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OUTLINE

« Large scale PICs

« Fabrication imperfections/variability

Silicon-on-insulator (SOI) waveguide

* Design flow

« Layout aware yield prediction
« Parameter Extraction & spatial variability

« Summary
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PHOTONIC LARGE-SCALE INTEGRATION IS HERE
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Cheng, et al., Optics Express 2018

Photonic switch
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32 x 32 SiPh switch matrix

D. Celo et al. 2016

J. Wang, et al. Science 2018

Quantum silicon chip
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PHOTONIC LARGE-SCALE INTEGRATION IS HERE

 Large scale PICs

« Complexity
* Functionality ©

« Fabrication imperfections

 Linewidth and thickness
* Not as desired ®

 Fabrication variations accumulate
« Performance degradation ®

« Lower fabrication yield
« Expensive ®

GENT ) dadh . ' 0 .. . e a . > -
universiry LI C >




FABRICATION IMPERFECTIONS
(VARIABILITY)
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SILICON PHOTONIC WAVEGUIDE
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DIMENSIONAL DEPENDENC

3.0 5
2.8-
2.6:
24
2.2-
20

n . [a.u]

1.8
1.6 4

Effective index for different widths

E O

1.4 4
1.2 4

1.0

>

GHENT
UNIVERSITY

2(')0 ' 4(I)O ' 6(I)O | 8(I)O
Wire width (W) [nm]

“mec

1
1000

F A WAVEGUIDE

w+Aw
Si Ih+Ah
Effective index for different heights
- 0.006 2.4 4 - 0.0070
[ L 0.0065
L 0.005 534 i
i L 0.0060
-0.004 __ '
! i B L 0.0055 ~_
g — ! =
- 0.003 S = k=)
I = S, 214 -0.0050 =
o g ! =
o
L0002 % = - > L 0.0045 %5
| £ 2.0 i £
| 0.001 - 0.0040
I 1.9 i
L 0.0035
L 0.000 1 !
]8 I Ll l L ] L l Ll ] A 00030
1200 140 160 180 200 220 240 260

Wire heigth (h) [nm]



SENSITIVITY OF SILICON PHOTONICS

Silicon photonic waveguides are sensitive to

e geometry
e stress

. temperature

oA

wire width
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GHENT : n“e@mpera’[ure aT . K

UNIVERSITY

Y (mm)

Silicon wire linewidth

100

50

=
|

=50+

455 460

465 470

=100 50 0 50
X (mm)
w
<>
h T | s
|lnm ~ 10K
SiO,




N

SOURCES OF NON-UNIFORMITY
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VARIABILITY EFFECTS WORK ON DIFFERENT SCALES

intra-die
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DESCRIBING VARIABILITY AT DIFFERENT LEVELS

il
ol
i
\ glicd”

\\\\‘\\~\\\\\\\\\\\ Lﬁng
process conditions
exposure dose ] L I
resist age device geometry
plasma density line width optical device properties
slurry composition Igyer thickness effective index circuit properties
S|dewall angle group index optical delay system performance
doping profile coupling coefficients : i i
pling path imbalance insertion loss
center wavelength tuning curve crosstalk

noise figures
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DESIGN WORKFLOW

« Parameter Extraction & Spatial Variability

« Geometrical parameters
Waveguide width

Waveguide thickness
 Optical parameters
 Mapping of optical parameters to geometrical
parameters

« Layout-Aware Yield Prediction
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PARAMETER EXTRACTION &
SPATIAL VARIABILITY
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PARAMETER EXTRACTION

« Metrology measurements

« Scanning electron microscope (SEM)

« Atomic force microscope (AFM)
 Time consuming ®

Expensive ®

Destructive ®

Extraction error ( ~nm ) ®

Few places on the wafer/die ®

9/14/2018 det \mag = | HFW HV WD

1:07:03 PM TLD|10 000 x/12.8 ym|18.00 kV 5.0 mm

« Optical Measurements

« Fitting of measurements to simulations

« Mapping of optical parameters to geometric parameters
« Smaller extraction errors (sub-nanometer) ©
« Non-destructive ©

« Many places over the wafer/die ©
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EXTRTACTION - OPTICAL MEASUREMENTS OF RINGS
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EXTRACTION - OPTICAL MEASUREMENTS OF TwO MZIS

Low order
Low order MZ|

v
[

. * |naccurate extraction

) Ej High order M  Tolerant to overall variation

A

M. Ares = ;eff-AL « Set reference effective index
ng — res AL .
N ¢ High order
Spectrum « Accurate extraction of group
ness ng: Straight waveguide Index and effective index

Length difference between two arms

S}I;IIF\II“ETRSITY “mec



MEASUREI\/IENT SITES

25 dies

\ 44 copies of MZ|
pairs per die

Obtain geometry parameters
/ ) (W,t)=f(neff()»o).ng(ﬁ»o))

>(w, t)

A (nepr(10),mg (o)

Samples layout
44 copies of MZls

N
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CURVE FITTING
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DIRECTIONAL COUPLERS

Treat coupler as circuit:

« 4 waveguides with their sensitivity to w, t

« 1 logical coupler with sensitivity to w, t

Coupling model = dispersive: straight + bends

Sensitivity calculated using mode solver + FDTD
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WORKFLOW TO EXTRACT GEOMETRY PARAMETERS

Optical measurkment " craitmodel | Extraction error of this
_J
il >S5 axperiment
\ > mm | P

> / Width: 0.37 nm

Match optical measurement Thickness' 0.26 nMm

with circuit simulation to extract

behavior parameters
neff(/lo);ng (A0), ...
0805 56 158

Xing et al., Photonics Research 2018
Obtain geometry parameters

t \ w.)=f(nesr(0)ng(A0))
[ (neff (A0), g (/10)) >(w, t)
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SYSTEMATIC INTRA-DIE VARIATION

Width [nm)

T
Xing et al., GFP 2018 23
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SYSTEMATIC INTRA-WAFER VARIATION
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LAYOUT-AWARE YIELD
PREDICTION
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circuit simulation

YIELD PREDICTION SCHEI\/IE 0

building blocks
+ models

circuit netlist + layout

— ﬁ s

—30{

—351|
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sensitivity of model

wavelength

variability

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

parameters

to fabrication
) wafer maps /
=1 & (or model)

aneff
_aW ) one

| Yield
~ prediction

parameters
| for fabrication

place circuit on wafer
and adjust model
parameters

GHENT
UNIVERSITY

“mec

_40 i3 i . B 3 1
1525 1530 1535 1540 1545 1550 1555

wavelength [um]

Monte-Carlo on
dies and wafers

1560 1565 1570

crosstalk



EXAMPLE: MZI| LATTICE FILTER

Simple (but sensitive) building blocks
« directional couplers

« waveguide delay lines

FSR = 800GHz (~6.4nm)

Pass-band = 80GHz

Guard band = 80GHz

Crosstalk (rejection) = -15dB

transmission [dB]

— outl ||
— out2 (]

W

Center Wavelength - 1 55um _%PSBD 1.5l35 1.5|4CI 1.5l45 1.550 1.5l55 1.5IED 1.5|E-5 1.570
) wavelength
. . m
Long directional couplers &}
. . 40 +
* dispersive a0 |
* very sensitive o
—_ =20
M =40 1 i i i i 1 i 1
=100 0 100 200 200 400 500 G600 o0
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WAFER MAPS:. WIDTH AND THICKNESS

Most straightforward parameters

linewidth map ‘
Simplex noise model_
* radius = 200um
il  amplitude = Inm

A « range = 213—219nm
SHIE\II\IETRSHY mmec Bogaerts et al., JSTQE 2019 28



SAMPLING POINTS IN THE LAYOUT
All building blocks with a model will sample all variables (w, t)

* waveguides: ngsr,n_g

, Ok’ 0%k y 0Ky 0%Kg
"ar’ 922’ "0 91 7 922

* |ogical couplers: k

« Sampling points are aggregated over the component:
results in averaging, same as in fabricated devices
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MONTE-CARLO SIMULATIONS OVER A WAFER  LUCEDA

10mm spacing Using CAPHE circuit simulator (Luceda)
277 dies on a wafer 1000 wavelength points
variability

transmission [dB]

__40 Il Il Il Il L L Il
nm 1525 1530 1535 1540 1545 1550 1555 1560 1565 1570
wavelength [um]
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YIELD MAPS

Without absolute With absolute wavelength spec:
wavelength spec peak = 1.55um £ 80 GHz
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PEAK WAVELENGTH: LARGELY AFFECTED BY THICKNESS

Wafer thickness map
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yield on wavelength spec
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IMPROVE FILTER ?

Sweep number of taps

* More taps: better (box-like) filter

* higher rejection ratio
« sharper edges

« With variability
* phase errors add up

e coupler errors add up

S}I;IIF\II“ETRSITY “mec

“performance”
A
more taps effects of
make a variability
better filter I deminate
/ sweet spot

# taps
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YIELD ANALYSIS B - R

N-3 kn-2
Increase number of taps:
Yield specifications:
* Myear < 40GHznm
* rejection < —15dB
* pass band ripple < 1dB
* transmission > 1dB

« 2. not enough taps to reacl
rejection ratio

good devices
with too large
wavelength offset

e 4-8: good guality
« 10-14: variabllity

kills performance

yield [%6]

good devices
with acceptable
wavelength offset

Best: 6 taps /.\,\_\

LY 2 a 6 8 10 12 14

gil-\llf\ll\lETRSITY . l-“.lec number of couplers

20

J-T



SUMMARY

« Fabrication Imperfections

« Variability

» Need layout awareness for yield prediction -

|
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3RD SILICON PHOTONICS DESIGN COURSE

17-21 June 2019 — Ghent (Belgium)

-=epl)(fab
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« Gain fundamental understanding of silicon photonics design

«  Circuits, components, simulation, layout, tape-outs, ...
5 days hands-on design labs

« (Get a design fabricated and measured

http://epixfab.eu/trainings/upcoming-trainings/spdc19/
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