Conquering the Silicon
Photonics Production Bottleneck
Alignments for silicon photonics had been slow and sequential, but new fast multichannel photon
alignment systems are yielding breakthroughs in parallelism, scalability and speed.
BY SCOTT JORDAN
PI
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chokes coupling by a whopping 4 dB. The
steep slope of the Gaussian means drift
and other misalignment processes start
bad and get worse. Multimode couplings
are not necessarily easier to align, since
their globally optimum orientation is less
obvious.
,QWKHODWHVFDPHWKH¾UVWDOLJQment engines: the Nanotrak from Photon
Control and the FX-1000 from Newport
&RUS%RWKDOLJQHGVLQJOHPRGH¾EHUV
to devices, and the Launchmaster from
York automated free-space coupling into
e2x
1

D¾EHURURWKHUGHYLFH7KHVHQRWRQO\
UHGXFHGWKH¾GGO\FKRUHRIWUDQVYHUVH
single-mode alignment to under a few
seconds, they could maintain optimization in the face of drifts and disturbances.
These largely analog instruments
employed a gradient ascent technique
based on dithering one element in a small
circle with respect to the other. A detector
observed the resulting cyclic variation
of coupled intensity. A phase demodulator derived the phase angle between the
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a future chip architecture with hundreds
of cores all interlinked by an on-chip optical mesh2.
The rapid march of advances was
interrupted by the industry dieback in
the early 2000s as overcapacity and
an economically unsustainable glut of
under-differentiated ventures combined
WRZLQQRZWKH¾HOG3. In hindsight, this
bow to “photonomics” seemed inevitable4
as supply and demand found themselves
catastrophically imbalanced. It meant for
a quiet decade and a half, but only from
a commercial sense. Technologically, the
steady down-drop in scale continued in
research and industrial laboratories, with
the eventual goal being the elimination of
copper as the default interconnect. With
copper’s demise came the promise of
bounties of capacity, throughput, parallelism, scalability and energy savings.
In 2002 — the year of the telecom
meltdown — no one was talking about
streaming media, social networks, big
data or the Internet of Things. But as new
ZRQGHUVEHFDPH¾[WXUHVRIHYHU\GD\OLIH
over the past decade, as waves of creative
destruction washed away entire industries, bandwidth demand proceeded along
DQH[SRQHQWLDWLQJSDWK7KHQDERXW¾YH
years ago, the semiconductor industry
began driving photonics, motivated by the
world’s appetite for data. And eventually,
the photonics industry came back.

Figure 1. A graphical depiction of gradient determination via a circular dither, which modulates the coupled
power observed at the photodetector. The phase of the modulation with respect to the dither indicates the
direction toward maximum while its amplitude falls to 0 at optimum.

Alignment proves daunting
Testing and packaging a photonic
device once meant attaching a single
RSWLFDO¾EHUWRDVLQJOHHPLWWHURUGHWHFWRU(YHQWKLVSRVHGVLJQL¾FDQWFKDOOHQJHV3KRWRQLFFRXSOLQJVDSSUR[LPDWH
a Gaussian cross section. For transverse
misalignments of two parallel circular
optical waveguides of waist radii w1 and
w2, this equates to a transmission T that
diminishes with lateral misalignment d
(classical Gaussian coupling)5.
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In the common case where w1¦w2 ,
a misalignment of half a waist radius
results in a reduction of throughput by
1 dB; misalignment of a full radius
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Figure 2. A fast multichannel photon alignment (FMPA) system for double-sided probing of on-wafer
waveguide devices. Fully digital and closed-loop, it implements exclusion-zone capability, an internal data
UHFRUGHUQDQRVFDOHVWDEOHSRVLWLRQKROGDQGÀUPZDUHEDVHGIDVWVFDQQLQJPRGHOLQJDQGPXOWLFKDQQHO
N × M gradient search capability.
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Figure 3.)03$D[LVSDFNDJLQJFRQÀJXUDWLRQ
XWLOL]HVDKH[DSRGIRUORQJWUDYHOSUHFLVLRQ
DOLJQPHQWDQGDQ;<=SLH]RÁH[XUHQDQRSRVLWLRQLQJVFDQQHUIRUIDVWÀQHDOLJQPHQWDQGWUDFNLQJ
(above))03$D[LVGRXEOHVLGHGZDIHUSURELQJ
PI

FRQÀJXUDWLRQ(right).

and a corrective motion62EVHUYLQJImin
and Imax among the acquired dither points
DOORZHGHVWLPDWLRQRIWKHJUDGLHQW_į Ș _DV
a measure of alignment error.

PI
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Figure 4.7LPHVHULHVRIFRXSOLQJUHFRYHU\WLPHVIURP>UDQGRPRIIVHWVRIDPSOLWXGHVDQGVWDWLVWLFDO
GLVWULEXWLRQUHSUHVHQWDWLYHRIZDIHUSUREHUSODFHPHQWHUURUV

dither and the intensity signal, indicating the direction along the gradient. The
amplitude of the modulation represented
the magnitude of the local gradient,
providing a measure of lateral misalignment. Between the phase and magnitude
information (Figure 1), a servo could optimize and maintain the orientation of the
devices. This technique could align even
WKHWKHQQHZVLQJOHPRGH¾EHUV
(DUO\PHFKDQLVPVWHQGHGWREHIUDJLOH
offer limited range and operate without
SRVLWLRQIHHGEDFNPDNLQJWKHPOHVV
than optimal for production purposes.
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7KHVHGUDZEDFNVEHJDQWREHDGGUHVVHG
with digital gradient search technology
that originated in Newport’s AutoAlign
V\VWHPDQGVXEVHTXHQWO\DFTXLUHGDQG
IXUWKHUGHYHORSHGE\¾FRQ7(&7KH
¾UVWGLJLWDOLPSOHPHQWDWLRQRIDJUDGLHQW
VHDUFKLWZDVEDVHGRQUREXVWLQGXVWULDO
FODVVSUHFLVLRQPRWLRQKDUGZDUHFDSDEOH
of travels of many millimeters, driven
E\HI¾FLHQWVRIWZDUH,WZDVTXLFNO\
LPSOHPHQWHGLQWRDKRVWRISDFNDJLQJ
V\VWHPGHVLJQVVXLWDEOHIRUSURGXFWLRQDSSOLFDWLRQV,WXWLOL]HGDSRLQWZLVH
GLWKHUIROORZHGE\DJUDGLHQWFDOFXODWLRQ

Imin − Imax
Imin

The corrective motion used the step
VL]HVFDOHGWRWKHHUURUVLJQDO_į Ș _DQG
VXEMHFWHGWROLPLWVWRSUHYHQWRYHUVKRRW
The process was then repeated. As ∇,Ĺ
(the condition of alignment) the system
naturally stopped when optimized, or it
could align continuously.
3,LPSOHPHQWHGDQRYHOSLH]RVWHSSLQJ
mechanism to achieve similar aims, and
LQLQWURGXFHGDSKRWRQLFVDOLJQPHQW
KH[DSRGDPLFURURERWWKDWLPSOHPHQWHG
KLOOFOLPELQJDOJRULWKPVDQGVFDQVLQ
¾UPZDUHDQGFRXOGSHUIRUPDOLJQPHQWV
and precision closed-loop motions in six
GHJUHHVRIIUHHGRPZLWKURWDWLRQVFDVWE\
software to any desired center point, such
as a focal point. This proved important
IRUWKHSDFNDJLQJDSSOLFDWLRQVLQWKHLQGXVWU\µVJUHDWEORVVRPLQJDQGVXEVHTXHQW
decline. Then came silicon photonics.
Silicon photonics is different
,QVLOLFRQSKRWRQLFV 6L3 RSWLFDO
GHYLFHVDUHIDEULFDWHGRQZDIHUVLQZD\V
familiar from semiconductor microlithography. The devices are formed in layered
IDVKLRQRQWKHVXUIDFHRIDVLOLFRQVXEstrate. The resulting waveguides present
very different physics than the cylindrically symmetric geometries familiar from
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Figure 5. Fast sinusoidal raster scan showing
departure from a classical Gaussian coupling
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VLQJOHPRGH¾EHUDSSOLFDWLRQV&KDUDFWHULVWLFGLPHQVLRQVFDQDOVREHPXFKVPDOOHU
WKDQZKDWZDVW\SLFDOLQ2IWHQ
GLIIUDFWLYHFRXSOHUVDUHXVHGWRNLFNOLJKW
RXWRIWKHZDIHUSODQHPDNLQJLQZDIHU
GHYLFHVDFFHVVLEOHZLWKRXWGLFLQJDQGIDFLOLWDWLQJVRPHSDFNDJLQJDSSURDFKHVIRU
WKH¾QDOGHYLFHV,WµVFRPPRQWRVHHFRXSOLQJFURVVVHFWLRQVWKDWKDYHDQDUURZ
NQLIHHGJHSUR¾OHLQRQHGLPHQVLRQDQGD
PXFKEURDGHUSUR¾OHLQWKHRUWKRJRQDOGLPHQVLRQ$QGWKHNLQSXWVDQGMRXWSXWV
RIVKRUWGHYLFHVFDQLQWHUDFWZLWKVOLJKW
FKDQJHVRIDOLJQPHQWSRVLWLRQDWHDFKRI
WKHLQSXWVSRWHQWLDOO\VWHHULQJWKHDOLJQHG
SRVLWLRQDWWKHRXWSXWVWKHUHE\PDNLQJ
DOLJQPHQWDPRYLQJWDUJHW
7KHGLPHQVLRQVSUR¾OHVDQGLQWHU
FKDQQHOEHKDYLRUDUHSUREOHPDWLFIRU
OHJDF\DOLJQPHQWV\VWHPVZKLFKUHTXLUH
DWLPHFRQVXPLQJORRSLQJVHTXHQFHXQWLO
DFRQVHQVXVDOLJQPHQWLVDFKLHYHG$GG
WKHDQJXODURSWLPL]DWLRQUHTXLUHGRI
DUUD\HGGHYLFHVDQGRWKHUVDQGWKHDOLJQPHQWWLPHVLQFUHDVHSURKLELWLYHO\
$OOWKLVSRVHGREVWDFOHVIRUVFDODEOH
SDFNDJLQJRI6L3GHYLFHV$QGRIFRXUVH

FURVVVHFWLRQ0HVV\SURÀOHVRIWKLVVRUWFDQQRW

Figure 6. Top-hat coupling, typical of detector

be reliably optimized with traditional alignment

alignment and DMD testing. The FMPA controller

algorithms.

can automatically determine the position of the
centroid. Top-hat couplings could not be aligned by

WKHPRVWFRPSHOOLQJUHDVRQWRSXUVXH
VLOLFRQSKRWRQLFVLVWKHDELOLW\WRVWDPS
RXWKXQGUHGVRUWKRXVDQGVRIGHYLFHVLQ
RQHJRRQDVLQJOHZDIHU
$UHDOL]DWLRQHPHUJHGDERXWWKHLPSOLFDWLRQVIRUZDIHUOHYHOWHVWLQJRISKRWRQLF
HOHPHQWV$VFRVWO\DVDSDWWHUQHGZDIHU
LV±DQGLWFDQH[FHHGVHYHUDOPLOOLRQ
GROODUV±LWUHSUHVHQWVDVPDOOIUDFWLRQ
RILWVIXOO\SDFNDJHGGHYLFHVµYDOXH7,WLV
LPSHUDWLYHWKDWRQO\NQRZQJRRGGHYLFHV

any integrated alignment technology prior to FMPA.

SURFHHGWRWKHSDFNDJLQJSKDVH
&RQYHQWLRQDOO\HOHFWURQLFWHVWLQJ
LVURXWLQHO\SHUIRUPHGRQZDIHUV$Q
HQWLUHHFRV\VWHPRIZDIHUSURELQJWRROV
H[LVWVWRVXSSRUWWKLVLQERWKWKHODEDQG
IDE:DIHUVDUHFRQWDFWHGE\DQDUUD\
RIHOHFWURQLFSUREHVSUREHSODFHPHQW
WROHUDQFHVFDQEHDVWLJKWDVWRȜP
WRGD\7HVWLQJSURFHHGVXVLQJDYDULHW\RI
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tions: Coupling tends to be noncontact.
Tolerances are two orders of magnitude
tighter, placing extreme demands on
probing system structural rigidity and
stability. Furthermore, the value and

PI

stimuli, often at varying temperatures. In
WKLVZD\HDFKGLHLVTXDOL¾HGDQGJUDGHG
(binned) so that its status is known long
before dicing.
Optical probing presents new complica-

Figure 7. This graphic user interface example provides intuitive access to key FMPA functionality. Shown:
GRXEOHVLGHG;<=ZDYHJXLGHDOLJQPHQWDQGQRYHOFDSVHQVRUHQDEOHGÁ\KHLJKWFRQWURO(circled).

fragility of a fully patterned wafer eliminates the use of open-loop motion devices
— or should, in theory. Only closed-loop
devices with real-time position encoding
and a soft-limit (exclusion zone) capability should be allowed to operate within
microns of a costly patterned wafer.
Precision sensors also ensure that when
alignment concludes, positions are held to
nanometer-scale stabilities.
The impasse posed by the mushrooming number of devices was only recently
broken. First, the foundational point-wise
gradient search was supplanted in the
mid-2000s by a mathematically related
but nonstop digital gradient search, an
innovation8 that combined a continuous
dither with synchronous observation of
position and coupled power, enabling
RQWKH¿\RSWLPL]DWLRQDWPXFKKLJKHU
speeds. This, in turn, yielded the newest
development in alignment (Figures 2,3),
called fast multichannel photon alignPHQW )03$ D¾UPZDUHEDVHGGLJLWDO
approach that provides alignment of
multiple inputs and outputs and degrees
of freedom, and can do so all at once, as it
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offers inherent parallelism9. The technique is also applicable to fast, parallel
multi-degree-of-freedom alignment of
UH¿HFWLYHDQGUHIUDFWLYHHOHPHQWV
Implementing for speed
This capability can be built into the
¾UPZDUHRIWKHDOLJQPHQWFRQWUROOHU
DORQJZLWKDUHDODQG¾UVWOLJKWVFDQV
SURYLGLQJDVLJQL¾FDQWPXOWLSOLHURI
H[HFXWLRQVSHHGYHUVXVVRIWZDUHGULYHQ
DSSURDFKHV6RIWZDUHFRPSOH[LW\FDQEH
reduced to issuing single commands to
commence multi-channel, multi-degreeof-freedom global optimization.
([HFXWLRQRIWKH¾UPZDUHEDVHGDOLJQPHQWFRPPDQGVLVVWUDLJKWIRUZDUGDQG
IDVW8VHUVFDQGH¾QHWKHDOLJQPHQWRU
scan process by specifying its operational
SDUDPHWHUVVXFKDVZKLFKD[HVDQGZKLFK
optical metrology inputs to optimize.
7\SLFDOWUDQVYHUVHRSWLPL]DWLRQVDUHFRPplete in about 250 to 400 msec (Figure 4).
$OOWROGJOREDOLQSXWRXWSXW6L3GHYLFH
DOLJQPHQWLVDERXWWZRRUGHUVRIPDJQLtude faster than legacy techniques applied
sequentially.

2IFRXUVHUDWKHUWKDQFRPSOHWLQJZKHQ
a satisfaction criterion is reached, any
SURFHVVRUSURFHVVHVFDQEHFRQ¾JXUHG
to continue or restart, maintaining global
alignment against drift and other disturEDQFHV±ZKLFKLVHVVHQWLDOIRUGHYLFHV
LQFRUSRUDWLQJDFWLYHHOHFWURQLFHOHPHQWV
such as lasers or heaters. When halted, the
GHYLFHUHPDLQVXQGHUQDQRVWDEOHFORVHG
loop position control.

Early mechanisms tended

Fast profiling
Alignment speed can be limited by
mechanical and computational issues.
Mechanical oscillations are suppressed
by motion patterns engineered for
PLQLPDOYLEUDWLRQDVLQXVRLGDOUDVWHU
DQGVLQJOHIUHTXHQF\RUFRQVWDQWYHORFLW\
spirals. Running the search algorithms
and optical feedback inside the controlOHU¾UPZDUHUHGXFHVH[HFXWLRQWLPH
FRPSDUHGWRWUDGLWLRQDOVRIWZDUHEDVHG
methods implemented on a host computer.
Additional throughput can be gained by
LQFUHDVLQJWKHSLH]RGULYHQVFDQQLQJ
DUHDDQGLPSURYLQJUHVSRQVLYHQHVVRIWKH
mechanisms. A parallel-kinematics ap-

production purposes.

to be fragile, offer limited
range and operate without
position feedback, making
them less than optimal for

SURDFKDOORZVWKHUHGXFWLRQRIWKHPRYHG
PDVVHVDQGWKXVKLJKHUDFFHOHUDWLRQRYHU
ODUJHUPRWLRQUDQJHVWKDQSUHYLRXVO\
DYDLODEOHZLWKVHULDONLQHPDWLFVGHVLJQV
Closed-loop control eliminates drift and
positional uncertainty that restrain the accuracy of open-loop nanopositioners often
deployed in lab-class alignment applications. The sinusoidal raster is similar to a
FRQYHQWLRQDOVHUSHQWLQHVFDQEXWZLWKELdirectional data acquisition for speed and
ZLWKRXWWKHYLEUDWLRQLQGXFLQJVWRSVWDUW
at the beginning and end of each scan-
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Cascade Microtech, division of FormFactor Inc.

■ Silicon Photonics Testing and Packaging

Figure 8. Cascade Microtech’s pioneering CM300 photonics-enabled engineering wafer prober integrates
PI’s Fast Multichannel Photonics Alignment systems for high-throughput, wafer-safe, nano-precision optical
probing of on-wafer silicon photonic devices.
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degrees of freedom in parallel to achieve
the consensus optimum.
Fast multichannel photon alignment
represents a break from the past in ways
relevant to silicon photonics. Previously,
alignments were sequential and slow
and software-intensive. With FMPA,
WKH\DUHSDUDOOHODQGIDVWDQG¾UPZDUH
implemented. This yields scalability. Up
to six degrees of freedom are supported
per coupling. Fast, fab-class interfaces
speed communications, with networkcompatibility for integration into production information systems. For rapid application development and supportability,
a mnemonic command set provides deep
functionality for alignment and precision
motion and is supported by dynamic
libraries (.dll for Windows, .dylib for
macOS, .so for Linux) and libraries for
LabVIEW, MATLAB, Python and other
popular architectures. These allow quick
construction of applications, such as a
graphical interface (Figure 7) that is locally or remotely scriptable by Python,
MATLAB and other text-executive
environments.

FMPA is available to engineers,
researchers and OEMs (Figure 8) and is
built into packaging and probing tools
from some of the most respected integrators in the industry.
Meet the author
Scott Jordan is head of photonics for PI, and
a PI Fellow. A physicist with an MBA in
Finance/New Ventures, he has multiple contributions to alignment automation.
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