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Theperformance oftoday's electronic and photonic sys­
tems is largely limited byinterconnection technology.
Using silicon-based multichip modules and hybrid opti­
cal packaging as exemplary models, we show how high­
performance interconnection technology can beachieved
at low cost. Thekey is tochoose materials and processes
thatarecompatible with today's very-large-scale
integrated-circuit manufacturing.
Introduction

The genius in Seymour Cray'sinvention ofthe supercomputer
wasin his exploitation ofinterconnection designand technology.'
However, the performance oftoday's electronic systemsis still limited
by interconnections betweencomponents and subsystems and notby
the high-speed, very-large-scale integrated (VSLI) circuits from which
the systemsare constructed. This paper concernsprocessesand mate­
rialsforthe nextgeneration ofhigh-performance interconnection tech­
nology. To achieve the overriding goalofhigh performance at lowcost,
it is imperative that webuildon existing manufacturing and materials
expertise. (Panell defines acronyms and terms used in this paper.)

In anyelectronic or photonic system, there is a plethora of
interconnection technologies. Figure 1 shows howthe cost per connec­
tionincreasesdramatically from on-chip to system-to-system intercon­
nections. It is beyond the scopeofthis article to discussallthese tech­
nologies. Instead, interestedreaders shouldrefer to a recent issue of
the AT&TTechnicalJournal that wasdevoted entirelyto interconnec­
tiontechnology.i In this paper, wefocus on chip-to-chip interconnec­
tionmaterials and the processes that are compatible withconventional
VSLI manufacturing.

System Needs
Ateach level ofinterconnection, the driving force is to lower

cost and improve performance. To achieve this goal, we must:
- Reduce the cost perconnection. VSLI manufacturing has shown that

wecan achieve this mosteffectively by increasing the interconnec­
tiondensity. Asthe level of integration increases, the cost per
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Panel 1. Acronyms, Elements, and Terms

Ag silver
AI aluminum
Au gold
ASIC application-specific integratedcircuit
AVP advanced VSLI packaging
Cr chromium
Cu copper
CVD chemical-vapor deposition
DARPA DefenseAdvanced ResearchProjects

Agency
electromagnetic interference
hybrid integratedcircuit
hybridoptical packaging on silicon
input!output
integratedcircuit
first-level metal
second-level metal
third-level metal
multichip module
106 floating-point arithmetic operations

per second
microinterconnect

Ni
Pb/Sn
Pd
PdAg
PIN
POLYHIC
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Si
Si0 2
SINCAP
SRAM
Ta2Si
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TFLOPS

Ti
Ti/Pd/Cu/Ni/Au

TV
VSLI
VCR
W

nickel
lead/tin
palladium
palladium silveralloy
positive-intrinsic-negative
polymer hybridintegratedcircuit
printed-wiring board
silicon
silicon dioxide
silicon nitridecapping layer
static random-access memory
silicon resistor
thermalcoefficient ofexpansion
1012floating-point arithmetic
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nickel, andgold
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connection decreases because more connections are
madesimultaneously. This results in increasedyield
and reduced use ofmaterials and processing.

- Shorten the interchip distance. If we increasethe level
ofintegration, we alsoenhance systemthroughput,
which improves performance.

- Increase input/output tt/o) perchip. This directly
increasessystemthroughput.To increase the I/O per
chip, we use higher densityinterconnection technolo­
gies such as multichip packaging.

- Improve power management. Materials withhigh ther­
malconductivity, such as silicon (Si), are preferred
overthermally insulating ceramics. These materials
reduce the need for expensive heat sinks and liquid

cooling in high-density packages.
- Use commodity chips. On-chip customization is prohibi­

tively expensive unless largevolumes are produced
and sold. Ifwe passively interconnect small, inexpen­
sivecommodity chipswithself-contained functions,
we can minimize the length ofthe design-test­
manufacture cycle and provide cost-effective, complex,
customized circuitry.

- Use common technology for photonics andelectronics.
Future systemswill require increasedintegration of
photonic components withelectronic components.
Whencommon technology is used to package these
components, material and processing costs are shared
and, thereby, reduced.

AT&T TECHNICALJOURNAL. NOVEMBER/DECEMBER 1990



48

Figure 1. Approximate cost of interconnecting
a conductor or fiber in a telecommunications
system. The most effective way to reduce the
cost per interconnection is to increase intercon­
nection density. As the level of integration
increases, more connections are made simul­
taneously. (Adapted from "Materials for Informa­
tion and Communication," by John S. Mayo.
Copyright© 1986 by Scientific American, Inc.
All rights reserved.)

Manufacturing Needs
Although backplane or circuit-board technology

appears mundane, such disinterest is, in reality, a testa­
ment to the low cost and high quality that is routinely
achieved in conventional, backplane manufacture. Indeed,
newtechnologies such as those we discuss here must
satisfy these high expectations and add enoughvalue to
justify the costs of the newtechnology. To achieve this
goal, we must understand the interactions amongthe
materials that make up packages, designprocesses and
assembly techniquesthat are simple and insensitive to
variations, develop low-cost and reliable testing methods,
and create designs that permitrepairor replacement of
individual components.

Materials Interactions. Even in conventional
printed-wiring board (PWB) designs, the interactions
amongmaterials are important. For example, solder
must be designednot to dissolve copperPWB wiring, yet
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must assure long-term adhesionand electrical and ther­
malcontact. Connectors must be oflow resistanceand
function in the presence ofcorrosive atmospheres, high
temperatures, and humidity.

Whenwego to higher interconnection densities
or optical interconnections, these conventional problems
are compounded. For example, dust and dirt often collect
on wireleads and can short out devices.! The closer the
wires, the greater the problem. Duringmanufacture or in
the field, plastics liberatehigh-vapor-pressure components
that can coatoptical surfacesor preventgood solderadhe­
sion. Many optical components, such as lasers, require a
hermetic environment for long-term reliability, but fabri­
catingthe hermeticenvironment mayloosenthe solder
that holds the devices in alignment. The components,
board,and backplane must worktogether through many
thermalcycles, even though they consistofdiverse mate­
rialswithdifferent expansion coefficients.



Assembly. Openthe back ofa computer, and you
will see integrated-eircuit (Ic) packages attached to PWBs,
and boardsslid into edge-eard connectors along the PWB
backplane. Typically, the package leads are inserted into
holeson 2.5-mm (millimeter) centers (pitch), and sol­
dered into place. More recently, surface mounting of
components has become popularto increase component
density. Here, the ICs are soldered directly to copper
traceson the board surface, with0.6mmbetween the
centersof the leads.The assembly process relies on a
special-purpose robot that picks up the IC (i.e., the chip),
and, througha combination ofdeadreckoning andvision,
puts the chipin its properlocation. Because the leadsare
placed inholesor restrained bysmall dabsofadhesive,
the chip is held in placeduring the solderingoperation.

These operationsare much too coarse-grained
for electrical leads on O.06-mm centers or for optical
devices that require accurate and stable alignment to
0.001 mm. Newmethods are required.Among the possi­
ble solutions are: improved, active alignment and self­
alignment.

Improved, active alignment can include high­
performance vision systems that view the chip and the
pad. Assembly methods also include capacitive align­
ment, where the bondingstation measures the capaci­
tancebetweenthe chipand the pads as assemblyis tak­
ingplace. When the leads are directly above the correct
pads, the capacitance is highest;when they are mis­
aligned, the capacitance drops." The apparatuscan grip
optical devices, such as lasers or photodetectors, in a
fixture that also provides powerto the devices. Then, by
monitoring the device's light output through the wave­
guide intendedfor attachment, highlyaccurate align­
ment is possible.

Ajigsaw puzzle is an everyday example of self­
alignment. You need to get the right piece near the right
location. Then, the piece's shape and somegentle vibra­
tion will align and hold it in registration. Solderreflow
can be used in the self-alignment ofchips to bonding

pads.When the solder melts, surfacetension "sucks"the
pad and chip leads intomutualalignment.

Becauseself-alignment fails when the chipand
pad are offset by more than one-half the pad spacing, this
technique is generallycombined withanother passive
restraint.The added restraint could be a well with slop­
ing sides to containthe leads.The chip is etched with a
matchingbeveland, like the puzzle pieces, is simply
vibrated into place. Or, both the chipand the circuit
board can be etched to accepta few small alignment
pins, such as ballbearings.

In general, active alignment is more expensive
than self-alignment, and the latter will be used wherever
possible.

Testing. In a quality design,yieldsshouldbe
high enough to avoid almostall testing. Nevertheless,
the final part must be tested and exercised beforeuse. Of
course, testing is also needed during earlydevelopment.
Thus, we maystillneed to probe the board's function at
the finestwiring pitch, even though this pitchmaybe too
finefor conventional probe tips.

Solutions to this problem take manyforms.
Someof the chips on a board can be designed only for
testing the remaining chips. In this way, we can address
a proctor chip with conventional probes and use it to exe­
cute a built-in program that exercises the higher inter­
connection densitypart of the board. Or, specialtest
probes can be designed withthe same interconnection
technology as the circuitboard. For example, a probe­
a "dummy" chipwith tiny (0.01 mm), lithographically
defined spring fingers-can be pressed onto the board,
taking advantage ofthe self-alignment techniques
described above.

In an optical backplane, the original design
can include extra waveguides that tap a small portion
of the light.

Repair. Even the best products sometimesneed
repair. Byusing localized heating and easily cleaned
fluxes, wecan removechips from a board by remelting
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the solder.Afterwe check the bond site for solder
integrity, we can install a newchip.Again, self-assembly
techniques help to prevent other chips from moving dur­
ing this operation and simplify insertionof the replace­
ment chip onto a crowdedboard.

However, hermetic or Si-encapsulated packages
are impractical or too costlyto repair. Often, it is cheaper
to replace the part entirely. Yields and reliability must be
high enough so that repairs are infrequentand can be
done cost-effectively at the module level.

Multichip Modules
Becausemultichip modules (MCMS) provide

increased integration, they offer the lowcost, high per­
formance, and compactpackaging that system designers
need.An MCM consists of severalVSLI chips, each per­
forming a different function, that are mounted on a base,
called a substrate, that is patternedwith thin-film resis­
tors, capacitors, and conductors. Multichip packaging
offers tenfold improvements in the ratio of system cost to
system throughput comparedto single-chip packaging.

The MCM concept is similar to on-chip, VSLI inter­
connection but is really a compromise. Ideally, one would
prefer to gain further functional integrationby making
wafer-sized (15O-mm diameter) circuitswith the intercon­
nection densityofVSLI (0.001 mm). However, this
approach currently is too expensive because of the
number ofdefectsfound on Siwafers. Today'schip sizes
(100 mm/) are chosen because the probability offinding
a defecton a chip this size withVSLI interconnection den­
sity is less than one. MCMs use interconnection structures
withat least 1/100 the interconnection densityofVSLI.
Then, the module is constructed using individually tested
VSLI chips that are attached to the MCM substrate, which
preventsa singledefectfrom destroyingthe module func­
tion.From the system perspective, MCMs looklike subsys­
tems on a giant,but inexpensive, customized chip.

Although a variety of MCM technologies are avail­
able (seeTable 1), allhave in common a multilevel struc­
ture of insulatorsand conductors. However, the packag-
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ing technologies use different materials and methods for
chip attachment. These differences determine not only
the electrical performance of the subsystem but also the
extent to whichwe can buildon existingexpertisewith
materials and packaging.

A polymer hybrid integratedcircuit (POLYHIC)
uses thin polymer films on ceramicsubstrates. In cofired
ceramictechnology, ceramicand metallic films are co­
centered. Here, wefocuson the microinterconnect (M!)
technology that uses aluminum (Al) metalization on Si
substrates (Figure2). MI technology is similarto AT&T's
advanced VSLI packaging (AVP) technology but uses Al
instead ofcopper (CU). 2 In AVP, the interconnectmetali­
zation actually consists of three metals: Cu,chromium
(Cr),and nickel (Ni). Although Cu is a better conductor
than Al, Cu processing is considerably more complex
because multiple metal layersare needed.

MI technology offers both superior performance
(seeTable I) and an opportunity to exploit existingpro­
cessing and design expertise.The twokey elements in
fabricating MI MCMs are:
- Fine-line interconnection on Si substrates
- Flip-chip solder attachment.

Fine-Line Interconnections on Si. On SiVSLI chips,
for example, line dimensions are less than 0.001 mm and
the cost per connection is only$10- 5 (Figure 1).This
lowcost results primarily fromthe simultaneous, high­
yieldproduction of millions of interconnections. On
MCMs, line dimensions are typically 0.01 to 0.02 mm and
the cost per connection is $10- 2. The larger, MCM line
dimensions are tailored to provide critical damping of
signal reflections withoutthe need to use termination
resistors that dissipate excessive power.!This perfor­
manceadvantage cannotbe realized witheither finer or
coarser dimensions.

Although such lines are difficult to fabricate on
ceramicsubstrates, they are routinely fabricated on Sifor
VSLI. Also, Si is preferred to ceramicas a substrate mate­
rialbecause ofSi'shigh thermalconductivity and perfect
thermal expansion coefficient matchwithSichips.



Table I. Current MUltichip Module Packaging Technologies

Cofired ceramic
MIPOLYHIC

Properties (standard) Standard Development (development)

Conductors
Metalization Ti/Pd/Cu/Ni/Au W Au,PdAg,Ag Al
Minimum linewidth (mm) 0.05 0.125 0.1 0.01
Minimum linepitch,P (mm) 0.125 0.25 0.2 0.02
Thickness (mm) 0.005 to 0.01 0.0075 to 0.025 0.0075 to 0.025 0.0025

Dielectric layers
Material Triazine/96% alumina Glassy ceramic Glassy ceramic Polyimide/silicon
Maximum number 2 >30 >30 2
Maximum signallayers,N -2.5 >20 >20 2
Minimum thickness (mm) 0.025 0.0925 0.0925 0.0025
Viadiameter (mm) 0.15 by .015 or 0.1by 0.2 0.25 0.125 0.0075
Glasstransition temperature, 1; (0C) -200 - - 350to 400

Interconnection density
Signal linesonly (mrn/mm"),NIP (excludes vias) 20 79 98 98

Electrical
Dielectric constant 2.8 8.0 4.0to 4.5 3.5
Propagation delay (ns/mm) 0.0055 0.009 0.0067 to 0.0071 0.0063
Resistance (n/mm) 0.098 0.039 0.020 0.98
Inductance (mH/mm) 0.28 0.43 0.39 0.24
Capacitance (pF/mm) 0.11 0.20 0.14 0.098
Bandwidth (GHz) >1 N/A N/A >1
Attenuation at 3.5em,20GHz (%) 7 N/A N/A 20

Thermal
TCE matchedto Alumina Alumina Silicon Silicon
Thermalconductivity, dielectric (W/cm-C) 0.35 0.03 $0.03 1.6

Miscellaneous
Flip-chip attachment To be developed Yes To be developed Yes
Termination or damping resistor Yes Yes Yes No
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To keep the costs ofmaterials and processing
low, polymers such as polyimide are the preferred inter­
level insulators. Here, processingis similar to that used
in conventional photolithography. That is, films are spun
ontothe Si substrate, are cured by heating to 300°C to
400°C (degrees Celsius), and then are patterned."

Interfacial adherence is a common problem in
building multilayer structures. If the AI is free ofwater
and organic residues, then adhesionis not a problem
when polyimide is deposited on AI. ButwhenAI is depo­
sited on polyimide, the adhesionis usually poor." Often,
an intermediate layer such as titanium is used to provide

AT&T TECHNICAL JOURNAL. NOVEMBER/DECEMBER 1990
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Figure 2. The microinterconnect (MI) structure
used in fabricating multichip packages. A chip is
bonded face down ("flip-chip") onto a Si sub­
strate using Pb/Sn solder bumps anchored by
Cr/Cu composite base metals. Polyimide is used
as an interlevel dielectric, typically in a three­
level AI metal-M1, M2, M3-scheme. One level
is used for power and two levels are for signals.

Flip-chipbonded Ie

polyirnide 3

Polyimide 2

Polyimide 1

'--_--'I Aluminum

the "glue"that bonds Al to polyimide. This approach is
complicated and costly.

The understandingofadherence phenomena
such as these remainsa fundamental materials-science
problem whose solution will lead to simplerand cheaper
structures.

The choicesof substrate, metalization, and inter­
layerdielectric just discussed provide an important
benefit: Wecan fabricate MCM substrates in existing IC
facilities. In building customized MCM substrates, we can
effectively use our vast knowledge of IC processingand
reliability, as well as the convenience and lowcost of
commercial equipment.

Fli~hip Solder Attachment. The second critical
MCM building blockis flip-chip solder attachment. In
ordinary IC packaging, the chip is wire-bonded face-up
with respect to the mountingsurface. The term flip-chiP
is used because the chip is bonded facedown toward the
substrate (Figure 2). (IBM uses the term C4,or con­
trolled collapse chip connection, for this technology.8)

AT&T TECHNICAL JOURNAL • NOVEMBER/DECEMBER 1990

Thin metal films anchor the solder jointto both the chip
and the substrate. Soldermaybe applied to either the
chip, the substrate, or both. But to make MCM repair
simplerand cheaper, it is preferable that solder be
applied onlyto the chip.

Also importantis to have solders with different
melting points. Forexample, the solderused to bondchips
to MCM substrates must have a higher melting pointthan
the solder used to connect the MCM to the PWB. We can
easily achieve this byvarying the tin concentration in
lead-tin solders. However, the meltingpointis not the
onlyissue, and solder metallurgy is more complicated
than first meets the eye.

It is importantto make reliable solder joints.
Again, this means we must use multiple layers to obtain
strong, reliable adhesion betweenthe solder bump and
the chip and betweenthe solder bump and the substrate.
The solder must easily wet the metallayers but, at the
same time, repeated solder reflow must not dissolve the
metal layers.



Figure 3. Solder-bump structure. (a) Solder and base
metals are deposited into the holes in and on top of the
dry-film resist (Riston photopolymer film), which is then
(b) dissolved during the lift-off process. The device is pro­
tected by a silicon nitride coating (SINCAP). This technique
produces well-controlled, uniform, high solder bumps.
(c) This scanning-electron micrograph shows the row of
solder bumps on a device wafer before solder reflow.SINCAP

(a)

Solder Solder

Riston film-...........
i'*'"

Solder

--- Base metal \ -..1
Polyimide L .. Pqlyimide

AI contact '-

Solder

_.... Base metal \

~)P=-o""'IY"'-im""'id""'e-·L \

AI contact
(b)

(c)

_....
.. Polyimide \

~SINCAP

To satisfy these contradictory requirements, we
use a base-metal systemoftwo interleaved composites of
Cr and Cu.8 Duringreflow, the Cu absorbs molten solder
intothe Cu/Cr composite but the Cr remainsinert and is
not dissolved by the solder. After the solder cools, it is
lockedinto the Cr structure. Even after repeated reflows,
the structure remainsstable.

Basemetaland solderbumpsare deposited by
sputteringand evaporation, respectively, into the holes of
a film resist (i.e., Riston" photopo1ymer film) that is
defined using a lithographic process (Figure 3a), as well
as onto the resist surface. (Riston is a registered trade­
mark ofE. I. Du Pontde Nemoursand Company.) The
holes provide access to underlying AI contactpads. The
Riston film is then dissolved (during a lift-off process,
Figure3b) leaving behindwell-controlled, uniform, high
solderbumps on the chip's I/O pads (Figure 3c).

First, chips are attachedto the substrate through
the application ofheat and pressure.Then, the solder is
reflowed by heating in the presence offlux. This process
forms good solderjoints, and the surfacetensionofthe
molten solder aligns the chip to the substrate.Thus, the
placement tool needs to alignthe chip to the substrate to
within a distance ofonly halfthe sizeofa bondingpad­
typically, 0.05 mm-and chips need not be perfectly
attachedto the substrate initially.

Ultradense Parallel Processor. Undercontractto
the U.S. Defense Advanced Research ProjectsAgency
(DARPA), AT&T FederalSystems is constructing an
800-MFLOPS computerusing the MI technology just
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Figure 4. AT&T's
ultradense parallel
processor is a build­
ing block for a
TFLOPS computer.
(a) By using multichip
module (MCM) tech­
nology, the ultra­
dense processor will
provide 80o-MFLOPS
throughput in a cubic
box of only 100 mm
on a side. The sys­
tem's power con­
sumption will be less
than 200W, so a
small fan easily cools
the device. (b) Each
of the eight metal
boards in the ultra­
dense processor uses
four MCMs, called
tiles. Each MCM con­
sists of a DSP, an
ASIC, and eight
SRAMs that are flip­
chip bonded onto a
fine-line patterned, Si
substrate.
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described. (MFLOPS stands for 106 floating-point arith­
metic operations per second.) This ultradense parallel
processor will havecomputing powercomparable to a
Cray-l supercomputer but will be housed in a cubicbox
ofonly 100 mmon a side.The goalof the projectis to
develop a three-dimensional, high-density interconnec­
tion technology and parallel-processing architecturethat
will permitconstruction ofa TFLOPS supercomputer.
(TFLOPS stands for 1012 floating-point arithmetic opera­
tions per second.)

The ultradensesystemwill consistofeight metal
circuit boards that are interconnected using a conductive
polymer (Figure 4a). Four MI MCMs (or tiles) are mounted
andinterconnected (Figure 4b) on each board. Each
MCM consistsof:
- Eightstatic random-access memory chips
- Adigital-signal processingchip
- Anapplication-specific integratedcircuit (ASIC) to con-

trol communication betweenprocessors.
Only the ASIC chip is custom manufactured. All the other
chipsare already manufactured byAT&T or other ven­
dors. Also, processingofthe MCM Sisubstrate is compa­
tible withexistingAT&T VSLI production capability.

The MCM technology not onlypermits the ultra­
dense systemto be contained in a smallarea but also
minimizes the system's powerrequirements to under
200W (watts). Thus, only a small fan will be needed for
forced-air cooling.

Optical Interconnections
Most interconnection systemsare terminated at

either end withelectronic devices. Thus, it is not immedi­
ately obvious whyan optical connection betweenchipsor
boards (that require multiple electrical-to-optical and
optical-to-electrical conversions) has anyadvantages.

Current applications for optics on motherboards
are limited to twomain areas:
- Asimple, point-to-point geometry. Optics are used to

provide isolation between powersupplies or to buffer

an analog boardfroma noisy digital board.
- The free-space backplane, which most ofus own in the

guise ofa remotecontrolforour VCR andTV. Here,we
use light to control more than one board,and the light
itselfpasses through the openair or bouncesoffthe
room'swalls.

Newapplications foroptics buildon the isolation
and transmission abilities already in use, as well as funda­
mentalchanges now occurringin the electronics indus­
try.These changes include high-speed bottleneck and
I/O bottleneck.

High-Speed Bottleneck. Conventional backplanes
are limited to about200 MHz (megahertz) because of
capacitive and inductive coupling between lines. Capaci­
tive coupling occurswhen two metallinesare close
enough to share their electric potential. Inductance
(inductive coupling) represents the penalty paidwhen
currents are forced to go around corners.These so­
called parasitics cause fast pulses to spread out in time,
and increasecrosstalkbetweenlines. Light, on the other
hand, can pass freely through multiple beams or reflect
off corners withno apparentinteractions.

Manybackplanes serve only to distribute (or
broadcast) one signalto manydestinations. It is particu­
larlystraightforward to splitlight into multiple paths
withoutdistorting the signal shape.

I/O Bottleneck. Asintegratedcircuitsincrease in
complexity and speed, more and more leads are required
to satisfy the increased bandwidth and functionality. Even
withadvanced, high-density electrical interconnects,
such as those discussedabove, powerdissipation and
speed are an issue.

For some uses, optical I/Os offer increased levels
ofperformance. This pointis particularly pertinentas we
learn to growoptically active devices directly on the sur­
face ofan Ie. In one scenario, off-chip lightfroma com­
mon source mightbe broadcast to manychips,where
local reflectance modulators would then impose their sig­
nalon the beam.

AT&TTECHNICALJOURNAI•• NOVEMBER/DECEMBER 1990
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Waveguide core,
p-doped SiO2

Siwafer

Figure 5. Schematic cross section of glass waveguide on Si
wafer for optical interconnection. The transparent central
core uses a high-index material and is surrounded by lower
index cladding. This combination of indexes confines light to
the central core. Thus, the light follows the core that bends
and winds around the substrate between chips.

Waveguides. Anoptical waveguide is a planarver­
sionofan optical fiber." Asthe cross sectionin Figure 5
shows, the optical waveguide has a transparentcentral
core ofa high-index material, surrounded by a lower index
cladding. This combination of indexesconfines light to the
centralcore.Thus, the light follows the core, as it bends
and windsaroundthe substrate betweenchips.

Researchers at AT&T Bell Laboratories and else­
where havedemonstrated waveguides madefromplas­
tics,'? glass,'! and semiconductors. 12 We haveworked
mostly withglasses because oftheir excellentoptical and
mechanical propertiesand their compatibility withcon­
ventional semiconductor processes.

To begin,we oxidize a Siwafer in 20atmospheres
ofsteamto grow0.015 mmofglass (SiD 2)' On top ofthe
silicon oxide (i.e., pure glass), we deposit0.005 mm of
glass usingchemical-vapor deposition (CVD). To raise its
indexby 0.3 percent over that ofpure glass, this glass is
dopedwithphosphorus. Then, we photodefine the glass

AT&TTECHNICALJOURNAL.NOVEMBER/DECEMBER 1990

into a waveguide of rectangular cross section. Next, a
thermalannealat 900°C softensthe glass, and surface
tensionreshapes it into a quonset-hut cross section. This
reflow step removessmall (andoptically lossy) rough­
ness on the sides ofthe waveguide. Finally, we use CVD
to depositundoped glass withthe same indexas the oxi­
dizedSi. This processforms a high-index core surrounded
by a low-index cladding, in a way that is functionally simi­
lar to an optical fiber.

Suchwaveguides lose less than 20percentof the
light in a meter oflength, and are well matchedto con­
ventional optical fibers. Manypassive devices (suchas
optical splittersand combiners, and filters that sort light
by wavelength) havebeen built, tested, and applied in sys­
tems by researchers throughout the world.

HOPS (Hybrid Optical Packaging on Silicon)
Almost anymaterial can serve as a supportfor

optical waveguides and circuits. These materials include
plastics, glass, ceramics, and semiconductors. Because
planaroptical-waveguide technology is a newfield, no
clearwinnerhas yet emerged.

We haveelectedto use Sias the basis for our
workon hybridoptical packaging for severalreasons:
- Good thermal properties, combined with environmental

stability andlow toxicity. Solvents do not affect the pro­
perties ofglass waveguide as they do withplastics.
Also, we are free to solder devices to the optical wave­
guides at high temperatures (about400°C), which per­
mits us to use a hierarchy oftemperatures to seal the
package. This high-temperature ability is especially
important to help freeze the laser in position witha
long-term stability ofless than 0.001 mm.

- Good electrical properties. Bycontrolling Siconduc­
tivity, wehave madepackagesthat havebandwidths
greater than 10GHz (gigahertz). Simple device pack­
ages haveexcellentEMI (electromagnetic interfer­
ence) performance.

- Optical bench. The Si-crystal planeshavelong been
used to align optical components. 13 Anisotropic etches
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Figure 6. Exploded
view of a transceiver
made by hybrid
assembly on silicon.
The glass waveguides
formed on the wafer's
surface serve as an
evanescent field
splitter that divides
the light equally. Half
the light from the
semiconductor laser
mounted on one arm
of the splitter is
directed to a surface­
mounted PIN photode­
tector, and half to a
fiber for communicat­
ing off-chip. The other
PIN detector detects
half the incoming sig­
nal light. A Si lid
mounted to the base
isolates the surface­
mounted devices opti­
cally and electrically,
hermetically seals the
devices, and reduces
outside EMI.
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allow us to use conventional semiconductor process­
ing to penetrate deeply into a silicon wafer and stop on
specific crystallographic planes. Lithographic preci­
sionofabout±0.0005 mm is routinely obtained. This
length scalecomparesfavorably withthe sizeof
single-mode waveguides (about 0.005 mm),photo­
detectors (about 0.05-mm active regions), and lasers
(about O.OOOl-mm active layers). Sican be chemically

micromachined to hold fibers, lenses, devices, and lids
in excellent registration without the need for active­
alignment schemes.

- Good mechanical stability. Traditionally, optical pack­
ages contain manydifferent materials bondedtogether
withmanydifferent adhesives. Asa result,creep and
thermalexpansion cause shiftsin alignment. With
properdesign, the Siwafer can align optical compo-
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nents withgreat stability. For example, our fiber-to­
waveguide attachment changes the couplingby less
than 0.03 dB (decibel) from-40°C to +lOO°e.

- Synergy with integrated-circuit manufacture. In our
approach to HOPS, we have disciplined ourselves to
leverage offthe conventional integrated-circuit pro­
cess wherever possible. The glass-layer thicknesses in
a HOPS device are larger than found in a typical IC, and
gold metalization is rarely implementedon the same
production line withSi devices. However, the use of
commercial equipment reduces the barrier to intro­
ducing this newtechnology.

Figure 6 schematically illustratesa transceiver
for bidirectional communication, one of the simplest and
most generic, optical integrated circuits. Glasswave­
guides are formed on the surface ofa Siwaferto guide
light between active devices. Here, the waveguides are a
form ofevanescent field splitter,which is designed to
divide the light equallyfrom one waveguide into two.

Asemiconductorlaser is surface mounted on
one arm of the splitter. Halfof the laser's light is directed
to a surface-mounted PIN (positive-intrinsic-negative)
photodetector,and halfto a fiber for communicating off­
chip. In the return direction, half the signal light is
detected by the other PIN photodetector.To ease or com­
pletely automate alignment, the laser is etched to pro­
duce mechanical fiducials that mate to similarfeatures
on the waveguide. Lithography is also used to "sculpt"
the waveguide into a 45° mirror under the detector.
Thus, light is directed up into the active region ofthe PIN
detector, whichthen monitors the launched powerof the
laser and corrects for power drift.

All these devices, as well as possiblepreamplifier
and drivercircuits,are surface mounted to a Si wafer.
Crosstalkcan be a problem in a transceiver, so a Silid is
mounted to the base to isolatethe devicesoptically and
electrically. This lid also hermetically seals the devices
and reduces outside electromagnetic interference.

Unlike the seal in conventional ceramic or metal
packages, the hermetic seal here is to a planar surface,
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which is interrupted onlyby 0.005-mm high waveguides
or metal leads.Thus, the fiber can be attached outside
the hermetic region at the end of the manufacturing pro­
cess, greatly easing testing and handlingproblems.

Fiber attachment takes advantage of the aniso­
tropicetching ofSi,which allows us to fabricate fiber­
sized mechanical fixtures with lithographic precision.
We have used these capabilities to "snap-together" fibers
and waveguides blindly, withoutany active alignments,
yet with losses identicalto our best results withactive
micropositioners.

Summary
Future interconnectiontechnologymust provide

high throughput at lowcost. In turn, low-cost solutions
dictate that we consider such manufacturing issues as
materialinteractions, assembly, testing, and repair when
developing a technology.

Bychoosing materialsand processes that are
compatible withexistingmanufacturing expertise in VSLI
production, we can meet the needs ofboth the system
and manufacturing. Twoexamplesdiscussed in this
paper are the Si-based multichip moduleand photonic
packaging. Further opportunitiesawait exploitation of
current manufacturing resources.
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