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PHOTONIC INTEGRATION: MANY FUNCTIONS ON A CHIP URIVERSITY

Complexity of the circuits depends on

« number of functional blocks

Modulator

Vyave'length
filter

 density of integration

Fiber-Coupler

waveguide

Photodetector;
&
/

Circuits connect elements together with waveguides

Fiber:Coupler
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MANIPULATING LIGHT ON CHIPS GHENT

UNIVERSITY

Complexity Power consumption

Overall Performance Ecological Footprint

Reliability Cost
Ergonomy goes down
goes up

The benefits of scale
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PHOTONIC INTEGRATION: MANY FUNCTIONS ON A CHIP TR
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wavelength
filtering

signal

light
& modulation

transport

light detection
source » PN
N
D | B

Circuits connect elements together with waveguides
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WAVEGUIDES [ ] UNIVERSITY

L
/\/\/\/\') guided mode: n,sr(A)

Propagate light from the input to the output

C
Nefr(A)

- wavefronts propagate with velocity v,,(1) =
(nesr(A)= effective refractive index)

- Dispersion: n.¢f(1) is wavelength dependent

C
ng(A)

- Group velocity: time delay of a wave packet: v, (1) =
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SPLITTERS

e

Splits light in two equal parts
e one input
« two outputs
e symmetric

Reciprocal: Also has 3dB loss when used as a combiner.

out2 I -
o .

outl

10
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2%X2 COUPLERS

inl

— "1mec

GHENT
UNIVERSITY

outl

11



OFC 2021 - SHORT COURSE SC454 —

WAVELENGTH FILTERING

channel drop filter ﬁ*

- selects a passband from

“mmec

a wavelength range

Interleaver Ii*

- separates alternating

wavelength bands

] outl
demultiplexer .

- separates multiple d

wavelength channels

out2
out3
outd

out5

12
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WAVELENGTH FILTERING

) AL

splitter combiner

| = _umnec
Mach-Zehnder filters ONVERSITY

e two-arm interferometer

) . fixed delay AL

m  sinusoidal spectral response
Can be cascaded for more complex filters

T4 TAL

wavelength 13
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RING RESONATOR sy
Light resonates in ring cavity:

Loptical = I-physical-ﬂeff = m.A
» Quality factor Q ~ cavity losses (internal + coupling)

N
7

Transmission

Transmission
\
Transmission

— "1mec
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VERTICAL FIBER INTERFACES UNIVERSITY

Diffraction grating couples light
from fiber to waveguide (and back)

« wavelength dependent

vertical in ‘ Dlnut

15
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ELECTRICAL MODULATION _ _ o ONVERSITY
Electrical actuation: Switching and modulation
Electrical signal * Thermal
CW light C. . :
/ « Carrier injection/extraction

* Electro-optics

.
/" Modulated light Different applications:

k
 Tuning: slow, analog

« Switching: slow, digital (<kHz), full amplitude
« Signal modulation: fast (GHz — 100GHz)

« amplitude

 phase

16
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PHOTODETECTION

detector

»

/" modulated light

r

J

electrical signal

)

= "1mec

GHENT

Mechanisms UNIVERSITY

photodiodes: absorbed photon
creates electron-hole pair.

* p-i-n diode
 metal-semiconductor-metal diode

photoconductors: absorbed photon
creates free carriers

photobolometers: absorbed photon
heats material, which then changes
electrical resistivity

Examples

l1I-V semiconductors (visible, telecom, MIR)
Germanium (telecom)
Silicon (visible, NIR)

17
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L ASERS AND AMPLIFIERS URIVERSITY

Introducing optical gain on a PIC

« semiconductors (ll1-V, Germanium)
can be electrically pumped

amplification :
P  rare-earth (Erbium) can be

source incorporated in glass waveguides

« parametric gain (four wave mixing)
requires nonlinear material

18
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PHOTONIC INTEGRATION: A MIX OF MATERIALS Lithium Niobate  oiversry

- | Polymers
ass, polymers, Y
-V serrfl.condu % semiconductors
Silicon L '

[11-V semiconductors
(GaAs, InP)

wavelength
filtering

signal

light
's modulation

transport

light detection
source » PN
NP
R
I1I-V semiconductors
(GaAs, InP)
Germanium

19
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GROWING PHoOTONIC CHIP MARKET UNIVERSITY

Different material systems

Global Photonic Integrated Circuits (PIC) Market, By Raw
Material

= N B

—
am MW

2019 2020 2021 2022 2023 2024 2025 2026

* Indium Phosphide * Silicon On Insulator » Silicon On Silicon

» Gallium Arsenide * Lithium Niobate

75% = semiconductor technology

source: maximizemarketresearch 20
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WHAT 1S SPECIAL ABOUT “SILICON PHOTONICS”? GHENT

The market will be 0
REGISTERING 22 7 A)
a CAGR of over . o
37.7%

of the growth

wiomeion 0 19.85%

North America 4=

The market was valued One of the KEY DRIVERS for
this market will be the rising

$0.98 BN in 2019 The market is FAIRLY FRAGMENTED with government influence towards

numerous players occupying the market share e-banking and demand for high-
speed data transmission

WLt . i Cl -7 e
— " i — st P
% b \ F
() ] " A ¥ v
9 [ |
e o + i
! 2
- : - :
- o
e 4

R Trends & Latest Highlights
e GLOBAL SILICON PHOTONICS MARKET 2017- ]

REPORT: jail ~— L7
D' EMERGEN

source: emergen resea rch
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WHAT IS SILICON PHOTONICS? URIVERSITY

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

-‘Ial B
* ' 5
{
R
2 = .
7 ’
. A .
. 1
I .
v\ J f
| >,
LN R oary
e IR R4 !

Enabling complex optical functionality
on a compact chip at low cost

— "1mec

22



OFC 2021 - SHORT COURSE SC454 e

= "1mec
SILICON IS NOT A GOOD PHOTONIC MATERIAL UNIVERSITY

signal
modulation

light
transport

light
source

detection

N
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N\YOLE
SILICON PHOTONICS INDUSTRIAL LANDSCAPE Y ocreioppercr

) sicoya

CaftBba ) SENTEA “ ‘

: scl NTI L -

Source: Yole developpement 24


http://www.yole.fr/
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SILICON PHOTONICS: WAVELENGTHS AND MATERIALS UNIVERSITY

Compatible with a CMQOS fab

High refractive indices

| 4
1.0

|
0.3

25
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WHY SILICON PHOTONICS? UNIVERSITY

Large scale manufacturing

Scale

Submicron-scale waveguides

26
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SCALING ON-CHIP WAVEGUIDES UNIVERSITY

a®
“ I
.
“

Ny
.,..
«

I11-V semiconductors

Glass waveguide | index contrast ~ 10%

contrast

Higher index contrast
Smaller waveguides

Ipm

-

silicon wire:
index contrast ~ 200%

27
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SILICON PHOTONIC WAVEGUIDES

silicon-oxide

Si substrate

500 nm

[ mag K WD | tilt HV | HFW
|50 000 x| 5.1 mm |52 °[18.00 kV|2.56 um

Neore = 3.45
Ncladding = 1.45

T pm
Ugent

GHENT
UNIVERSITY

High intensity
on sidewalls

— "1mec

28
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HIGHER CONTRAST, SMALLER CORES, TIGHTER BENDS GHENT

UNIVERSITY

Silica on silicon

—

-

Contrast ~0.01-0.1 Indium Phosphide

Mode diameter ~ 8um

Bend radius ~ 5mm Contrast ~0.2-0.5 = .

Size ~ 10 cm? Mode diameter ~ 2um Silicon on insulator
Bend radius ~ 0.5mm Contrast ~ 1.0 = 2.5

Size ~ 10mm? Mode diameter ~ 0.4pm

Bend radius ~ 5um
Size ~ 0.1mm?

10000 x

29
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HIGH INDEX CONTRAST: A BLESSING AND A CURSE UNIVERSITY

Every nm3 matters

CMOS technology is the only manufacturing technology with sufficient nm-process control
to take advantage of the blessing without suffering from the curse

= "1mec

30
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BARE SILICON-ON-INSULATOR WAFER UNIVERSITY

Silicon substrate

31
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PHOTOLITHOGRAPHY UNIVERSITY

1. Spin-coat Photoresist + pre-bake

2. Mask Is projected in the resist
(UV light at 248nm or 193nm)

3. Post-Exposure bake

4. Resist is developed

35
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SILICON ETCHING

1. Plasma etches the exposed silicon

2. Remaining resist is stripped

Silicon (220nm)

37
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PARTIAL SILICON ETCHING m

1. Lithography of second layer

2. Plasma etching Crating CogfiiP
g p

\

3. Resist Stripping

Silicon (220nm!
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DOPED REGIONS FOR MODULATORS AND HEATERS

1. Lithography of windows
2. lon implantation

3. Resist Stripping

I

Modulai

9
0

GHENT
UNIVERSITY

oped Silicon

— "1mec

39
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GERMANIUM PHOTODETECTORS UNIVERSITY

Oxide cladding
Planarization (CMP)
Opening of window
Epitaxial Growth of Ge
Planarization (CMP)

a bk~ W D E

Photodetector

44
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ELECTRICAL CONTACTS: DAMASCENE PROCESS UNIVERSITY

1. Depositing dielectric layers
2. Lithography and Etching holes
3.

4. Planarization (CMP)

Filling with Tungsten (W)

45
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METAL INTERCONNECTS: DAMASCENE PROCESS URIVERSITY

. Depositing dielectric layers

1

2. Lithography and Etching tracks
3. Filling with Copper (Cu)

4. Planarization (CMP)

avelling-wave
N\ RE éelectrodes

Repeat for more layers

46
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METAL BONDPADS UNIVERSITY

1. Deposit dielectric layers

2. Depositing Metal (AlICu)

3. Lithography and Etching pads

HEF

a7
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SILICON PHOTONICS CHIPS

1. Passive circuits with multiple etch layers

2. Modulators and Photodetectors

3. Metal wiring

Grating Coupler

GHENT

“umec

UNIVERSITY

Photodetector

48
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WAVEGUIDES gII:IFVNETRSITY

Waveguide losses dominated by scattering.
2.0

1.8- \

I‘ imec’s 200 mm ref wire loss

Use better litho + etch

‘ imec’s new 300 mm wire loss

—

Propagation loss [dB/cm]

sidewall 0.2+
roughness

0.() ] l L] l L) ' L I ] T l L I

T l L 1
1490 1500 1510 1520 1530 1540 1550 1560 1570
Wavelength [nm] 49
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DIMENSIONAL DEPENDENCE OF A WAVEGUIDE GHENT
3.0- ! .
' - 0.006 2.4 - 0.0070
2.8+ Mor e (W) | ]
g ! -0.005 2.3+ Ausas
24 - . - 0.0060
22 i &2 - 0.0055 —.;
E 2'0—: [ § EXTR [ 0.0050 _%
£ 1.8 i = ;3 i =4
= ] -0.002 T -0.0045 &
1.6 - } I _g“ 2.0 4 I £
1.4 i - 0.001 ] — 0.0040
1.9
) _/ I - 0.0035
ey ’ - 0.000 ' I
1.0 — 1.8 — T T 71— T 0.0030
200 400 600 300 1000 1200 140 160 180 200 220 240 260
Wire width (W) [nm] Wire heigth (h) [nm]
Ga—

s ] |»

50
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SENSITIVITY OF SILICON PHOTONICS WAVELENGTH FILTERS ONIVERSITY
Especially wavelength filters are sensitive: | Iﬁ |
« geometry

* Stress

* temperature

EN wavelength
. ) — =1 nm/

wire width ow nm »
: . OA ~ pnm

wire height 37~ /nm h | [

Sio,

oA
—_—~ nm
temperature = 0.08 ™M/,

51
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THE BASIC OPTICAL PHASE SHIFTER: A HEATER UNIVERSITY

Waveguides are thermally sensitive:
A¢ ~ Aneff ~T ~ Pelec ~ V2 ~ 12

Integrate resistor close to the waveguide

efficiency: P, = 5 — 30mW

(for silicon waveguides)

phase|shift

voltage

52
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THE BASIC OPTICAL PHASE SHIFTER: A HEATER UNIVERSITY

Performance determined by geometry

* not too close to waveguide
(metal absorbs)

« volume to be heated (thermal mass)

« Thermal leakage paths

-
dopedsi|.
asistor ‘/‘

> 4 i}
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ELECTRICAL SIGNAL MODULATION

Add doped junction to silicon waveguide:
modulate refractive index

substrate

Metal strip line

= "1mec

GHENT
UNIVERSITY

54
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ELECTRICAL SIGNAL MODULATION

Add doped junction to silicon waveguide:
modulate refractive index

« travelling wave modulator

* ring resonator modulator

§LE F iy

25Gb/s, | Vpp

| 56Gbls, 2.5Vpp
Vbias= -0.2V, ER = 2.3dB, Q = 5.3, Opt. Power=13dbm,

I 560nm, PRBS=2e31-1 Vbias=-0.75V, ER=4dB, Q=4.2, PRBS=2e31-|
G F“"’ ko Mpmre Cakrste Bl s b6 ) 9 9 @ =2 Cpe Do Sio Were Citas s v ) Y 9 Y @ - =)
=] chetia ]

1533015 1747

VYN D
y@ rEtr s, | SRS @TAERY | BEOUER | Wman Grie ) Y@ SR N 0. | PRSI | QIS | SRS, | V) SR

wJ
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injection

depletion

©

©

+++++++ |

accumulation

—_

CARRIER-BASED MODULATIE Ny

Refractive-index of semiconductors depends
on local carrier density

Modulate carrier density in waveguide

« phase modulation

* (spurious) amplitude modulation
(free carrier absorption)

Modulation mechanisms
 carrier injection (in pin diode)

speed limited by carrier recombination
(~GH2z)

« carrier depletion (in pn diode)
speed limited by RC constant

« carrier accumulation (in capacitor)
speed limited by RC constant

“umec

56
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GHENT

GE-DETECTORS COUPLING FROM SILICON WAVEGUIDES UNIVERSITY

Butt Coupling

Evanescent Coupling Two level

——

LB

/-

BOx

BOx

BOx

ity

Relevant parameters
- Responsivity (A/W)
- Bandwidth (GHz)

B - Darl current ()

= "1mec

57
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[I1I-VV LASERS ON SILICON nrcontact-A

p-InGaAs
p-inP

Active region
n-inP

SOl
Silicon does not emit (indirect bandgap)

Bonding of IlI-V layer stack on silicon

Careful engineering of the transitions

Top Contact (Anode) Tunnel o mm
. o : prell

P-lype 0P T{p %er
. » y ‘ | .
L aVeE

source: UCSB, UGent 60
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[11-V EPITAXY ON SILICON: DIFFICULT

300 nm GaAs:Be (2x10'? cm?) 22.5 nm GaAs:UID
500m 40 0% AlGa.AsBe (110" cm) | 100 GaAsBe (6x107cm?)
lp.4Gag ¢/ ‘ 4 ‘cm?) 17.5 nm GaAs:UID
20nm20—-40%A! Ga‘,,,AsBe(SX107cm4) A A A A A A

30 nm Al, ,Ga, gAs:Be SCH (4x10'7 cm) Py
37.5 nm p/UID GaAs :
A A A A A A
50 nm GaAs:UID 10 nm GaAs:UID
30 nm Aly ;G sAs:Si SCH (2x10"7 cm?) ~ 10nm GaAsiBe (5x107em?)
20 nm 40 — 20% AL Gay A 107 cm'3) 17.5 nm GaAs:UID
cladding cm?) A A A A A A
0% AI Ga(1 ,As Si (1x1o1scm 3) 10 nm GaAs:UID
17.5 nm GaAs:UID
A A A A A A
UID 50 nm GaAs

—_
I

e, umec

UNIVERSITY

Challengin

* |attice constant mismatch
« polar vs. apolar material
Solutions:

« Thick buffer layers
 high aspect ratio growth

e guantum dots

First lasing demonstrated
(optically pumped)

61
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SMALL BUILDING BLOCKS — LARGE CIRCUITS URIVERSITY

um-scale building blocks )
> mmmm) thousands — millions components

cm-scale chips J

Photonic Very LargejScalellntegration (VLSI)
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SILICON PHOTONIC CIRCUIT SCALING

Rapidly growing integration

« 0(1000) components on a chip

« photonics + electronic drivers

« different applications (mostly comms)

« Relatively small chip volumes
(compared to electronics)

Number of components

ln-ﬂ- .

1[]3 .

lDE .

lDl .

107

2006 2008 2010 2012 2014
Year

2002 2004

All photonic circuits are ASICs

Khanna et al. 2016

——
-
~=umec
UNIVERSITY
105 { —— Doubling every 18 months
—— Doubling every 12 months
m Transceiver data points
m MNon-transceiver data points -
number of components/chip

2016 2018 2020

63
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UNIVERSITY

GHENT

PHOTONIC LARGE-SCALE INTEGRATION IS HERE

That does not mean it is easy...

Larger circuits — lower fabrication yield?

64
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MORE THAN JUST PHOTONS UNIVERSITY

Silicon photonics goes beyond the optical chip software configuration

-
- --
> -
—

1) 0] 4
#7

e |

- —
— -
~ -

S
ey

—y o
i / -

10s RF signals 10000s optical elements

i
i
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-
il e . -
i -
- -
_— —
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UNIVERSITY

THE PHOTONIC CHIP IS JUST A PART OF THE SYSTEM

wa

L A LAY

U

%
g
Z
=
E.
Z
-
(4

analog digital software user
photonics electronics electronics
integrated package

66
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PACKAGING TECHNOLOGY

Combining photonics and electronics

Fiber interfaces

RF connections

Thermal and mechanical

multi-core fibers fiber arrays-

7. 18 2 n @ 8 &

- .
m 2 % B 2 AW
e A
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FABLESS SILICON PHOTONICS URIVERSITY

Many fabless Silicon Photonics companies have emerged
« from direct collaboration with fabs (Luxtera, ...)

 starting from MPW (Caliopa, Genalyte, Acacia)
Established players are also partnering
* e.g. Finisar with ST

« Many keep their fab a secret

How to enter as a new (fabless) startup?

68



OFC 2021 - SHORT CouURSE SC454 ﬂrTlT

= "1mec
COMPLEXITY AS AN ENABLER URIVERSITY

Integrated Electronics
 Dillions of digital gates: unprecedented logic performance
« millions of analog transistors: unprecedented control

— (even with imperfect components: enabled by design!)

~ More - ! More S _ More
elements J \_> complexity - functionalityJ‘\»

ORI == T st

Integrated Photonics (Silicon Photonics)

« technological potential of 10000+ photonic elements on a chip
* not even scratched the surface of what this could do

69
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PHOTONIC CIRCUIT DESIGN
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ENABLING COMPLEXITY IN PHOTONICS

Industrial PIC technology platforms (Si, InP, ...)

« demonstrations of sensors, spectrometers, ...

« commercial products

But: fairly simple circuits ~ 1970s ICs \

More complexity is enabled by design methods
* Design capture: translating ideas to circuits
e Circuit simulation (electrical+photonic)
* Variability analysis on circuits

* Yield prediction and improvement

= "1mec

GHENT
UNIVERSITY

71



OFC 2021 - SHORT CouURSE SC454 ﬁ

“umec
COMPLEX CIRCUITS # COMPLICATED BUILDING BLOCKS UNIVERSITY

of
.% M e
ﬂ% Electronics: Transistors, Resistors, Diodes, ...
: Photonics: Waveguides, Directional couplers, ...

Complexity emerges from connectivity

You can do a lot with a few building blocks

But you need to support complexity
- Accurate models

- Variability

- Parasitics

72
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ONIC INTEGRATED CIRCUITS URIVERSITY

Can we learn from electronic ICs?

Millions of analog transistors
Billions of digital transistors
Power, timing and yield

First time right designs

Very mature Electronic Design Automation (EDA) tools!

A well established design flow

Can we repurpose this for photonics?

73
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DESIGN ENVIRONMENTS ARE EMERGING !—HQENDA SIEMENS jeesiy
Combinations of Photonics Design and EDA ' SYNOPSYS' -r
Physical simulation combined with circuit design ( lumerical
Physical and functional verification C?f Optiwave cadence

First PDKs with basic models

U=l IS T Iwl Ietaimi-=
s/5/8/x/5/5/8/%/% 5%

w0 0R

= ==/
g/5/5/5 8

DT

74
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WHAT IS A DESIGN FLOW?

= "1mec

GHENT
UNIVERSITY

¢¢ Design is the creation of a plan or
convention for the construction of

an object or a system 2 ?

Design Flow

¢ €q repeatable pattern of activity,

usually involving multiple tasks with a
specific set of outcomes? ?

75
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WHAT IS THE PURPOSE OF A DESIGN FLOW? UNIVERSITY

idea/ a working chip
concept

to translate an idea into a WORKING chip.

76
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A TYPICAL DESIGN CYCLE

idea/ design simulate
concept function function

Front-End

Back-End

design flow

verify
design
function

fabricate
device

time

— "1mec

GHENT
UNIVERSITY

79
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A GREAT IDEA?

idea/
concept

Questions to be asked

What should my device do?
What are its operational principles?
How well should it perform?

Where/How will it be used?

To go from an idea to a design, you need

SPECIFICATIONS

design flow

= "1mec

GHENT
UNTVERSITY

time

81
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DESIGN CAPTURE AND SIMULATION UNIVERSITY

Capture design intent
design [l simulate in a functional description

function function

* underlying equations
e behavioral models
 flow of information

This typically results in a
schematic circuit

design flow time

82
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DESIGN CAPTURE
Select/construct functional blocks
Connect them together

* Netlist:
list of connections (“Nets”) and which

components the nets are attached to.

« Schematic:
graphical representation of
a netlist, with placements

arml

@ @
dc
® @

GHENT

UNIVERSITY

dc

—/
Example: H—@

Mach Zehnder Interferometer

“umec

I
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SCHEMATIC EDITOR

component
libraries

scriptability

—_
I -
o : Se. umec
rag an ropping components UNIVERSITY
and drawing connections make waveguides
I explicit if needed
p
Schematic Editor /
File Edit View Help
B I US[«el~|i==IpClmoe / ©
PDK Library & Parameter > | Value *
5 . Center Wavelength (nm) | 15850
waveguide Voo (V) 6 A T
_pi ! : H
; arametrization
splitter tx2 Bandwidth (Hz) 110k P
coupler2x2 D Q _'-'_E]_' Resistance (Ohm) 105
grating coupler ge_in ring? wor Loss (dB) 0.6
modulator D e Effective Index 25
phase shifter gnd pad_gnd Group Index 39
directional Emn [:D ]
pad_in " <=
ring filter T
o B % |
out Tom

MyLibrary

psl inserted
= select instance psi
psl selected

=

h
= insert instance “phage shifter ps1 250.0 120.0

| command Pmml’-ﬂd simulation d ingf

N

\ interface to

circuit simulation

specify
1/O ports

different connections
(waveguides, direct
loptical, electrical)

84
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HIERARCHY

Netlists are hierarchical

Hierarchical cells:
contain another netlist

Atomic cells:
contain a circuit model

1?

—

dc

—4 "unec

ENT

wWg

:I VERSITY

n

Ly

g

€

dc

Example:

Ring-Loaded Mach Zehnder Interferometer

arml

—0—| arm?2 I

@
@ —o
dc
*—__
@
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i -
- I mmec
WAVEGUIDES IN PHOTONIC SCHEMATICS wavesuide ONVERSITY
U link to the
.

output

A > e <T-

grating splitter combiner grating
coupler coupler
direct (logical) —e

connection What are waveguides?
Simple connections between building blocks

« the length and shape does not really matter
it should just provide a good connection

 similar as an electrical wire

phase sensitive Functional blocks with a certain phase/time delay
(delay in MZI)

separate building  length and shape are very important
block

« should be treated as a building block
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DESIGN CAPTURE AND SIMULATION

design
function

simulate
function

design flow

= "1mec

GHENT
UNIVERSITY

Capture design intent
in a functional description

* underlying equations
e behavioral models
 flow of information

This typically results in a
schematic circuit

Simulated at an abstract level
Optimization: an iterative process

time
=
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AN = "1mec
¢ . MODELS FOR CIRCUIT SIMULATION -

Should allow simulation in a larger circuit
- based on equations
- based on measurement data

- based on EM simulations

Photonics: Nothing really standardized
* No standardized simulation method
* No standard model description

* No standard signals

88
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— "1mec

A GoobD CIRcUIT MODEL UNIVERSITY

Maps input signals correctly to output signals
In frequency domain and time domain

Is efficient (for circuit simulations)

Has meaningful parameters

Can be extracted from measurements
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BLACK-BOX VS. WHITE-BOX MODEL

White-box:

knows the circuit
captures the physics

Sin(t) EEE)

Black-box:
* Internals unknown
« mathematical fit’

Sin(t) N

Add

L1

L2

Through

= "1mec

GHENT
UNIVERSITY

) 5...(0)
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= "1mec
OPTICAL CIRCUIT SIMULATION UNIVERSITY

Generalized scattering of an incoming wave :
J J b; = Bje_]“)t

J
3 /v

« Calculates one wavelength at a time
« gets response between all ports in one operation

« Can only model linear, time-invariant systems

out in frequency (wavelength)
dependent 91
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= ‘mmec
FREQUENCY DOMAIN SIMULATION S trsiry

/" /\

Frequency domain simulations are very
useful for calculating

* [nsertion losses
« Backreflections
« Dispersion (wavelength dependence)

« Wavelength filter response

A
| | and can also be extended to model

« Slowly varying effects

1430 1455 1490 1525 1580
wavelength

« Certain optical nonlinearities
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= ‘1mec
WHAT IS A PORT OF A WAVEGUIDE COMPONENT? UNIVERSITY

Orthogonal states
* Physically separated waveguides

« Each mode in the waveguide

)

3 physical
waveguides

Example: 6 “ports” — 6x6 S-matrix

In practice:

Only use the relevant

modes (rest is “loss”)

2 guided modes 03
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I -
— tmec
TIME DOMAIN OPTICAL CIRCUIT SIMULATION ONIVERSITY
e ™ Calculate time response of a circuit
- .. — . - to a stimulus
excitations = circuit = monitors (or combination of excitations)
\_ V. - at certain output monitors

* using discrete time steps

Pro:

« Faster than electromagnetic simulations

» Supports large circuits

con:

« Slower than frequency domain

* Only response to specific stimulus
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= "1mec
LIGHT PROPAGATES THROUGH CIRCUITS UNIVERSITY

b(t) = B(t)e /@t

incoming wave

outgoing wave

building block

a(t) = A(t)e /ot A(t) » B(t)

spatial profile = waveguide mode

Time domain:
« time-varying signals propagating between nodes
« Linear, nonlinear and electro-optic systems
« Basically any equation can describe a node
- Still fast, but slower than frequency-domain

« Every excitation needs a new simulation
95
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OPTICAL VS. ELECTRICAL CIRCUIT SIMULATION UNIVERSITY

optical = electrical ... at very high frequency

z00m

||

|||

ultra-small time steps (fs)
ultra-long simulations (10*? time steps)

high-bandwidth signals (200THz)

ma

period ~5fs

\ 4

complex envelope
 amplitude
 phase

of carrier

Impractical!

Solution: analytic signal

= complex amplitude on carrier

= "1mec
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= _unec
TIME STEPS SHIEVNETRSITY
/\/\/\/ in ut in (ﬁ)ut in ﬁut in [jw_t‘
~_7 )
out[t] = f(in[t — 1]) N steps delay

need sufficient accuracy:
 circuit elements have a delay of at least 1 time step

 Integration of differential equations get more
accurate with smaller time steps

« Smaller steps = longer simulation
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OPTICAL SIGNALS

An optical link carries an
an optical signal...

signal

/two directions

@.Iine.@

complex number

wavelength:
N channels

\M modes

2 x 2 x N <V

UNIVERSITY

not all simulators
support all combinations

mode/polarization:

. : W
- A -
power phase
single WDM spectrum
TEO TMO TE1
[~ 1 = AC T
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OPTICAL SIGNALS: EXAMPLE

Example: Single-A link

One direction

One wavelength
On-off-keying: power
One mode: TE

two directions

complex number

wavelength:
N channels

mode/polarization:
M modes

= "mmec

GHERT

1 x 1 xvifrex 1

- =
power phase
single WDM spectrum
TEO TMO TE1
[~ 1 N AC T
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OPTICAL SIGNALS: EXAMPLE

Example: WDM bidirectional link

two directions
QPSK modulation: phase
32 wavelength channels

one mode

two directions

complex number

wavelength:
N channels

mode/polarization:

M modes

—_

J T
GHENT

“umec

2 x 2 x32'%"1]

1/
- =
power phase
single WDM spectrum
TEO TMO TE1
[~ 1 N AC T
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OPTICAL SIGNALS: EXAMPLE

Example: DWDM multimode link

two directions
QAM64 modulation: phase
512 wavelength channels

4 modes

two directions

complex number

wavelength:
N channels

mode/polarization:

M modes

—_

J T
GHENT

“umec

2 x2x512% 4

XX

1/
power phase
single WDM spectrum
TEO TMO TE1
i W C 3 AC T
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OPTICAL SIGNALS: EXAMPLE

Example: Spectrometer

two directions (parasitic reflections)
wavelength filtering: phase
continous spectrum: 100nm @ 5pm

one mode

two directions

complex number

wavelength:
N channels

mode/polarization:

M modes

—_

CHENT “unec
—> 2x2x20000x 1
2 aal RS
power phase
single WDI\/I‘; spectrum
TEO TMO TE1
[~ 1 AC T
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SIMULATING LINEAR CIRCUITS

Photonics does not fit easily in Spice

Effort-flow systems

= "1mec

GHENT
UNIVERSITY

Voltage Current

m Pressure Flow
Temperature  Heat Flow™

Force Motion

Not the best formalism for photonics
(more like an RF wave)
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PHOTONICS AND ELECTRONICS USE DIFFERENT FORMALISMS ‘JH_FV“ERS.TY

electrical:
- effort-flow / SPICE

Vin

gc_in wg

vertical _in out .il[:%

PS

ring Sp“tteroutz ofC_OUtvertical in
e
outl OUt
pd
out gnd
PDout <

How to co-simulate?

optical:
- Scattering waves

— "1mec
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I -
— lnec
SIMULATING PHOTONICS + ELECTRONICS CNIVERSITY
Real system: photonics + electronics
Example: optical link
.’/ ------- receiver
[ TX
signal in i ..’,
i__ signal out

-
’f

,/

\ U4
" laser -
~ U4
~o g
______

— 105
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= "1mec
SIMULATING PHOTONICS + ELECTRONICS URIVERSITY

Circuit has optical and electrical parts:

Some components overlap

- —
- ~

- ~
0
’ \\
/ \
/ S . \
/ \---m----- electrical \
F \ 1
I \ 1
\ 1
I ] |
L i TX i |
I I I
I I
I 1 H
I 1 1
I I 1
— & I I
I I I
I 1 i
! J ]
| /’_________ : ______________ :
I
1 /’ T ? 1 1
I / I 1
I ’ I I
\ i | ! !
\‘ l' —\ / 7 ’,
¥ s /l\ / ]
\ \ ’ ’
N ‘\\ 74
o) laser -
~
.'\ \ ”
“n{v - |

106
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SIMULATING PHOTONICS + ELECTRONICS

Simulating everything in electrical simulator (SPICE — MNA)

 Use native, verified models for electronics

« Build Verilog-A models for photonics

——
- SN

————

~ ’
So -
T R R R R S S R R S N R R R R R R R

Verilog-A models

= "1mec

GHENT
UNIVERSITY

107



OFC 2021 - SHORT COURSE SC454 —

SIMULATING PHOTONICS + ELECTRONICS %JRS.TPHEC
Simulate everything in a photonics simulator (Interconnect, Caphe, OptSim)

« Optimized models and formalisms for photonics

« Electronics models need to be mapped. No verified fab models SUSIE el

~ for photonic
circuit simulator

————————————————————————————————————————————————————
-

\l/
I\

laser
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Se. umec
SIMULATING PHOTONICS + ELECTRONICS UNIVERSITY
Co-simulate with waveform exchange
* Photonics and electronics in optimized model, executed sequentially
« Qutput of one simulation = input of next simulation
P ~ SPICE P
K \\ ————— simulator .. A AN
i) ‘-. | ",
i iwaveform exchange i i
I i (unidirectional) ! |
| PR fmmmmmmemm e T |
i 20 B : i
\ SENVRY \ /. Optical
A AN J | simulator
LN laser” wg
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SIMULATING PHOTONICS + ELECTRONICS

True cosimulation (photonics and electronics in lockstep)

« Both photonic and electronic simulators run in parallel

« Photonic and electronic model exchange data at each step

U4 P
b4
/,’

4w

/4
/4
/9
D_L

Tx
[ N—

e e,
- =
-

-
’f

———————————————————————————————————————————————————
-

_______
- =

(f

’/

SPICE

full signal exchange
(bidirectional)

~

- I

~
~ll~
1

= "1mec

GHENT
UNIVERSITY

Mixed-signal
simulator

-

_ Optical
,/ simulator

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
+

~
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CO-SIMULATION

Cadence

4_4 Electrical Partition Li

Optical Partition
Verilog-A View

Py
_— Ny gy
L\ WL 2]

& "/umerical cadence

Loading and Calling
INTERCONNECT
Functions (written in C)
from INTERCONNECT
Dynamic Link Libraries

INTERCONNECT

Stream In Data for each
Timestep

Stream Out Data for
each Timestep

R

J_ S
® T AVAVAVERR| | ®
~
— & __/% ®
.J/’
Optical Partition
= Svmbol View [

Optical Partition

Schemartic View

S P
-

Analog Design
Enviroment

lSpectre Calling Verilog—Al

INTERCONNECT is

Y

Impaort the netlist

generated by ADE using
"'"r OASIS
supported using OASIS
Framework Simulation results will be
generated in a

Parametric Storage
Format (PSF)

Optical and electrical co-design in Virtuoso Schematic

Photonic simulation in Lumerical Interconnect

A. Farsaei, APC 2016, JTu4A.1
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FROM FUNCTION TO LAYOUT

design flow

— "1mec

GHENT
UNIVERSITY

Layout: the patterns used for
fabricating a chip

* Geometric primitives
* Placing of components
* Connecting components

time
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o umec
LAYOUT UNIVERSITY
Geometric patterns

* Originally drawn by hand
 Now drawn by computer

e or programmed using scripts

Different layers

« correspond to process steps: Mask layers

« or to logical operations (e.g. Boolean
operations)

Different purposes

» Intent of the drawn shape:
process, exclusion, annotation, ...

113
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= "1mec
LAYOUT: CIRCUITS UNIVERSITY

Organized in (reusable) Cells
- placement

- transformations
Hierarchy: Cells contain other cells

Routing
- Optical connectivity with waveguides
- Electrical connectivity with metal wiring

- Avoid crossings/shorts/disconnects
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LAYOUT EDITORS

component
libraries

scriptability

T
alignment and snapping GHENT unec
drag and dropping at waveguide ports UNIVERSITY
components
\ J
Layout Editor /

File Edit View Help /

(BLUS (o)) USoel-| S0 FI@o 4 n 2’pﬁmetrization

PDK Library Parameter Value ™
woveguide l length (um) 50.0

waveguide width (um) 045
splittar1x2 heater offset (um) 10
coupler2x2 heoter width (um) 08
grating coupler contact e (um) 20
modulator contact_width (um) 1.2
phase shifter \
directional
ring filter optical and
electrical pins
MyLibrary v

0

\ D

= get psl length 50
= get pai position 430.0 155.0
=

command prompt

verification

log

(DRC and LVS)

and electrical wires

, g o : . \\ smart waveguide cells with automatic
interface to verification routing of waveguides

bend radius and flaring in long segments
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= "1mec
A DESIGN CELL URIVERSITY

combines the different aspects of the design
« symbolic representation

« layout (shapes on mask layers)
 |ocation and orientation of the ports

« a model

Static content: can be stored in a file (e.g. EDIF)

Easy exchange, tool vendor independent
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A PARAMETRIC CELL

Same as a cell, but the content is generated

based on parameters

Input: user parameters

Output: data

Z "mmec

ﬂCeu

Layout View
- paraml

- param2
- param3
- param4 n |

1
RSITY

evaluator code
93 /

Model View

- paraml
- param2

- param5

\— paramé6

4

in the middle: an evaluator function

a piece of software code

tool vendor dependent

Storage: in a database

117



OFC 2021 - SHORT COURSE SC454

.y

cC1
DEEE
port 2

SPLT_1

H!

out2
— .
D LT
—
EPY
Properties: outl
split ratio = even
ISOL_1
vertical _in out
r— =
port 1 port 2

PHS_1

in
— —l
port1 AP port 2
Properties:
phase shift =0 (rad)
MUX_1 Tn

1=

= "1mec
THE SYMBOL VIEW UNIVERSITY

Abstract representation of a component

Symbolic drawing

I/O ports/terms (optical/electrical)

Parameters

There is a standard in electronics
(EDIF files) but not between photonics tools.
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Vin

gc_in wg

vertical_in out in - out

N

— "1mec

THE NETLIST/SCHEMATIC VIEW SH_RI/\IETRSHY

PS

ring splitter

out2

outl

PDout <

gc_out

out vertical_in

pd

in

out

gnd

out

The netlist describes the internal connectivity of a
(sub)circuit

Circuit elements (instances)

gc_in, gc_out - grating coupler
wg - waveguide
ps - phase shifter

Connection between ports
gc_in:out —wg:in

wg:out — ps:in

ps:out —ring:in

ring:out — splitter:in

Connections with outside world
gc_in:vertical_in—in

gc_out:vertical_in —out
pd:out — PDout
pg:gnd — GND
119
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I: 3 child cell o .u“ec
PCell: 3 child cells THE LAYOUT VIEW ONIVERSIY

Hierarchical description of polygons on layers

« Raw polygons

N \

 |nstances of other cells

Two instances of :
the same PCell * Smgle

 array

polygons e : .
Here parametrization is used most intensively

 calculate complex shapes

« perform repetitive placements
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= _‘unec
SCHEMATIC DRIVEN LAYOUT (SDL) ONIVERSITY

_ Layout: the patterns used for
design ) { .
function fabricating a chip

* Geometric primitives
* Placing of components
* Connecting component

Schematic Driven Layout:
Derive information from
circuit schematic

 Component placement
* Component connectivity

design flow time
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SCHEMATIC DRIVEN LAYouUT (SDL)

____________________________________

dc dc

_________________________________________

GHENT
UNIVERSITY

Derive the physical layout from the schematic
— Generate the Layout (P)Cells
— Place the Layout Cells

— Connect the layout cells together

Not trivial to fully automate
— What is the optimal placement?
— Is the topology possible?
— Constraints for length matching?
— On which layer to route?

— Waveguide bends and crossings?

Combination of manual + auto

— "1mec
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PLACEMENT AND ROUTING

“?

F e
i
| = :

w

Photonic-specific constraints

‘optical length’ and phase control
minimal bend radius

waveguide spacing

matching port direction

single routing layer!

GHENT
UNIVERSITY

— 1mec

123
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— "1mec
PHOTONIC SDL TOOLS ARE EMERGING

Mentor Graphics, GHENT
L3t Mty

Cadence ... UNIVERSITY
Pure photonics N5 ko v g g
BET TR —
or based on EDA tools s

5 Luceda Window Help

« define connections
« place components
* route waveguides
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= "1mec
|S THE LAYOUT VALID? UNIVERSITY

Design Rule Checking

meets the fabrication
rules of the fab?

* minimum features
* layer combinations
e overlaps

* pattern density

design flow time
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= ‘1mec
DESIGN RULE VIOLATIONS: EXAMPLES UNIVERSITY

A F

Edge Spacing Violation
Violation

e B

Width Violations Encapsulation
Violation
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[ "
PHOTONIC PROBLEMS WITH DRC? ﬁ“ETRSIT:.1]]ec
DRC techniques were designed for electronics: 90-degree angles... . > mEm '\Id'ﬂ
Silicon Photonics: i : l .
— All-angle waveguides — discretized... : 1
— Nanometer scale sensitivities \ ‘
— Arbitrary geometries (e.g. slot waveguides, PhC) 4 . m L /

What is bad?
s What is intentional?

a a
o.' a ..0 : A
L) 3 :
o = : P ol
e % -

:0:. A .K_——)-_ o2

pr. . = ‘0 - - a3
0<w<wi WiI<w<w2 w2<w<ws 0 >
o> all o> o o> o3 Wi w2 W3 W

R. Cao, VSLI-SoC 2014 127
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= ‘1mec
PATTERN DENSITIES UNIVERSITY

Pattern density must be sufficiently uniform

— Etch rate control
— Avoid CMP dishing

OOQEEEERONO0
o= oooi

A A B8 00 00 0 G0 EE PR AEEA 0
1 161 6] 000 00 G EE AR A :
AANO0O00003EEE :

b

[ cafaa ] ]

OoooEE
ba00ood ...

Tiles are added

IZEIIEIDDDDD.DDEDIZQIZ
AEA [alwlw] ]

There must be sufficient room
to add tiles

e
= | — Slab areas (AWG)
— Dense waveguide arrays
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= "1mec
FUNCTIONAL VERIFICATION UNIVERSITY

Does the layout

LA correspond to the circuit
design

function

schematic?

Parasitic effects that were
not in the schematic

design flow time
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FUNCTIONAL VERIFICATION: LAYOUT VERSUS SCHEMATIC %ETRS”:JHEC
Check Connectivity Check functionality
Are the correct components placed? Did we use the right parameters?
Are they properly connected? Does the layout perform the correct function?
connected

e.g. does the waveguide have the

correct width (i.e. optical length)
not connected

engineered crossing

not connected 130
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= "1mec
FUNCTIONAL VERIFICATION UNIVERSITY

design verify
function design
function

design flow time
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POST-LAYOUT SIMULATION

Resimulate the circuit based on the actual lay

Include lengths, crossings, reflections, ...

8 L-Edit v163 - [crossconnect2x2  demo]
File Edit View Draw Cell Setup Tools Luceda Window Help
NES@EEG % | Start Notebook Server

& Allevels v SRE Z@

346.684:507.223 Microns

Filter ~ -

123 100f 121 cells

Cell

crossconnect2x2.
Filter

switch1x2
switch1x2_bondpads
switch1x2_bondpads_deltalL
switch2x2
switch2x2_crossing
switch2x2_debug
switch2x2_debuge
test

< >

SDL Navigator

@4k - G ]

ROLLA Waveguides LT @@L
Connections > = =
@ Luceda Photonics Open Logs Bek  HOTEGOR
Libraries W E
demo_project “
isipp200

—_
0 non non? Nan3 nond nnns

20 et B i .
15 — optical in2
10
05| . |
0.0

oannl nOnY nnn3 nANNA 0 One

nool nons nnas nnoa Annc

— GND
nanol 0007 ﬂ(],ﬂ‘ LO0A4
nanl non? nanN3 nana
I

o001 nOng nan3 nAnna

onnl Lony nn:n: LanA

001 L0023 non3 L004A D008

— Detectorl
] Lo Jd | . "
nonl nan? nna3 0004 000
i — Detector2 [
0.001 0.002 0.003 0.004 0.005

HORLL
E
™

VPN

araving

Graving
g
arauing
araving
Graving
Graving
DFLNE
LAREA
tFNE
POGON
TR

W e
[

m|inlin|iu]lu]inlinlis]iu|iu]in]inlia]ia|iu]iu]inlia]ia]
m|inlis|ju]lu]inlinlis]iu|iu]in]inlia]ia|}u]iu]inlia]is]
0|0|Oo|o|o|o|o|o|o|o|o|o|o|jo|a|a|ajo

No nets to display.
Import a netlist to display nets here.

Aerial View | Command Line | SDL Navigator

(L I SR T A T (2 |

000003 0.00004 000005 0.00006 0.00007 0.000080.00009
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= "1mec

FABRICATION “no plan survives contact with the enemj\rsiy

H. von Moltke (misquoted)

fabricate
device

design flow time
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= ‘umec
THE ACTUAL FABRICATION PROCEES

Layer depositions

— e T e T 0 Pattern definition (lithography)
_,e - 0 1 T Pattern transfer (etch)
il En .. = s Planarization
F Thermal treatment

example: IMEC silicon Photonics Doping and implantation

and each step with imperfections and
variability
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[ -
— lnec
LITHOGRAPHY: NOT PERFECT UNIVERSITY
Spatial low-pass filter j
P~ 290nm
— Minimum feature size - NNnNnnnne—
— Minimum pitch — JUUUUU UL
— Pattern rounding

Example: Bragg grating

I g e Py -m,.‘.x-ﬂqmwhn,.w"hu.. .

(MR AN AL 1y
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OPTICAL PROXIMITY CORRECTIONS (OPC)

Overcome rounding: add OPC
— serifs

— cutouts

Makes mask more complex (and costly)

Not always possible without violating DR

GHENT
UNIVERSITY

hammerhead serif

cutout serif

= "1mec
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= ‘1mec
FABRICATION: IN-LINE DATA UNIVERSITY

design fabricate
function device

design flow time
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C81_FEOL STI_WG_PATTERNING WG_Etch cd [I[SIPP-WG-STI-ETCH-DS180][KLAS100XP]

=4 /Wg gap ->160nm

red points: intentional excursions

C9 1_FEOL STI_WG_PATTERNING WG_Etch cd [J[SIPP-WG-STI-ETCH-ILA50][KLAB100XP]

= "1mec
IN-LINE PROCESS DATA ORIVERSITY

Collect data from wafers as
they are being processed

— Line width
— Etch depth
— Layer thickness

Feed in design process

— FRONT-END: Predict behavioural change
— BACK-END: Adjust layout

STATISTICS!
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= ‘1mec
THERE ARE MANY SOURCES OF NON-UNIFORMITY UNIVERSITY
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DESCRIBING VARIABILITY AT DIFFERENT LEVELS

\
\

process conditions

exposure dose
resist age

plasma density
slurry composition

device geometry

line width optical device properties
layer thickness effective index
sndeyvall angle group index

doping profile coupling coefficients

center wavelength

circuit properties

optical delay
path imbalance
tuning curve

— "1mec

GHENT
UNIVERSITY

system performance

insertion loss
crosstalk

noise figures

power consumption
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= ‘1mec
VARIABILITY EFFECTS WORK ON DIFFERENT SCALES UNIVERSITY

Intra-die

W
Intra-wafer

wafer-to-wafer
lot-to-lot
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MAPPING GEOMETRY ON OPTICAL PROPERTIES

o width/thickness

 effective/group index
240
235¢
230

2257

Thickness [nm]
N N N
- - N
o O o

N
o
&)

200

195+

190

Waveguide Geometry

— "1mec

GHENT
UNIVERSITY

Sio,

SiO,

440 460 480
Width [nm]

500

Y. Xing, Phot.Res. 2018 142
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MAPPING GEOMETRY ON OPTICAL PROPERTIES " t2| s )

. Wy
: . SiO
* width/thickness 2 "
 effective/group index
240 ¢ Waveguide Geometry as. Geometry Model
Q -8-Simulated
2% T A0 T
ot——————b—O—0——9 Third-order model
230 434+
—o——b—b—o0—0—b—o——
2257+ |
. ———0—0—0—0—0—0—o—a 4.32 -‘i"-\
£ 920 X
= b—o—6—o—b—o—0——o0——9 431 ‘;. _
%) : \
3215 —o—6— 66— oo o oo 9408 " gﬁ ,\\
C 4 e
:§ —b—o—o0—b—o—0—o——o—9 .‘i 'gsA
=210 426+ "'% R >
= b——o—o—9—9—o oo G0 ‘ssha
e

205+ 424 ¢

200| G——o—0—0—0—0—o—o—¢—0 4.221
195 0—O—6—0—0—0—0—0—0—0—0 42+
190 | | ' ' 418 ' ‘ ' ' ‘ ' |
440 460 480 500 215 22 225 23 235 24 245 25
: n
Width [nm] ¥ Xing, Phot.Res. 2018 _ ..
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LINEWIDTH MAP

%10%

Interpolated Width Map [nm]

474

472

470

468

466

464

462

460

458

456

454

Width [nm]

SN
\'
o

N
D
o

450

%104

GHENT
UNIVERSITY

Interpolated Width Map [nm]

— "1mec
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YIELD PREDICTION SCHEME

building blocks
+ models

sensitivity of model
parameters
to fabrication

|

parameters

circuit netlist + layout

SURUIAUAUA

EEEENEN
EEEEEN
B B EEN

==%for fabrication \' : : : : >

circuit simulation GHenT unec
Y

0 — outl
— out2 ]

and adjust model

\/ \

[=]
B
‘E —20
v
c
m
5 25

—351|

_40 i i i i i L
1.530 1535 1.540 1.545 1.550 1.555 1.560 1.565 1.570

wavelength

variability

Yield
| prediction

_40 i i : B 3 SRS
1525 1530 1535 1540 1545 1550 1555 1560 1565 1570
wavelength [um]

Monte-Carlo on
dies and wafers

place circuit on wafer

parameters

crosstalk

Bogaerts, JSTQE 2019 145
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OTHER EXAMPLE: 4-RING DEMUX GHENT

Transmission of a four-channel optical demultiplexer

1.0 r
* 4 rings with 1.6nm spacing M | " ‘I
« 24 = 1.55 ym N
E 06|
"ugi

0.0 =
1.548 1.550 1552 1554 1556 1558
Wavelength [jm]

Bogaerts , JSTQE 2019 140
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EFFECT OF LINEWIDTH VARIATION URIVERSITY

fabrication linewidth variation only (o = 1nm)

14 . . . . . 1.0

Transmission of a four-channel optical demultiplexer

1”’ |
" [

|

| |1l h
| | ﬂ
12 peak separation - | | |

number of peak pairs

Linear Power Transmission

0 0.0 o - — - e
0.0 0.5 1.0 1.5 2.0 2.5 3.0 1.548 1.550 1.552 1.554 1.556 1.558
Peak separations [nm] Wavelength [pm]

N
v

Bogaerts , JSTQE 2019 </
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number of peak pairs

e, umec

UNIVERSITY

BRINGING THE DEVICES CLOSER TOGETHER

fabrication linewidth variation only (o = 1nm)

Transmission of a four-channel optical demultiplexer
|| ] ]

12 : : : : : 1.0 Wty T i
. | M ﬂl 1 M .
1of peak separation il " | Il ' ;‘ (
B | | |. W
i & (l
0
6 '{; | \ | ” | | A
| ,:_; 0.4-‘ \ i | |“ |‘ \ [I [
5 l" \ \ , '|| \ "l \ ‘1,;
i 0.2 | | "| k.‘ ," ||\ l )|

Peak separations [nm] Wavelength [pm]

148
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TESTING UNIVERSITY

Put the device on a measurement —
. . apricate
setup and characterize its performance device

design flow time
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= "1mec
How TO TEST? UNIVERSITY

Electrical, optical, or both?
Wafer-scale testing -> grating couplers
Testing after packaging?

Need statistics?

depends on application
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CHALLENGE: DEFINING GOOD TESTS URIVERSITY

You need to think about tests during the design stage
— Which structures are representative?
— How can | isolate them?
— What parameters do | want to measure?
— How will | analyse/fit the data?
Parameters for your component models!

— What makes a good model|? Typical silicon nanowire

Example: waveguide model
* TNers(4) -> polynomial?
* loss(A) -> polynomial? 300 nin
* nonlinearities? \

Silica
substrate

How to measure ngss? nm
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OUR SIMPLE DESIGN FLOW UNIVERSITY

idea/ design simulate verify fabricate
concept function function design device
function

design flow time
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OUR SIMPLE DESIGN FLOW UNIVERSITY

idea/
concept

design simulate design check verify fabricate
function function layout design design device
rules function

AN =Sanll I

Exchange of Information?

design flow time
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EXCHANGE OF INFORMATION UNIVERSITY

Files

- Layout: GDSII and OASIS

- Netlist/Schematic: Spice, EDIF

- Models: Spice, VerilogA, C++, Python
- PCell code: Skill, Python , Tcl

- Data: Touchstone, XML

4

Databases
- proprietary
- EDA standard: OpenAccess
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DESIGNING IN CODE VERSUS GUI UNIVERSITY

Designing in Code Designing in GUI

from ipkiss3 import all as i3
class RingResonator(i3.PCell):
class Layout(i3.LayoutView):
ring_radius = i3.PositiveNumberProperty(default=20.0)
wg_width = i3.PositiveNumberProperty(default=0.45)
coupler_gap = i3.PositiveNumberProperty(default=0.3)

def _generate_elements(self, elems):

r = self.ring_radius
g = self.coupler_gap
w = self.wg_width

elems += i3.CirclePath(layer=i3.Layer(2),
radius=r,
line_width=w)
elems += i3.Line(layer=Layer(2),
begin_coord=(-r, -r-w-g),
end_coord=(+r, -r-w-g),
line_width=w)

return elems
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DESIGNING IN CODE VERSUS GUI

Designing in Code

Pro:

- Easytoreuse

« Easy to upgrade design

« [Easy to share and version

« [Easy parametrize

« Easy to document and make examples
« Everything is numerically correct

Con:
« Harder to learn
« No immediate visual feedback

— 1mec

GHENT
UNIVERSITY

Designing in GUI

Pro:

Intuitive quick start
Visual feedback
WYSIWYG

Quick point and click

con:

Difficult to make complex things

No calculations

A lot of manual work

Easy make small (invisible) mistakes
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DESIGNING IN CODE VERSUS GUI

Designing in Code

- parameter sweeps

- calculated geometries
- circuit models

- automatic placement
and routing

— 1mec

GHENT
UNIVERSITY

Designing in GUI

schematic connectivity

layout positioning
(floorplanning)

fixing the last DRC errors

quick manual routing
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ABSTRACTIONS IN A CIRCUIT DESIGN FLOW

System [REEY,

concept

design

1Y lesi simulate
i function
\

Circuit
design

!

Component
design

design flow

GHENT
UNIVERSITY

Behavioral
simulations

|
!

Physical
simulations

time

= "1mec
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ABSTRACTIONS IN A CIRCUIT DESIGN FLOW ONIVERSITY
System
design
Behavioral
I simulations
Circuit I
design l
l Physical
simulations
Component
design
design flow time
>
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PDK: INTERFACE FROM FAB TO DESIGNER gy TNEC

\ S m

circuit design and simulation

el rsrh

ga a4,
1as a4,

FAB DESIGNER

component design
simulation, measurement

PDK

technology and
verification rules

) layout generation and verification
component libraries

documentation
support scripts

PDK for photonics
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ABSTRACTIONS IN A DESIGN FLOW UNIVERSITY

System LR,

concept

design
Behavioral

b lesi simulate - .
' function | mUIatlonS
: ;

Circuit
design l
l Physical
\l simulations
Component Physical compenent design and
design electromagnetlc simulations
design flow time)
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WHY MORE COMPONENT DESIGN IN PHOTONICS®EN

More geometric design freedom

— Photonic Crystals

— Subwavelength gratings

— Arbitrary holographic functions

b More complex behaviour

' Socoi) |

— Phase: interference effects
— Wavelength dependence

— Nonlinearities

Requires accurate physical modelling
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COMPONENT DESIGN VS. CIRCUIT DESIGN ONIVERSITY
Component Design Circuit design
Circuit _—
capture -

simulation

:ozeaocm:‘cemmm
‘ ’
- ",

S
3
S
H -
= s
- <
- -
- , .
% simulation &
% S
E &
% O

% 3
”"”lmﬂ‘"‘\\
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PHOTONIC CIRCUIT DESIGN TOOLS URIVERSITY

2
(%Optiwave pS SIMULIA NVPIpho’ronics

Fieanere LUCEDA

fiiPuoton \nsys :
S5 lmercar  SYNOPSYS
SIEMENS cadence
Menior Nazcadesign

photonic IC design framework

166
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(documenteh unec

HENT
TOOL CAPABILITIES UNIVERSITY
e comperni s cusisim——— Comporent oyt | oot Vefsion
S\/"UPS\/S Fullwave OptSim Optodesigner Optodesigner Optodesigner
Beamprop

g ™ Spectre AMS * Virtuoso Virtuoso Assura
SIEMENS Eldo L-Edit L-Edit Calibre
Menbor: LightSuite
LUGEDA. camfr Y Caphe IPKISS IPKISS _
VPIphofonics
(p lumerical < FDTDSolutions Interconnect
| ModeSolutions
\NSYS  Device
Fimmwave

Ny PICwave
igm, Omnisim
ol
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T
I umec
PHOTONIC CIRCUIT DESIGN: LEARNI;IC tfh‘VCLES URIVERSITY
montns
ﬁ hours/days/weeks |

idea circuit

circuit chip
schematic

verification fabrication
simulation layout

testing

Learning cycles through fabrication take a lot of time.
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o
PROTOTYPING A NEW (SILICON) PHOTONIC IC f\fE“’ PHOTon, SH=.EV“ETRSIT}“1ec
Design (4M) /Ze;(lgneh houc CHIP
Fabrication (6M) Fh:, fe,«;e‘t. ...... "S ........ : 199}( $ -
Package (1M) Dl:,a,ckacigiihati.O.n.S .......... 53@/(/?
Test (2M) Tesltvi,;ucl ’“.C.u.i.tOS ------ 22599/</;$

Then you discover the bugs...

~~
§~
—~

Repeat!
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PROTOTYPING A NEW ELECTRONIC CIRCUIT input-output blocks BHERL

Select a suitable programmable IC: FPGA, DSP, uC (1d)

) —
——H——
""--u-.._' --g-...._"

Program and test the chip (1-4w)
Only then, if needed:
* Design ASIC ...

Anysilicon

Time to Market

NRE

Design Flow

Unit Cost

Performance

Power Consumption

Unit Size
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THE PHOTONIC FPGAS? g (MEC

or programmable photonics
reconfigurable photonics
photonic processors

universal photonic circuits ...

Photonic Integrated Circuits
that can be reconfigured
using software

to perform different functions.
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PROGRAMMABLE PHOTONIC CHIP NIVERSITY

_ _ _ _ Optical signals in and out
Can process signals in the optical domain
« palancing ‘ f
* filtering

_ RF signals
 transformations out Processor RF signals in

Both on Optical and RF signals
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= _1mec
GENERIC PROGRAMMABLE OPTICAL PROCESSOR o EReTY
Optical inputs and outputs
i i i i opticalinput/output

RF inputs: modulators

RF outputs: balanced PDs (balanced) fiber interfaces

photodetectors 1 high-speed
Specialized high performance blocks « ....... phase.modulators
s
Connected by a programmable . . .

linear optical circuit 1B

RF outf == RF inputs

Nongldelayllines
Rtlinablelieson:

Mo pticalflamplifiers
©

blocks
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T -
I umec
A NEW WAY OF DESIGNING FUNCTIONALITY il
Full Custom design

PDK-based Circuit Design

geometry design

Programming a\QlIesh

A
/ |
a standard
phase standard 2x2
shifter = =
standard 2x2
\& .
¢ \ 4 =\
Custom circuit design with \ N\
[/ I\
standard tunable_couplers Software 7 \ \
and phase shifters defined \

functionality
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NEW TYPES OF IP

Programming routines
Circuit synthesis
Control strategies
Pluggable design IP

* linear cores

* electronic controls

m ]
programming ceeMeEC
algorithms UNIVERSITY

/ [ \ . egntrol
extrdct cl rch“ LI
func/tic/)nality Synt\e5|s \

electronic

control

loops
(ammable
PIC

Bogaerts, JSTQE 2020 176

-
A

ASPIC /
programmable
core blocks fef
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programmable
ASPICs /
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e umec
SUMMARY ONIVERSITY
(Silicon) Photonics is growing towards a circuit platform

« Technology supports larger circuits

« A circuit-oriented design flow is emerging (similar to electronics)

« Fabs are building PDKs

Challenges
« Schematic-driven Layout for photonics S
« Variability: fabrication, performance, models
« Verification: DRC and LVS

« Design for manufacturability

« Photonic-electronic-software stacks

* New design methods for programmable photonics
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UNIVERSITY

THE SIEPIC TECHNOLOGY

@ SiEPIC

178
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FABRICATE A DEVICE

@ SiEPIC

&

APPLIED
NANOTOOII.N§

_
I

e, umec

UNIVERSITY

Get your design fabricated

coordinated by Lukas Chrostowski of the University
of British Columbia (Short Course SC432 - Cancelled)

e-beam lithography at Applied Nanotools
(http://www.appliednt.com/nanosol/)

chips are measured at UBC or Maple Leaf Photonics

you can analyse the measurement data

ou will not receive the actual chi «wt1LED
v V oR © 1\\\‘(,\*,\1
(PONEY

poS

179
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SIEPIC - EBEAM

Mature processes at
« University of Washington (2011-)
* Applied Nanotools (2014-).
Organized by Lukas Chrostowski (UBC)
* over 40 MPW runs
e used extensively in courses
« low marginal costs

e automated measurements at UBC

_
Il

. umec

IVERSITY

20.0kV X800 WD 8.6m 10;

(b)

Robert Boeck, et al, Optics Letters, 07/2013

Si-EPIC

Updated: 2014/07/05
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COMPONENTS

SEI 200kY  X15,000 WD 4.0mm 1um

Broad-band
Directional Couplers

SEI 20.0kV¥ X60,000 WD 4.0mm 100nm

Bragg grating

SEI 200kV  X20,000 WD 3.9mm

Splitters

184
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o CONNECTIONS



http://bit.ly/SiPlab
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MEASUREMENTS

Using a fiber array

« wavelength transmission from
iInput (2) to all outputs (1,3,4)
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MEASUREMENT RESULTS

Transmission data
- wavelength

- transmitted power

No Optical phase
(very hard to measure)

o

|
[
o

I
N
o

I
w
o

)
=
c -
o 40
‘©»
2
S —50
)
c
o
—70
—80

I}
GHENT

UNIVERSITY

reference curve

=" _grating.coupler...|..

i i i i
00 1520 1540 1560 1580 1600

wavelength

— "1mec
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PRACTICAL SETUP
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JUPYTER NOTEBOOKS
Interactive notebook
 text, figures

 formulas

e python code

simulation and design

* built-in IPKISS

GHENT

“umec

C | @ localhost:3888/notebooks/0 1_waveguides/01_

Waveguides.ipynb

Wim's Portal BNP Paribas Fortis | American Express Tax-on-Web - Aangi Trello & My Drive - Google D1 &™ Agile board - Infra-F InfraRhodeCode  (§) ZAP Home
P g B g g

:. J u pyter 01_Waveguides Last Checkpoint: Last Thursday at 4:50 PM {unsaved changes)

Kernel He

File Edit View Insert Cell p

CellToolbar

[
+
a0
i
=

*+ v WM B C

Markdown v

straight_wire = reme.FMMStraight(rug_wire)

In [17]: straight wire.find modes(nmax=m_si.n().real, nmin=m_sio2.n().real, scan_step=0.885)
In [18]: | # Assigment: make a partially etched rib waveguide

# - center thickness lum

# - side thickness 8.3um
In [19]: mode_nr = @

straight_wire.plot_mode(mode_nr, field_component="Ey') # possible to plot 'Ex, Ey, Ez, Int’

Figure 4 n
mode 0, Ey (Real) 1e7

3.0

14 .

= o
112
2.0
110
€ 1s 198 u t e r
x
los
10
04
0.5
0.2
0.0 0.0
0 1 2 3 ) 5 6 7

Fl
x=1.6661 y=1.63885 [0.0364]

# Minerva [2) OQNAP-BTB [ Facebook
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THE IPKISS DESIGN FRAMEWORK LUCEDA CNIVERSITY
Design framework for Photonic Integrated Circuits
« Parametric design

* Focus on reuse and automation

History
* Developed at Ghent University — imec in 2000-2014
« Spin-off into Luceda Photonics in 2014

« Currently thousands of users worldwide
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THE IPKISS DESIGN FRAMEWORK DA aen

/  measurement UNIVERSITY

One component definition

Vi component

layout

circuit layout

for

Circuit design

circuit
simu[ation

N N =

“ circuit model

Layout

/ 3D geometry

Simulation

‘\‘\‘\«num,,"’ #
00030 oW

&
/

\J
“ N
Wit
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THE IPKISS DESIGN FLOW /' measurement

DA G UMeC

UNIVERSITY

Python script based

class RingResonator(i3.PCell): CIrCUIt |ay0ut

"""A generic ring resonator class."""

component
layout

-——— .

wg_template = i3.WaveguideTemplateProperty(default=TECH.PCELLS.WG.DEFAULT,
doc="trace template used for the bus and the

bus = 13.ChildCellProperty(doc="bus waveguide")
ring = 13.ChildCellProperty(doc="ring waveguide")

def _default_ring(self):
return i3.Waveguide(name=self.name+”_ring”, trace_template=self.wg_template)

def _default_bus(self):
return i3.Waveguide(name=self.name+” bus”, trace template=self.uwg template)

one single

class Layout(i3.layoutView):

ring_radius = i3.PositiveNumberProperty(default=TECH.WG.BEND RADIUS, doc=" { CerU't
coupler _spacing = i3.PositiveNumberProperty(default=TECH.WG.DC_SPACING, Component ‘ 3D geometry
doc="spacing between bus and SlmUIatlon
AR definition

def _default_ring(self):
ring layout = self.cell.ring.get default wview(i3.LayoutView)
ring layout.set(trace_template=self.wg template,
shape=i3.ShapeCircle(center=(2, 0), radius=self.ring_
return ring_layout

def _default_bus(self):
r, s = self.ring_radius, self.coupler_spacing
bus_layout = self.cell.bus.get_default_wiew(i3.LlayoutView)
bus_layout.set(trace template=self.wg template,
shape=[(-r, -r-s), (+r, -r-s)])
return bus_layout

circuit model physical

- model
def _generate_instances(self, insts): A ~ :ece:e:e:xﬁe%ﬁ 01060001
insts #= i3.SRef(name="ring", referencesself.ring) L;_) o L'x‘_/’ ,,\\“ ,
insts 4= i3.SRef(name="bus", reference=self.bus) - —y — ‘e* %
return insts =, v ..j 3 - %
-} : 3
def _generate_ports(self, ports): 5,' §
ports += self.instances["bus"].ports 2, >
“a o~
return ports ”"mﬂ“‘“\
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THE IPKISS DESIGN FLow LUCEDA gar tMeC

UNIVERSITY

Python script based

class RingResonator(i3.PCell):
"""A generic ring resonator class.

wg_template = i3.WaveguideTemplateProperty(default=TECH.PCELLS.WG.DEFAULT,

doc="trace template used for the bus and the ring") pgthon
bus = 13.ChildCellProperty(doc="bus waveguide") @

ring = 13.ChildCellProperty(doc="ring waveguide")

powered

def _default_ring(self):
return i3.Waveguide(name=self.name+"_ring"”, trace_template=self.wg_template)

def _default_bus(self):
return i3.Waveguide(name=self.name+" bus", trace templatesself.wg template)

class Layout(i3.layoutView):
ring_radius = i3.PositivelumberProperty(default=TECH.WG.BEND RADIUS, doc="radius of ring")
coupler_spacing = i3.PositiveNumberProperty(default=TECH.WG.DC_SPACING,
doc="spacing between bus and ring waveguide")

def _default_ring(self):
ring layout = self.cell.ring.get default view(i3.layoutView)
ring layout.set(trace_template=self.wg_template,
shape=i3.ShapeCircle(center=(2, 0), radius=self.ring_radius))

extremely flexible
def :e::l::i(:::) ea Sy-tO - rea d

powerful engineering libraries
industry standard

v

v

r, s = self.ring_radius, self.coupler_spacing

bus_layout = self.cell.bus.get_default_view(i3.layoutView)

bus_layout.set(trace_template=self.wug_template,
shape=[(-r, -r-s), (+r, -r-s)])

return bus_layout

v

v

def _generate_instances(self, insts):
insts 4= i3.SRef(name="ring", referencesself.ring)
insts 4= i3.SRef(name="bus", reference=self.bus)
return insts

def _generate_ports(self, ports):
ports 4= self.instances["bus"].ports ].S)ES
return ports
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ARRAYED WAVEGUIDE GRATING DESIGN

FDA o UMeC

UNIVERSITY
Arrayed Waveguide Gratings
Echelle Gratings

« Fully parametric

« Design from specifications

* Integrated layout and simulation

 Validated on fabricated devices

0-

IMeasurement Result Simulation Result

[ W
— 1Ch ]
—2Ch § -10]
—3Ch £ ]
—4Ch §
5 Ch % -15
—6Ch E
7Ch -
—8ch & 20
‘ l" -25]
- f 1
| b A : bl ol
25 1 1l 14 ) im m‘"\‘ ( Al 30 B AN A /2 asNVos /oxd /P AR s 28 AN 4
1.54

] A,
1,500 1,510 1,520 1,530 1,540 1.5 151 1.52 153
Wavelength in nm Wavelength in um 197

_10_.
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Transmission in db
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o
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LUCEDA &=
IPKISS NOTEBOOKS

UNIVERSITY

' ' wser -
Explore your designs in a bro

Lol
c localhost tat o

= X
" tarted, Fiet ; 1%20desiq ; 240 7 % B
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GHENT

FIRST NOTEBOOKS UNIVERSITY

A pgthOﬂm Unfamiliar with Python?
/01 01 jupyter_notebooks: How to use a notebook

/01 _02_ python_getting_started: basic Python tutorial
/01 03 _ numpy_and_plotting: Numpy and Matplotlib

Check if everything works and if you find your way around the

notebook interface.
@

o \
jupyter
4
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PRACTICAL iy  TNEC
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) ((

1. Open web browser (Chrome, Firefox, Opera)

2. Connect to Jupyter server:
https://wscarapils.intec.ugent.be

3. Log in with your personal ID/password

200
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NOTEBOOK: INTERACTIVE ENVIRONMENT GHENT
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Variables

A name that is used to denote something or a value is called a variable. In python, variables can be declared and values can be assigned to it as follows,

In [2]: x =2

% 5
Xy = 'Hey'

Text and explanations

In [3]: print x+y, xy

7 Hey

~.

Executable
python code

SHIFT+ENTER

to execute
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NAVIGATING

— Jupyter

Files

Select items to perform actions on them.

O 0O 0O O 0 0O 0 O o o|cE

Running Clusters

v @
(3 circuit_design
(3 circuit_simulation
(3 component_design
(3 design_flows
(3 dfm
(32 filter_design
(3 intro_ipkiss
(3 intro_python
(3 layout

(3 luceda_getting_started

GHENT
UNIVERSITY

= "1mec

Click here to go
back to start

Folders

with notebooks

Upload  New «

Create blank
notebook here

~
L
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NAVIGATING

Running

Notebook

GHENT
UNIVERSITY

— Jupyter

Files

Running Clusters

Select items to perform actions on them.

o

o

~ | @& | python_getting_started
O .
(O images source
0O tex
0 images
& 00 Introduction.ipynb
& 01 Basics _and Built-in_Functions.ipynb
& 02 String Formatting.ipynb
& 03 Data Structures-Lists_Tuples_Sets.ipynb
& 04 String and Dicts.ipynb
& 05 _Control_Flow.ipynb
& 06 Functions.ipynb

& (07 Classes.ipynb

Notebook:

click to start

— "1mec
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PRESS H FOR ‘HELP’

File

+ = @ B > ¥ M B C  Markdown v

Useful menu and toolbar

Keyboard shortcuts
are extremely powerful

—_

Edit View Insert Cell Kernel Help

Keyboard shortcuts

The Jupyter Notebook has two different keyboard input modes. Edit mode allows you to type code/text into
a cell and is indicated by a green cell border. Command mode binds the keyboard to notebook level actions
and is indicated by a grey cell border with a blue left margin.

Command Mode (press to enable)

[F]: find and replace [shift-7]: extend selected cells below
[ctri-shift-p|: open the command palette [4]: insert cell above
[Enter|: enter edit mode [2]: insert cell below
[shift enter]: run cell, select below [x]: cut cell
[ctrl-enter]: run selected cells [c]: copy cell
[Alt-enter]|: run cell, insert below [shift-v]: paste cell above
[v]: to code [v]: paste cell below
[1]: to markdown [2]: undo cell deletion
[7: to raw ,[0]: delete selected cell
[1]: to heading 1 [shift 1|: merge selected cells, or current
: to heading 2 cell with cell below if only one cell
[3]: to heading 3 selected
[4]: to heading 4 [ctr1-5]: Save and Checkpoint
[5]: to heading 5 [s]: Save and Checkpoint

Close

CellToolbar
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TAKE CARE OF MEMORY UNIVERSITY

Interactive plots consume resources.

Close them when ready.

C:h\lucedahipkiss_311%\pythonhenvsh\ipkiss3ilib\site-packages\matplotlib\pyplot.py:516: RuntimeWarning: More than 28 figures have
been opened. Figures created through the pyplot interface ( matplotlib.pyplot.figure™) are retained until explicitly closed an
d may consume too much memory. (To control this warning, see the rcParam ~figure.max_open _warning ).

max_open_warning, Runtimelarning)

10
#4

# € > 4+ 0O X=9.53783 y=7.03618
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GETTING STARTED...

: jU pyter 02. IPKISS Layout elements Last Checkpoint: 6 hours ago (autosaved

File Edit View

Mew Motebook
Cpen...

Make a Copy...
Rename. .

Save and Checkpoi

Print Preview

Download as

Trusted Motebook

Close and Halt

k

nsert Cell Kemel Help

4+ 4 M B C | Markdown v | | @ || CellToolbar

r\ Layout elements

Revert to Checkpoint »

k

otebook we give an overview of predefined Layout elements in IPKISS. Th
the user work a lot of common primitives are already provided.

tup

— "1mec

GHENT
UNIVERSITY

- open browser (Chrome, Firefox)

- connect to notebook server:
https://wscarapils.intec.ugent.be

- notebook login / password

Launch a notebook

Step 1.
Copy the notebook
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A SIMPLE PASSIVE CIRCUIT UNIVERSITY

* Four 2x2 couplers

« 3 Crossings

« Connection waveguides

2x2 Couplers

Crossings

Waveguides

* .
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BUILDING BLOCKS

il

= "1mec

GHENT
UNIVERSITY

Passive: waveguides, splitters, couplers, crossings

Active: modulators, detectors, tuners

Where do they come from?

« Make them yourself

« Use existing blocks
 From a shared library

 From the fab : Process Design Kit (PDK)

« Building blocks are process-specific
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WAVEGUIDES S(w) = e e [T aan

5( 1) = efneff(w) 7

W

guided mode: ngsr(4)

Propagate light from the input to the output

C
Nefr(A)

- wavefronts propagate with velocity v,,(1) =

(nesr(A)= effective refractive index)

- Dispersion: n.¢r(1) is wavelength dependent

c
ng(d)

- Group velocity: time delay of a wave packet: v, (1) =

210



OFC 2021 - SHORT COURSE SC454 =
I " mec
DIRECTIONAL COUPLER UNIVERSITY

—<L 1r—*o L

inl outl

Very common implementation of 2x2 coupler

« based on interference of even and odd mode in waveguide pair

. Power coupling: K = sin® (kg + L. k")

coupling in coupling in
the bends straight section
213
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GHENT
DIRECTIONAL COUPLER UNIVERSITY
0.8 . ,
—— straight — Cross
—— Cross — straight
0.7}
0.8}
— 06} -
] Q
§ § 0.6 |
E E 04}
2 &
S 04l xample: 50/ »
for 1550nm
0.2}
0.3}
0.0 ' - : ' -
0.2 - L . . L . 0 10 20 30 40 50 60
1.48 1.50 152 1.54 1.56 1.58 1.60 162

coupler length [um]
wavelength [um]

K = sin?(kg + L.x")

ko, and k' are wavelength dependent
214
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EXAMPLE: GRATING COUPLER

ceeMeEC
Diffraction grating couples light

UNIVERSITY

vertical in‘ Dlnut
from fiber to waveguide (and back)

« wavelength dependent
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RECIPROCITY UNIVERSITY
vertical in out
Linear, passive components are D

reciprocal

S21(w) = S12(w)
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S-MATRIX INCLUDES REFLECTIQNS

—er MeEC
circuits propagate bidirectionally

UNIVERSITY

vertical in ‘ Dlnut

e.g. Grating coupler
has reflections
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CONNECTING COMPONENTS INTO CIRCUITS URIVERSITY

Select functional blocks

Connect them together

.—
dc dc

o— ® @ —@

Example: +@ G . Netlist:
Mach Zehnder Interferometer etlist.

list of connections (“Nets”) and which
components the nets are attached to.

—0

 Schematic:
graphical representation of
a netlist, with placements
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CIRCUITS

in out =
= o, lmec

UNIVER
ou

in Dout

Mach-Zehnder interferometer

Interference with a delay: Periodic response

Y

|
i

219



OFC 2021 - SHORT CouURSE SC454 ﬁﬁ . umec
CIRCUITS @ URIVERSITY
inl outl
drop Ring Resonator: light circulates in the ring
- resonance when L.ng¢¢(1) = m. A
10 Y T T }( T _ paS;r
— drop
osl — add ||
E 0.6}

0.0 A A Jh
1.530 1535 1.540 1.545 1.550 1.555 1.560 220

Wavelength (um)



OFC 2021 - SHORT COURSE SC454 —

= _unec
CIRCUIT EFFECTS: COMPONENTS CAN INTERACT  Giewt

— in->out

Example: weak reflections on two grating couplers:

10}

A Fabry-Perot cavity is formed

sion [dB]

Interference causes ripple on the transmission £

148 150 152 154 156 158 1.60 162
wavelength [um]

reflections
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WAVEGUIDES IN PHOTONIC SCHEMATICS wavesuide ONVERSITY
U link to the
.

output

A > e <T-

grating splitter combiner grating
coupler coupler
direct (logical) —e

connection What are waveguides?
Simple connections between building blocks

« the length and shape does not really matter
it should just provide a good connection

 similar as an electrical wire

phase sensitive Functional blocks with a certain phase/time delay
(delay in MZI)

separate building  length and shape are very important
block

« should be treated as a building block
222
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BUILDING CIRCUITS IN A JUPYTER NOTEBOOK URIVERSITY

out2 / Wg

vertical_in out in [ \—e
> < > o D « > o -{
)y

outl

n sC splitter

[ > out2

[ > outl

Define schematics in python code

 List building blocks (or subcircuits)
e gc, splitter, wg
« List internal connections
* gc.out—splitter:in, splitter:out2<>wg:in
« List external ports
* In «<—gc:vertical_in, outl < splitter:outl, out2 «»wg:out
223
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BUILDING CIRCUITS: AUTOPLACEANDCONNECT ONIVERSITY
Circuits with direct connections: no waveguide generation
from addon luceda.auto place and connect import AutoPlaceAndConnect ii;;: in2

child cells = {"dc1": my_dircoup,
"dc2": my dircoup,
"wgl": my wg,

‘wg2": my wg}

4 components

links = [("dc1l:0ut2", "wgl:in"),
("wgl:out” , "dc2:1in2"),
("dc2:out2", "wg2:in"), 4 internal connections
("wg2:out”, "dc1l:1n2")]

inl

EX‘tEr‘nal_pgrt_namES — {"d{:l:inl" . "j_nlnj
"dclioutl” : "outl”, .
"dc2:out1” : "out2"}

my ring = AutoPlaceAndConnect(child cells=child cells,

links=1inks,

external port names=external port names)
my ring lo = my_ring.Layout()
my ring lo.visualize(annotate=True)

auto-generate layout
224
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BUILDING CIRCUITS: PLACEANDAUTOROUTE
Generate waveguides for connections

from picazzo3.routing.place route import PlaceAndAutoRoute

dc_circuit = PlaceAndAutoRoute(name="dc with gc”,
child cells={"dc": my dc,

"sc in" : fc D vertical iwout
5 components "gc_out_bar” : fc, -
"gc_out cross” : fc, i
"gc_reflection™ : fc
¥
links=[("gc_in:out"”, "dc:in1"),
("gc_reflection:out™, "dc:in2"),

4 internal connections ("dc:out1", "gc_out_bar:out"),

("dc:out2", "gc out cross:out™),

15
external port names={"gc in:vertical in": "in",
"gc_out bar:vertical in": "out bar",
. "gc out cross:vertical in": "out cross”,
4 mput/output ports "gc_reflection:vertical_in": "reflection"}
)

transformations = {"gc in": i3.Translation((-100,-20)),
"gc_out cross”: i3.Rotation(rotation=180) + i3.Translation((1ee, +28)),
"gc_out _bar”: i3.Rotation(rotation=188) + i3.Translation((18e, -20)),
"gc_reflection”: i3.Rotation(rotation=180) + i3.Translation((1e8, +60)),

manual placement

dc_circult_layout = dc_circuit.Layout(child transformations=transformations,
bend_radius=1@.4))
dc_circuit layout.visualize(annotate=True)

auto-generate layout

GHENT
UNIVERSITY

out_cross

outvertical_ir>

outvertical_i -

out_bar

(A= IL= SRV IR

= "1mec
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USE HIERARCHY: YOU CAN USE A CIRCUIT AS A BUILDING BLOCKGersiy
Circuits can be nested Ct %
N’
Break up circuits into reusable parts Q.
< .
out ! add
dcl !
= s
=
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JUPYTER NOTEBQQKS ON THE SERVER

inl

L R A

o W -
S g IMEC
jupyter

Getting started: Python, notebooks, IPKISS
Building a first circuit

The Design Kit

Wavelength Filters: Rings, MZIs, AWGs
Example designs

Submitting your design
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THE SMALL PRINT ON COPYRIGHT UNIVERSITY

The material on the server is copyrighted

« The IPKISS toolset
« The addon libraries

« The notebooks

Please do not download the material to your own PC. It will probably not
work as the server has a specific set of pre-configured utilities.

Interested in using IPKISS, contact info@lucedaphotonics.com

Interested in using the course material, contact wim.bogaerts@ugent.be

You can continue to use the server until 30 September 2021.
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Abstract Silicon Photonics technology is rapidly maturing as a Schematic
platform for larger-scale photonic circuits. As a result, the asso- LASER

ciated design methodologies are also evolving from component- device

oriented design to a m%re circuit-oriented design ﬂoSv, that il : & PH OTO N l C S
makes abstraction from the very detailed geometry and enables circuit
design on a larger scale. In this paper, we review the state of this simuigtien) |
emerging photonic circuit design flow and its synergies with elec-  —
tronic design automation (EDA). We cover the design flow from P brry

woveguide

schematic capture, circuit simulation, layout and verification. We
discuss the similarities and the differences between photonic o
and electronic design, and the challenges and opportunities sl |
that present themselves in the new photonic design landscape, '
such as variability analysis, photonic-electronic co-simulation

and compact model definition.

10 ANNIVERSARY
WILEY-VCH

Silicon Photonics Circuit Design: Methods, Tools and
Challenges

Schematic Editor Layout Editor
PDK Library
Wim Bogaerts " and Lukas Chrostowski® —— — —
splitter1x2 splitter1x2
coupler2x2 Circuit Simulation Ix2
grating coupler P |- oupler
modulator Parameter ~ Ve pr Parameter ¥ | Value
phase shifter Center Wavelength (nm) |15 | I | ifter Grating Period (nm) 630
Bandwidth (nm) 80 Trench Width (nm) 325
Fiber Angle (degrees) |10 Number of periods 25 4
MyLibrary Backreflection (dB) -1 M Taper Length (um) 35

Lasers and Photonics Reviews 12(4) 229
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