror
2 .
Avp — vghvginnspam (14 az) 1. Low caery loss(gy, Iy )
87 P 2. Long cavity (L)
3. High output power (P)
= =L tin(ry,) 4. Low linewidth broadening factor (o)
5. Stable pump
i}
Diversy  LIMEC 38



ALIGNMENT TOLERANT [11-V/SI TAPER STRUCTURE

Position tolerance of 1.5 pm at 30 in large arrays
+0.5 ym when printed in small arrays

1. Reduce the optical confinement factor in I11-V
2. Use a wide IlI-V waveguide

,— Alignment marker _—

=

“— p-contact m
~— p-InGaAs

_ e
~— Active region

;e =
-~ n-contact metal e
/N ~— n-InP e

Alignment marker —/

e

—

I}

SHF\PETRSWY “mec
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ALIGNMENT TOLERANT [11-V/SI TAPER STRUCTURE

_—

GHENT
UNIVERSITY

[1I-V wavequide width> 4.5 pm
Si waveguide width: 2 "3 um
BCB thickness < 60 nm

[11-V taper tip width <600 nm
[1I-V taper length >180 pm

"BCB: 20 nm
[11-V taper length : 180 pm

“mec

Transmission

Lateral misalignment 1 um

1.0 _ .
0.9 / .

c /

g IJ/ ’/

wn 0.81 /

808/

Eo7l

£ 07

c

© 0.6

= ; —— BCB 20nm
051 —_ ~ BCB 40 nm

—— BCB 60nm

04620 60 80 100 130 140 160 180 200
Taper length (um)

l1l-V taper length 180 um

—— BCB20nm
0.80- —— BCE 40 nm
—«— BCB 60 nm
02 04 06 08 10 12
IV taper tip width (um)

40



PRE-FABRICATION OF SOAS ON THE INP SUBSTRATE

Release layer: 500 nm InAlAs
l1I-V mesa width: 4.5 pm L I
Taper length: 200 pm
Coupon pitch: 70 pm

SOA length : 116 mm/1.36mm

3 i

Qigm

dSGQm

Alignmenﬁ marker=—>_.-
N-metal contact~__ =
P-metal contact\)q

SHF\LQETRSITY “mec — _ 41




TRANSFER-PRINTED Il1-V-ON-SI WIDELY TUNABLE LASERS

Tunable reflector [Fugsc ez eras
iz g

Vernier filter NIV amplifier
Fiber probe

NPV

—159 40 nm

Transmission (dB)

—25; Vernier filter fammmmm
fContact pads

—  ~350 1530 1540 1550 1560 1570 1580 1590 I I I I I

T
GHENT Wavelength (nm)

UNIVERSITY Litiec

Common ground
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TRANSFER=-PRINTED II1-V-ON-SI WIDELY TUNABLE LASERS

Tuning range: 50 nm

SMSR: >40 dB

Peak output power: >5 dBm
Minimum Linewidth: 300 KHz

“mec

3.0
S
£ 25|
T
2.0
2
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[1[-VV-ON-SI INTEGRATED COHERENT RECEIVER (ICR) ON PASSIVE PICS

Si PICs:
Si device layer: 400 nm thick
Etch step: 180 nm

I unae aser E?

Bondpads

C-band high speed PD

90° hybrid

200 pm

P-contact pads

SHF\E’QETRSITY “mec
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[1[-V-0N-SI ICR ON THE IMEC ISIPP25G/50G PLATFORM

A B}pdpndq o>

*'/zs i

, ;} 7 ‘_,-3(/,9 : 'i’.//// 8/
/ ¢
BDs ‘“‘”ﬂ J

| Grating

et

90° ‘coupler

3 s "% 4
"Ry - AR

\:1‘\%

0.3 mm

- — -
0.7 mm
(a) 28Gbaud QPSK
—e—theoretical limit —e—measured
1E-1
1E-2

FEC o 5
1E-3 12 13 14 15 16
- (c) LO power [dBm] e le =
51E-4 - -1 30 05 1
- 1 ]
1E-5 —e— 0 power = 14.7dBm e a o o
L6 ‘ . 0000
ﬁ e e gt
= 7 8 9 10 11 12 13 14 15 16 17 18 ; 4 "°_ o oo
GHENT 5 6 7 8 9 10 4 05 0 05 1

UNIVERSITY .. Ll Ly signal power [dBm] Real 45



[1[-V-0N-SI [CR ON THE IMEC ISIPP25G/50G PLATFORM

Encapsulation layer
DVS-BCB passivation layer

PDMS stamp Metal contact

Alignment marker
Alignment marker

Recess Ge PD

Back-end layer
SiOz2 cladding
BOX

Bond pad

Si substrate

Grating coupler
Si heater & P

Device 1 Ge PD/
e Device 2 Ge EAM/
[ ] Si modulator

520 nmwu "

| 200mm Si Substrate

(LTI
lGIII;IlIE\':IETRSITY “mec
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ALIGNMENT TOLERANT I11-V//SI TAPER STRUCTURE

5pm
— - . . .
— | Si/poly-Si/n-InP to Si
N
*
160 nm Poly-Si
T Si 220 nm
RN P
3pm T
1.0 _______BCB 20 nm . Lo .- x .
//r--" N ..__,.--""-_-_____-/I-"J_--_-_-__ :I_,.\._.I\ ;_.,— e —
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TRANSFER-PRINTED SOAS ON THE IMEC ISIPP50G PLATFORM

15

Spray coated BCB o %mﬁ

SOA length: "1 mm S z: ________
Small signal gain: 10dB @ 100mA i sl

3dB gain bandwidth: 35 nm @100 mA g frogege|

g —15p- —  P_inwg-26.45dBm

S —20}- — P_inwg-20.45dBm

-25 — P_inwg-10.45dBm

— P_inwg-5.95dBm

~396 506 30 40 50 B0 70 80 90 100
Bias current (mA)

100 mA
80 mA

o
7
A/

t.n\

1530 1540 1550 1560 1570 1580
Wavelength (nm)
—_—

mwgnsm “mec



[CR DESIGNS ON THE IMEC ISIPP50G PLATFORM
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We are ready for the next step!
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WHAT DID | DO IN MY PHD YEARS?

1.

2.

Transfer-printed Fiber-To-The-Home (FTTH) transceivers
1. Transfer printing 0-band photodiodes
2. Transfer-printed DFB lasers
3. Four-channel point-to-point FTTH transceiver array
4. Asingle-channel point-to-point FTTH transceiver based on the co-integration of DFB laser
and 0-band PD
Integration of IlI-V-on-Si coherent receivers through micro-transfer printing.
1. Transfer-printed widely tunable and narrow linewidth laser
2. Transfer-printed coherent receiver on a passive PIC
3. Integrated coherent receiver based on the imec iSiPP25/50G platform

What is next:

_
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* Complex C-band IlI-V/Si PICs based on iSIPP50G
* Move to 0-band with InAs/GaAs QD structures

. * Integration of other materials / on other photonic platforms
mec
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