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Testing in Silicon Photonics
The Complexity of Light Testing/Coupling
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Silicon Photonics Technology
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Silicon photonics basic components
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Silicon Photonic Optical 1/0

Main impediments of electronic I/0O
Bandwidth density at the pin level

Bandwidth-limited transmission channels (RC constants)
* Limited data rates per pin

* Poor scaling with distance

Optical I/0 Requirements
Improve BW density } == WDM operation required
Low packaging cost

Power efficiency competitive with electronics — difficult (at short
distances)

Dense scalable integration of many devices (small footprint)
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Drivers of Silicon Photonics

OLLIKTE RA

+¢ Silicon photonics arrives in

ol I 1.1 I P the marketplace

" c I S c 0 : ¢ Large Demand, Low Supply
\
MAUEI - % Supply limited due to

ke )
[ éﬁc‘dg"‘dc bottlenecks in testing, not
M fabrication [1]
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[1] PME’( dﬁgl‘g)LJél‘Féllenges and solutions for high-volume testing of silicon photonics. Silicon Photonics XIll. doi:10.1117/12.2292235



Motivation

Hardware Control Software
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Motivation

. Tools Staff
] X %
_] ’ 4 %
[Roos Instruments] [Tokyo Electron] [Modular Cleanrooms]
S 2,000,000 $ 100,000 p.a. $ 300,000 p.a.
(5 year lifetime) (30% of procurement costs) _
% 3 cent pegrsecond[“ J

Vs
10 - 30 cents for 10 mm? of chip area

Minimize Total Test Time to Reduce Overall Cost

and Improve Overall Throughput
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The Complexity of Light Coupling

Photonic Coupling
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* Probe cannot touch coupler
» Extremely sensitive to alignment mismatch
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Electrical Coupling
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Probe needs to contact the electrical pads

» Signal fidelity not dependent on placement of

probe on pads
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Review of Current Coupling Schemes

Grating Couplers: Edge Couplers:
Advantages: Advantages:

+* Reduced mode mismatch +* Lower insertion loss

¢ Accessible on wafer scale ¢ High optical bandwidth

X/

+* Low polarization dependent loss
Disadvantages:

+*»+ High polarization dependent loss Disadvantages:
+ Low optical bandwidth *»* Not easily accessible on wafer scale
¢ Higher insertion loss + Large mode mismatch

aptical fiber core

Reduced mode mismatch,
but drift due to assembly

fber mode

outcoupled -
ligghit % .—

grating mode

light from

grating
waveguide

Coupler

[Tyndall]
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Ideal Coupling Characteristics and Wafer-Scale Test

Low Insertion
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Accessible Edge Couplers

Photonic

Lensed Fiber ¢

Reflection

Interface

> Edge Coupler
Photonic Chip

Lensed Fiber
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12



Summary

Grating Coupling:

Advantages:

+* Reduced Mode
Mismatch

+* Accessible on wafer
scale

Additional Highlights

Lateral Edge Coupling:

Advantages:

* Low insertion loss

+* High optical bandwidth

* Low polarization
dependent loss

Vertical Edge Coupling:

Advantages:

+* Reduced Mode Mismatch

+* Accessible on wafer scale

+* Low insertion loss

+ High optical bandwidth

* Low polarization
dependent loss

++» Capable of performing high-throughput testing on wafer scale
+»» Requires no extra device area or change to fabrication process

COMP/\S5 2018
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Dicing Lanes

Dicing Lanes: 200 um wide, several 10s um deep

Another
Photonic Chip Photonic Chip
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Coupling Solutions
1 Optical fiber probe [2]:

¢ allows to test final product
o needs to be developed for Si Photonics

Cimna Coupmr

== TN

[1:.{._"_'_-_. CSFEuT 12

iF &

ﬂ;‘hmu —
T )

Edge to Edge Coupling [1]:

® allows to test final product
o extra costs

Novack A, et al “Test systems and methods for chips in wafer scale photonic systems.” United States patent application US 14/860,537.
(2015).
Santos R, et al “Vertical coupling mirror for on-wafer optical probing of photonic integrated circuits.” Integrated Photonics Research,

Silicon-and Nanophotonics, pp. IM3A-3(2014).
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Vertical Edge Coupling: Principles of Operation

1. The probe is inserted into
the Dicing Lanes

2. Total internal reflection
couples light into edge
couplers

Total internal reflection
» Wavelength independent
» Polarization independent

Photonic Chip
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Planar Lightwave Circuits (PLCs)

Silica substrate based integrated
circuits.
e Mainly passive functionality.

— Optical waveguide
embedded in glass

substrate Top Coupling Transposer
[Teem Photonics]
e Possible uses: e

RM waveguide.-]

— Quasi planar coupling

oo [}

— Mode matching i

% & — 0.8 ume

= 1@

E 12 * ;.:'r:m

E 2a

Foas

nput modé™. - “:'.:.'I i me 400 800 ao 1590

Tapar langth [=mi
[Ref. 1]

RIS 17
o fil: "Hilang,-G., Park, T., & Oh, M. (2017). Broadband integrated optic polarization splitters by incorporating polarization mode extracting waveguide.

Scientific Reports, 7(1). doi:10.1038/s41598-017-05324-x



Vertical Edge Coupling: Experimental Setup

Single Mode /

Fibers <

Probe Holder

PLC Probe

Device Under
Test (DUT)

Isometric View Lateral View
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Vertical Edge Coupling: Experimental Results

Fig 1: SMF Fiber to Chip Fig 2: PLC to SMF fiber Fig 3: PLC to Chlp

Injection Loss per facet
[dB]
PDL per facet [dB] 9.5 0.3 11.5

e ore T30  fucesspOL 2D |
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Design Optimization

Current Design Next Design
s 45 degree reflection angle ** 60 degree reflection angle

0

¢ Waveguides buried 20 um within substrate] +* Waveguides buried 14 um within substrate
* Waveguide geometry: 9 um X 9 um ¢ Waveguide geometry: 12 um X 10.5 um
** Mode Match: 73.4% % Mode Match: 95.9%

Eeti I ling i f 4.9 dF
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Problem Formulation

Given S = {51752753 Sn}, Si = (tii yl)
Goal: sort set S to minimize the total test time

Constraint: if the chip fails S;, it will not be entered into S;, ;

S. ) S. yiM S.
-1 M chips l chips 1+1
000 Yield=y;, | —* Yield = y; —> | Yield = y;44 00
Time = t;_4 Time = ¢; l Time = t;44

Discard:
A -y)M
chips
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Surface Level Solutions

Sort on Lowest Time

t <t, <tz <ty

Issue: if Test H has low test time, but 100% yield, it will be placed at the front, but can better
minimize total test time when placed at the end.

Sort on Lowest Yield
Vi<Y2<Y3<Yn

Issue: if Test H has low yield, but long test time, it will be placed at the front, but may better
minimize total test time when placed at the end.

Sort on Lowest Yield-Time Product
t1y1 <Gy, < G3y3 < thn

Issue: Same issue as sorting by lowest time - if Test H has low test time, but 100% yield, it could

be placed at the front, . d at the end.
eplacedatthefront  nodeling of System May be  “7 @ ¢
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Total Test Time Model

Test ] | Testz | | Testd Test N
| Yield =y, . Yield = ] Yield = L L Yield =
M chips | Time = & E':I:; Time = t, _'r:l:lll;;l: ._ Time = ¢, | Time = [y
ttotal

= Mt + My t, + My,y,t; + MJ’1J’28’3t4 + o+ My1Y2Y3 o Yn—1tn
= M(t, +y1(t2+y2(ts + y3(ts + ¥4(.0) o)

Ignore M since minimizing, and accounting for recursive nature:

ttotal = T(l)

_ th , n=N
() = {tn +y,T(n+ 1), n+1<N
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Mathematic Analysis
trotal = t1 + Y1 (L2 +y2(t5 + y3(ts + ¥4 () )

Expanded:
teotal;, = U1 T+ Y1ty + 1Y (t3 + Y3 (t4+3’4(55 + yS(---yn—l(tn)))

vs.
teotal, = t2 +Y2ls + Y201 (53 + V3 (t4+y4(t5 + yS(---yn—l(tn)))

When is tiota1; < trotar, but abstracted?

ta + Ya ( tb + Yb(Topt)) < tb + Vb ( ta + :Va(Topt))

Solved: Optimization Metric:
L

1—-y;

COMP/\SS 2016 24



Optimization Algorithm

Because
ta + Ya ( tb + yb(Topt)) < tb + Vb ( ta + Ya(Topt))
If .
a tb
<
1=y 1-w
Then

Time of sequence S,5,S,p: < Time of sequence SpS,Sypt

Minimize Total Test Time:

Sort Tests on Optimization Metric from
Lowest to Highest
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Implementation Results/Considerations

Input Set Number of chips = 100 Output Set
@.12 11 Success #stdin #stdout Os 4296KB @.12 11
9.21 1@ Total Time (Sort on Low Test Time): 1648.42s. @.21 18
8.36 9.5 Total Time (Sort on Low Yield): 1256.72s. 2.2 1.3
9.45 8.2 Total Time (Sort on Low Yield-Time Product): 1263.24s. @.52 7.1
8.52 7.1 Total Time (Custom Optimzation): 14@@.24s. @.36 9.5
8.6 6.6 Total Time (Recursive): 1313.56s. @.45 8.2
8.72 5.1 Total Time (Sort on Custom Metric): 1256.17s. B.56 6.6
@.84 3.2 @.72 5.1
a.9e 1.2 2.84 3.2
0.22 11 Success #stdin #stdout 03 4536KB @.1 6.1
0.11 20 Total Time (Sort on Low Test Time): 1355.26s. @.22 7.7
04655 Total Time (Sort on Low Yield): 824.56s. @.46 5.5
055972 Total Time (Sort on Low Yield-Time Product): 744.622s. 8.22 11
02277 Total Time (Custom Optimzation): 726.752s. 8.82 3.1
0161 Total Time (Recursive): 714.792s. 8.55 9.2
08231 Total Time (Sort on Custom Metric): 714.646s. @.11 2@
0.999 1 ©.992 2.3
099223 @.983 1
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Conclusion

Testing Time and Power is Important
Vertical Edge Coupling = Edge Coupling + Grating Coupling

Implemented Using the Planar Lightwave Circuit
Low Cost, Efficient, Easy to Implement
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Summary

Grating Coupling:

Advantages:

+* Reduced Mode
Mismatch

+* Accessible on wafer
scale

Additional Highlights

Lateral Edge Coupling:

Advantages:

* Low insertion loss

+* High optical bandwidth

* Low polarization
dependent loss

Vertical Edge Coupling:

Advantages:

+* Reduced Mode Mismatch

+* Accessible on wafer scale

+* Low insertion loss

+ High optical bandwidth

* Low polarization
dependent loss

++» Capable of performing high-throughput testing on wafer scale
+»» Requires no extra device area or change to fabrication process

COMP/\S5 2018
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Vertical Edge Coupler: Background

Dicing Streets: 200 um wide, several 10" um deep

COMP/\SS 2018 30



Loss Analysis
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>
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Access Solutions

CLIPP [2]:
I . ® non-invasive Eiched Gratings
o pRETY - ® good sensitivity (-30 dBm)
i ”':5 o only DC
g mRREMIOARAAATTIRAER S '—j;i:t

Optical fiber probe [1]:

® non-invasive

o needs direct access to
waveguides

Erasable Couplers [3]:

® full signal
o remaining Loss > 0.1 dB

Scheerlinck S, et al “Flexible metal grating based optical fiber probe for photonic integrated circuits.” Applied Physics
Letters,92(3):031104 (2008).

Morichetti F, et al “Non-invasive on-chip light observation by contactless waveguide conductivity monitoring.” IEEE Journal of Selected
Topics in Quantum Electronics,20(4):292-301 (2014).

Topley R, et al “Locally erasable couplers for optical device testing in silicon on insulator.” Journal of Lightwave

Technology,32(12):2248-53(2014).
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Vertical Edge Coupler: Coupler Loss Mechanisr

Single Mode Fiber
BN}
FC/APC SMF to PLC Silica Air L— j
Connector PLC Waveguide Interface = ==2 3
10 am fir Gag . & E_—E-
i“}_i"
Loss =
0.2 0.3 0.1 0.3 f
[dB] | W |
PCinput =
Total loss of PLC: 1.5 dB (measured) md i
Estimated total internal reflection loss: ;
0.6 dB Total Internal

Reflection Loss
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Bare Wafer

Optical
Front End

Electrical
Back End

/ Wafer Stage \

o

Device Stage \

7 Assembly

- .—?_-:'5__——_
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Vertical Edge Coupling: Principles of Operation

SMF Core

Mode
Matching

PLC
Waveguide

45° Reflection
Interface

1. The PLC is inserted into
the Dicing Trenches

2. Total internal reflection
couples light into edge
couplers

Total internal reflection

» Wavelength independent
» Polarization independent
» Theoretically loss-less
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Testing in Silicon Photonics

/ Datacom

[AIST]

Biosensor

* High Port Count
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L3 00pm
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Optimal Coupling Characteristics

nst of Ownership Staff

A+
Edge
. $ 300,000 p.a.
Coupllng ccurement costs)
(1]
Grating
Coupling
[Physik Instrumente]

) - )| 37
[1] PM, et éﬁglé).uéu;ﬁllenges and solutions for high-volume testing of silicon photonics. Silicon Photonics XIll. doi:10.1117/12.2292235
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