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Photonic Integrated Circuits

Asemiconductor lasercontains a light-amplifying gain medium anda minia­
turewaveguide thatconfines the light to the lasercavity. With today's laser­
fabrication technology, one canintegrate laserswith otheractive optical
elements-such as detectors, optical amplifiers, optical modulators, and
switches-on onesemiconductor chip. The interconnections are miniature,
transparent, passive waveguides that pipe light from onedevice to the next,
playing a role similar to the metal lines thatcarry electricity inconventional
integrated circuits. An exploratory technology to create such photonic inte­
gratedcircuits is emerging from advances invapor-phase crystal growth
andlarge-area wafer processing. Initial research efforts arefocused onrela­
tively simple devices suchas laser-modulator, laser-detector, and laser­
amplifier photonic integrated circuits. These configurations enhance the
functional capabilities ofa single laser, promising advantages incost, com­
pactness, andeaseofpackaging. Although today's complex optical systems
require large optical benches andmany delicate optical alignments, one can
also envision these systems transformed into miniature, inexpensive, and
robustphotonic integrated circuits. Recent research demonstrations ofsuch
single-chip circuits include wavelength-division-multiplexing transmission
sources andbalanced heterodyne receivers.

Introduction
For manycommunications engineers,

the term optics conjuresup imagesofa lens
maker's formulas, precision microscopes, and
finecameraequipment. However, it wasjust
over twodecadesagowhen S. E. Miller wrote
his now-famous article, "IntegratedOptics:
AnIntroduction," whichwas published in the
Bell System Technical Ioumal.' More than
coining a newterm, Miller prophesied in his
introduction:
...aminiature form oflaserbeam circuitry ...
Photolithographic techniques maypermit
simultaneous construction ofcomplex circuit
patterns ...possible miniature forms fora
laser, modulator, andhybrids. Ifrealized, this
new art would facilitate isolating the lasercir­
cuitassemblyfrom thermal, mechanical, and
acoustic ambient changes through smellover­
allsize; economyshouldultimatelyresult.

In the intervening years, the term
integrated optics has been used most fre­
quentlyto describewaveguide devices on
transparent substrates, such as glass or
lithiumniobate. On the other hand, lasers for
telecommunications are builtprimarily on
III-V semiconductors, usually indium phos­
phide (lnP) substrates.Anewterm,photonic
integrated circuits (PICS), has been intro­
duced- to describe the semiconductor imple­
mentation ofMiller's vision. PICs monolithi­
cally combine, on a singlesemiconductor
substrate,optically interconnected active
elements-such as lasers, modulators,
switches, and detectors-with filters, cou­
plers,and other guided-wave components.3

(Panell defines terms and acronyms.)
PIC technology aimsto replace the

separate,sequential alignment ofsingle-mode
fiber connections betweendiscretedevices
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Panel 1. Abbreviations, Acronyms, and Terms

CBE - chemical-beam epitaxy
DBR - distributed Braggreflector
DFB - distributed feedback
ELO - optical field amplitude ofthe local oscillator
Esig - optical field amplitude ofthe signal
IC - integratedcircuit
InP- indium phosphide
InGaAs - indium gallium arsenide
InGaAsP - indium gallium arsenidephosphide
Ag - periodof the corrugation
APL - photoluminescence wavelength
LO -local oscillator
MOVPE - metal-organic vapor-phase epitaxy
MQW - multiple quantumwell
n - effective indexof refraction ofthe waveguide
n+ - heavily dopedmaterial in whichelectronscarry

the current
11 - beat or intermediate frequency
CJ)- optical frequency of incoming signal
OEIC - optoelectronic integratedcircuits
p+ - heavily dopedmaterial in whichholes carrythe

current
p-type - a material that contains positive dopants
PIC - photonic integratedcircuit
SEM - scanningelectronmicrograph
51 - semi-insulating (doped withiron)
51-lnP - semi-insulating indium phosphide
III-V - compound ofmaterials fromGroups III andV

ofthe Periodic TableofElements
TDM - time-division multiplexing
WDM - wavelength-division multiplexing

with lithographically produced single-crystal waveguides.
(See Panel2.) This approach not onlyreplaces the costly
laborofindividual alignments with a wafer-scale batch
process, but alsoproducesa lowerloss, lowerreflection
connection and a rugged and reliable package.

Duringthe past few years, substantial progress
has been made in this area. In this paper, wediscussthe
driving forces and technological advances behind this
progress. We alsohighlightthe advances with a selec­
tionofexperimental InP-based PICs builtand evaluated
recently at AT&T.

Why PICs Now?

Whatwarrantssuch serious interest in optical
integration at this time? Transmission rates havealready
reached intothe multi-gigabits-per-second range in
today's point-to-point, optical-fiber telecommunications
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systems. Butas spanlengths and speeds continue to
increase, it mayno longerbe acceptable to encode the
laserbeamby directly modulating the drive current to
the laser.The reason is that undesirable dynamic wave­
length shiftsoccur in directly modulated lasers,and
these wavelength shiftscause dispersive signal distor­
tions. Instead, we mayneed someform ofmodulation
or encoding ofthe laser beam, externalto the laser.

Demands for increased capacity alsosuggest
that wave1ength-division-multiplexing (WDM) may be
desirable. With WDM, several laser signals may be com­
binedwithout interference on a singlefiberbecauseeach
signal maybe at a different optical wavelength or "color."
Bycombining a set oflower data rate signals, each on a
different wavelength channel, wecan achieve a high,
aggregatetransmission rate,yet lessen the demands on
the transmitterand receiver electronics that can run at
the lower, single-channel rate.

Bothexternalmodulation andWDM entail an
increased level ofoptical complexity, with a variety of
interconnected optical components at each terminal of
the fiber link. Besidescomponents that combine (i.e.,
multiplex) and separate (Le., demultiplex) the beam,
WDM systemsmayalsorequire tunable lasers.

Beyond point-to-point applications, muchofthe
current research is aimed at exploring the roleofpho­
tonicsin a host ofnewnetworking and switching archi­
tectures.Some ofthe architectures are based on WDM
or evencoherent techniques, where many principles
that are routinely applied in the now-mature radio com­
munications technology can be borrowed directly with a
millionfold increasein frequency. Other approaches use
ultra-short-pulse laser technology with time-division­
multiplexing (TDM). In the TDM approaches, bits for each
channeloccupy onlya short sliceofa base timeperiod,
and fastoptical switches route the bits for eachchannel
to their destinations.

All the approaches share increased optical com­
plexity, compared to today's point-to-point links. Often,
the experimental systemsconsistofa large optical bench
filled withinterconnected devices.

The hurdle to overcome then, beyond reducing
the individual chipcost ofeach component, is the labori­
ous and costly fiberalignment to each device. In particu­
lar, mostactive, guided-wave, semiconductor devices are
optimized with tightly confined optical beams. Such
beams requirealmostimpossibly tight focusing and
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(a) Buried-heterostructure waveguide

Panel 2. PIC Waveguides
Bypiping lightfrom one optical device to the

next, the tinywaveguides depicted here playa rolein
PICs that is analogous to the roleofmetal linesfor elec­
trons in electrical integrated circuits. Weshowcross­
sections oftwo common typesofPIC waveguides.

The first (diagram a) is termeda buried­
heterostructure waveguide. Here,a stripofsemicon­
ductorcrystal that has a higher index ofrefraction is
surrounded on allsidesbya different, but lattice­
matched, crystalthat has a lower indexofrefraction.
Asis true for glassoptical fibers, total internal reflec­
tionguides the lightalong such a structure. However,
the larger indexdifferences that are encountered
between different crystal typespermitmuchsmaller,
tightly confined waveguides. (Typically, the magnitude
ofthe index difference is about0.1 or more.) These
waveguides havemodesizesof l um and sometimes
less, compared to about6 urnor so for single-mode
fibers. Here, typical waveguide dimensions mightbe
0.2 urnhigh by 1.0 urnwide, and the waveguide core
may contain a complex stackoflayers (which have
been omitted from the diagram for simplicity). These

difficult fiber-alignment tolerances.
Even fora single "fiberpig-tailed" laser, a

significant andoften dominant fraction ofthe manufac­
turingcost can residein the packaging associated with a
ruggedand efficient fiberconnection. (A fiber pig-tailed
laser is a laser that is insertedina sealed canisterand
has an optical fiber, i.e., the pigtail, permanently aligned
and attached to provide the laseroutput.) This cost may
be marginally tolerable in today's high-performance links
wherefew such connections are needed. However, it
soonbecomes unacceptable whenwethinkaboutand
plan forthe higher connectivity architectures mentioned

(b) Buried-rib waveguide

buried-heterostructure waveguides are often usedfor
lasersor other devices that are optimized with tightly
confined optical energy.

The second type (diagram b) is a buried-rib
waveguide. Here,the index difference in the lateral
dimension is provided byonly a small heightchange
(perhaps, a 0.03-llm high rib on a O.3-llm thickwave­
guidelayer). Byusingmaterial-selective chemical
etches and special ultrathin etch-stop crystal layers (not
shown here for simplicity), onecan precisely control
the rib height. Typical widths for these waveguides
mightbe about2.5 urn.

Low propagation lossfor longerpath-length
interconnections is easierto achieve on the PIC that has
the buried-rib waveguide because ofthe lower scatter­
inglossfrom fabrication imperfections. Also, the pro­
cessingused to form the buried-rib waveguide is more
amenable to precise definition ofthe waveguide geome­
try.Therefore, these waveguides are ideally suited for
couplers andother beam-eombining structures, where
the geometry is extremely important. Buried-rib wave­
guideshaveexhibited only a few percentofwaveguide
lossper centimeter ofpropagation distance.

earlier. In extremely cost-sensitive applications suchas
fiber to the home (FTIH),4 economies realized by integra­
tion may be instrumental to successful deployment.

In addition to the probable market pull discussed
above, technological advances are also helping to push
the PIC technology out ofthe researchlab. Chief among
these advances is the availability ofhigh-quality vapor
andbeamgrowth techniques forthe InGaAsP/InP mate­
rials system." (The notation InGaAsP/lnP means struc­
tures that consistoflayered, lattice-matched crystals of
indium gallium arsenide phosphide and indium phos­
phide.) This material system is central to the light
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Figure 1. Butt-coupllng of a largely continuous,
passive waveguide structure with a thin active

layer on top. (a) The transition from active to
passive Is formed by controlled, selective, etch­
stop removal of the MQW active layer from the
passive waveguide core. The profile (and arrow)
on the right denotes the forward propagation of
the light. (b) Scanning electron micrograph of a
stained cross-section of the waveguide struc­

ture. An active stack of four quantum wells

(QWs) on top of a 1.3-llm APL core contains
additional InP etch-stop layers for further
passive-waveguide processing.

WavegUide
core region

emittersand detectorsused in the l.Sum (micrometer)
and l.5-llm wavelength rangeswhereoptical fiberhas
verylow transmission losses. These techniques include
metal-organic vapor phaseepitaxy (MOVPE) andchemical­
beamepitaxy (CBE) , which havebothyielded highly uni­
form, large-area epitaxial growth.

These modern growth techniques caneasily pro­
ducethe ultrathin layers (typically, about20A to lOOA
thick) neededfor the quantum wells that are widely used
in high-performance optoelectronics devices. Further­
more, the techniques can reproducibly growhighly com­
plex, layered structures,including a multiplicity ofthe
ultrathin etch-stop layers used to permitfabrication of
the sophisticated PIC architectures.

Before proceeding, we notethat PICs canbe con­
sidereda subset ofa largerfield referredto as optoelec­
tronic integrated circuits (OEICs). Butin OEIC research,
the emphasis has been to integrate the terminal optical
transmitor receive device (orarraysofsuch devices
without optical interconnections) with the associated
amplification or signal-eonditioning electronics.
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PIC Design. and Example.
The challenge that faces a PIC designeris to com­

binedevice requirements that often conflict, yet do it
without introducing undueprocessing or crystal-growth
complexity. Problems may stemfrom the conflicting elec­
trical requirements, perhapsin semiconductor doping
or in the level ofelectrical isolation required between
devices. Otherproblems maystemfrom the different
optical-materials requirements or from the waveguide
types neededin the different optical devices. The PIC
designer's goalis to maximize common processing steps.
Wherever possible, he or she mustavoid the philosophy
that eachcompleted device stagemustbe etchedaway
locally to makeroomfor anotherfabrication sequence for
the nextoptically mated device. Some promising tech­
niquesto address these issueswill be illustrated in the
sections that follow.

Coupling at Transitions. Critical to the successof
the PIC technology is the ability to make reproducible,
high-quality transitions between the active andpassive
waveguides.



In this context, active refers to a waveguide that
contains material whosebandgapenergy is less than or
close to the propagating photonenergy. Active wave­
guides are the key parts ofthe active devices on a PIC.
Examples are:
- The gain mediumofa laser or amplifier
- The absorbinglayerofa waveguide photodetector
- Perhaps, a medium used as an electroabsorption mod-

ulatorwith a suitable applied field.
Passive waveguides havea bandgapenergy that

is substantially greater than the propagating photon
energy.These waveguides will exhibitlow losses apart
from the scatteringand residualabsorptive losses (such
as free-carrier or inter-valence-band absorption) that
arise from doping.

To date, most experimental PICs haveused
some form ofbutt-eoupling. Here,one end ofthe active
waveguide ofa particular vertical or lateral structure
mates withthe passive waveguide ofa different vertical
or lateral structure.The most straightforward approach
uses selective, wet-chemical etchingto remove the core
stack ofthe entire active waveguide, and follows this by
regrowing a mated, aligned, passive waveguide struc­
ture." The principal advantage ofsuch an approach is the
independentselection ofcompositional and dimensional
design parametersfor the two waveguides. However,
this independence comesat some expense; i.e., the
increaseddifficulty ofobtaining a reproducible geome­
try in the crystalregrowth at the joint.

Anotherapproach to butt-eoupling uses a largely
continuous, passive waveguide structurewitha thin active
layeron top.The active layeris selectively removed from
the portions ofthe structure that are to be passive. The
example in Figure la showsa thin, multiple-quantum­
well (MQW) active stack,withfourquantumwells. AnInP
etch-stop layer, about 200A thick,separates the stack
from a passive waveguide core.The core is about0.3 urn
thick and is composed ofInGaAsP (indium gallium
arsenidephosphide) witha photoluminescence wave­
length (API) of 1.3 urn. (It is common to specify thick lay­
ers and wavelengths in micrometers and the thicknessof
thin quantumwells in angstroms. The unitsdiffer in mag­
nitude by 10,000.) Byusingwet-ehemical etches that are
material selective, wecan remove the MQW stackwith
high reproducibility and precision. Thus, dimensional
control is placed in the original, computer-automated

MOVPE growthstage ofthe base wafer.
Figure Ib showsa scanning electronmicrograph

(SEM) ofsuch a waveguide core.This core contains addi­
tional etch-stop layersthat are to be used later forpro­
cessingthe passive waveguide. The high uniformity of
the layersand the preciselocations ofthe etch-stop lay­
ers permittight control ofthe final active-to-passive cou­
plinggeometry.

This designalso makesuse ofthe high gain
achieved in the small net vertical thicknessofan MQW
gain layer. The removal ofthe stack,which is about700A
thick,constitutes only a small perturbation in the bulkof
the waveguide core, which consistsofthe lower, thicker
1.3-Jlm ApI layer. With properdesign, wecan achieve
coupling efficiencies ofmore than 90percent.

This typeofbutt-coupling has been used in many
ofthe PICs wedescribe in the remainderofthis paper.

Gratings for Integration. Another advance critical
to PIC technology is the corrugated-waveguide grating.
Fabrication ofthese gratingsbecameroutine afterthe
distributed-feedback (DFB) laser wasadopted worldwide
as the preferredoptical-telecommunications source
wherehigh spectral purityis required. These gratings
provide high-quality, on-ehip resonatorswithout the awk­
wardconstraints imposed by the usualcleaved-facet res­
onatorsused in semiconductor lasers. In addition, the
gratingsmayalsofunction as filters in somereceiver and
amplifier applications.

Figure2, an SEM ofthe waveguide in a DFB laser,
showsthe characteristic corrugatedinterface between a
higher indexcore material and a lowerindexcladding
material. Asa lightbeampropagates down such a wave­
guide,each bumpreflects a small portion ofthe light.
Unless the beam'swavelength is closeto the Bragg
wavelength, all the reflections are out ofphaseand inter­
fere destructively. (TheBragg wavelength is A ::; 2nAg ,

where Ag is the periodofthe corrugation and n is the
effective indexof refraction ofthe waveguide.) Near the
Braggwavelength, allreflections add in phase,which
leadsto a large cumulative reflection.

The corrugations, which havetypical periods of
about0.2 urn, are mostoften fabricated usingtwo ultra­
violet laser beams to form an interference patternon a
wafer that is coatedwith photoresist. Whendeveloped,
this "holographic" exposureprovides a maskforetching
the corrugation.
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reflectivity band shiftsin wavelength. Because ofthe
band shift, longitudinal resonances ofdifferent wave­
length are selectedsuccessively inthe laser cavity. The
phase section, if included, alsooperates by changingits
indexwith current.This provides a way to alter the
optical-path length ofthe laser cavity andcontinuously
shiftthe wavelength ofa particular longitudinal reso­
nanceforcontinuous tuning.

Devices such as this (orsimpler, two-section,
discretely tunable versions) maybe ofinterestfor WDM
transmission systems, as discussedearlier. Suchdevices
havealsoservedas the basis for research demonstra­
tionsofrandom-access, multichannel, coherentnetworks
with receiversensitivities that approach the quantum lim­
its ofdetection." (We refer to this as approaching a
quantum-limited detection sensitivity.)

WDM Source PIC. Figure3bshowsan extension
ofthe tunablelaser that uses a network ofpassive wave­
guides to form a WDM transmission-source PIC. 9 The out­
puts offour tunable MQW-DBR lasers are combined intoa
single-waveguide outputport.These particular lasers are
designedfor independent, but simultaneous, high-speed
modulation. This PIC alsoincludes an on-chip, MQW
optical-output amplifier to recoverpart ofthe lossesfrom
the power-combining operation.

One seriousarea ofconcernin PICs that use sev­
eral transmittersis the potential for crosstalkbetween
channels. This crosstalkmayoccurthrough electrical
leakageon the chipor through amplifier-saturation
effects. In an MQW amplifier, the lattereffect is mini­
mized becausesuch devices havebeen shown to have
verylarge saturation powers.

To investigate crosstalkin a large-signal digital
environment, we modulated each laser at 2 Gb/s (giga­
bits per second), for an aggregatebit rate of8 Gb/s for
the combined Lb-um signals. The signals, set to a 25A
channelspacing, were successfully transmitted error-free
overa 36-km (kilometer) transmission path ofconven­
tional fiber, which has lowdispersion at 1.3 11m but is
quite dispersive at 1.5 11m.

DBR Laser, Integrated Backface Monitor. PICs simi­
lar to the tunableDBR laser havebeen fabricated without
the phase section. Instead, they include an additional
gain section that follows the Braggreflector and is identi­
calto the laser gain section insidethe laser resonator.

In these PIes, the secondgain or active section is
run withzero or reversebias and is absorptive at the

~I_---- 111
m
-----

Figure 2. SEM of a stained corrugated-waveguide grating in a
1.3-f..lm DFB laser. The corrugation is visible at the interface
of the higher index core material and the lower index clad­
ding material.

Multisection MQW-DBR Lasers. One simple exam­
pleofa PIC that uses the techniquesdescribedearlier is
the continuously tunable, multisection, MQW-DBR laser.7
Here, DBR is an acronym for distributed Braggreflector.
It means that a reflection from the transparentcorru­
gated waveguide provides one or both ofthe mirrors in
such a laser, as we showschematically in Figure3a.
Devices ofthis typecanjustifiably be called PICs because
the resonatorsconsistofa serialcoupling ofthree dis­
tinctguided-wave devices:
- Aseparate, electronically controlled gainmedium
- Avariable phase shifter
- Atunable, Bragg-reflection filter.
These devices haveoutputsof20to 30mW (milliwatts),
and minimum linewidths of1 to 2 MHz (megahertz). The
devices offer continuous, rapid, electronically controlled
access to a 1000-GHz (gigahertz) tuning range (i.e., 80A)
at 1.53 11m.

These devices havea simple operating principle.
Asdescribedearlier, the corrugatedwaveguide provides
a strong reflection onlyovera narrowwavelength band.
The reflectivity band selectsone ofthe longitudinal
modesor standing-wave "organ-pipe" resonancesofthe
cavity. When current is passed through the grating, the
waveguide's indexof refraction changes; thus, the high-
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Figure 3. Multisectlon

MQW-DBR lasers.
(a) This continuously

tunable, three-section
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an actlve-to-passlve

transition and a

corrugated-wave grat­
Ing. 'Iase" ' phase, and
I tune identify currents
applied to the respec­

tive contacts. (b) This

WDM PIC has four tun­

able MQW-DBR lasers

that combine through

an MQW amplifier to a

single waveguide,

fiber-coupllng output
port.
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MQW stack
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lasing wavelength. This section functions as a photode­
tectorfor the fraction oflightthat is intentionally allowed
to leakthrougha short Braggreflector. Asa result, the
section servesas an integrated monitor ofthe optical
power in the lasercavity. Hence, the section could be
used to replace the optics and packaging associated with
providing a discrete, backface-monitor photodetector
inside today's commercial laser transmitters. (The

backface is the sideopposite the transmitting sideofa
laser, and the backface monitor is used to monitor the
laser's output power.)

Suchintegrated devices have exhibited high
detection efficiency. The combined efficiency ofthe
laser, passive-waveguide coupling, andphotodetector is
still in the 30- to 40-percent range.

Other interesting applications ofthese integrated
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Figure 4. Heterodyne
PICs. (a) Operational
principle of a typical
experimental flber­
optic heterodyne
receiver. (b) Photo­
graph of a cleaved,
slngle-crystal bar

that contains dozens
of 3-mm long, Inte­
grated, heterodyne

receiver circuits.
(c) Schematic of an

MQW balanced,
heterodyne receiver
PIC that contains a
continuously tunable
local oscillator (LO);
a low-loss, buried-rib,
parallel Input port;
an adjustable 3-dB
coupler; and two

zero-bias, MQW wave­
guide detectors.
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detectors use the variation in the lighttransmitted
throughthe Braggmirroras the mirroris tunedbycur­
rent away from the lasing wavelength. With a feedback
loop, this technique has allowed a simple external circuit
to lockthe Braggmirroron the centerofthe laser's

longitudinal-cavity mode to guarantee stable, single­
frequency operation. 10

DBR Laser, Integrated Power Amplifier. When high
power is requiredin radio-frequency applications, a
power amplifier follows a low-power oscillator. This
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techniquesavoids the need to try to makea veryhigh
power, single-stage oscillator.

Anexperimental research PIC has beenbuiltthat
carries thisphilosophy intothe optical domain." The
oscillator is an MQW-DBR laser that feeds througha pas­
sive, lateral-mode expansion section intoa largerwidth,
single-pass, optical amplifier. The laserwaveguide is kept
at a narrowwidth to provide stablelateral-mode opera­
tion.If the entirestructurewereas wide as the amplifier
(Le., about 4 to Sllm), the stability ofthe beamwould be
poorat evenmodestoutputpowers.

Atthe outputend,an antireflection coating is
applied to prevent reflected lightfrom disturbing the
laseroscillator. Also present is a waveguide element,
which is referredto as an adiabatic mode expander. 12
This elementexpands the optical beamin the vertical
plane, which permitsthe alignment tolerances to be less
stringentforcoupling to optical fibers.

This experimental PIC has produced record­
high,continuous outputpowers of370 mW at a 1.48-llm
wavelength. In addition, the beamwasstableenoughto
permit117 mW ofpower to be coupled intoa single­
modeoptical fiber. Because ofthese properties, this PIC
has been used successfully for optical pumping of
erbiumfiberamplifiers.P which are currently being
investigated as replacements fordigital repeatersin long
fiber-transmission spans.

MQW Balanced Heterodyne Receiver PIC. Figure 4a
showsthe architecture ofanotherrelatively complex cir­
cuitthat wasdemonstrated recently in PIC form at AT&T.
This is a balanced heterodyne receiver ofthe sort that
mightbe used in the coherentlightwave communica­
tionsnetworks ofthe future.

If it were implemented with discrete devices, this
circuit would requiremanydifferent elements and pre­
sent a formidable packaging problem. Forcomparison,
Figure4bis a photograph ofa cleaved-crystal bar that
contains dozens ofthese 3-mm (millimeter) longcircuits.

Adetailed schematic ofthe balanced heterodyne
receiver PIC appearsin Figure 4c. Heterodyne reception
uses a high-power, tunable local oscillator (LO) laser that
is set to a frequency nearly equalto that ofthe weak
incoming signal. The beamsare then combined into pho­
todetectors. Because it detects the currentat the beat
noteor difference frequency (which is muchlarger than
the current that arisesfrom just the weaker incoming
signal), the device canapproach a quantum-limited

detection sensitivity. Furthermore, if wetune the local
oscillator to match anyofthe wavelengths that might be
presentin an incoming beam, wecan selectindividual
channels ofa multichannel broadcast. This is exactly how
standard radio receivers operate.

This experimental PIC performs quite sue­
cessfully." The LOlaser is an MQW-DBR (asdiscussed
earlier), with typical thresholdsof20to 3S rnA (milli­
amperes). It offers continuous accessto a tuning range
ofabout60A (i.e., 7S0 GHz) at 1.S3 11m. The detectors,
which use the sameMQWlayers forabsorption as the
laserdoesforgain, have typical bandwidths of1to2 GHz
intoSO-ohm loads. On-ehip optical lossesanddepartures
from 10o-percent detector efficiency totaled only
-4.3 dB (decibels).

The PIC'S performance was evaluated while it
received a frequency-shift-keyed, digital format signal
from a remote, three-section, MQW-DBR transmitter. Only
SO-ohm commercial electronics wereconnected directly
to the PIC.

Afeedback circuit to the tunable LOlaserauto­
matically locked the LO to the incoming signal at a typical
beat or intermediate frequency of600 MHz. With an
unmodulated inputsignal, the electrical power spectrum
ofthe beat frequency had a combined -3 dBlinewidth of
about13MHz. With free-space inputbeamsofseveral
hundredmicrowatts, the power spectrum rose about
60dBabove the noise floor. This resulted in a measured,
digital-receiver sensitivity of-42.3dBm (decibels below
1 mW) and-39.7dBmfor 108 Mb/s (megabits per sec­
ond) and 200 Mb/s, respectively.

PIC Processing

Here,wediscusssomeofthe fabrication
approaches used in the devices mentioned previously.
These approaches borrow many refined processing tech­
niques'" that,whenused in propersequence, offer
remarkable freedom forcombining the various wave­
guidetypesand device requirements without undue
growth complexity. Wewill focus on a variant ofPPro-2,
a fabrication process. 16Thisvariant illustrates howthe
relatively complex PICs wehave described canbe fabri­
catedwithout additional growth stepsbeyond those
required to processcommercial lasers.

In PPro-2,onecan separate the processing and
growth conceptually intotwo stages: longitudinal pro­
cessingandlateral processing.
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Figure 5. PIC process­
Ing stages. (a) Longi­
tudinal processing
sequence for the
waveguide stack.
(b) Simultaneous,
self-aligned lateral
processing of the
active, burled­
heterostructure
region and passive,
low-loss, buried·rlb
region. Deep-mesa
processing Is used for
buried heterostruc­
tures (e.g., lasers and
detectors), while
shallow mesas are for
burled ribs (e.g., pas­
sive waveguides and
couplers).

(b)

The first stageconsists ofgrowing the base wafer
up to and including allpassive coreandactive layers of
the waveguide. In a broad-area processing sequence, the
wafer then undergoes longitudinal processing as illustrated
in Figure 5a. Here,the processing consistsof:
1. Removal ofthe active MQW stack, exceptin the gain

and detectorportions ofthe PIC. Awet-chemical etch

is used that is material selective, and the depth is con­
trolled by the etch-stop layer.

2. Removal ofa buriedrib-loading layer where it is not
needed. This step also uses selective etching.

3. Selective placement offirst-order gratings, where
desired. This step uses conventional holographic
exposure andwetetching.
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The longitudinal-processing stage thus creates a longitu­
dinally continuous, slabwaveguide that has a vertical
structure suitedto each device type. The onlymismatch
results from the perturbation induced by the removal of
thin layers, as discussedearlier.

After the broad-area longitudinal processing, the
stripe is defined in a lateral-processing sequence.The
sequence allows the samegrowths to perform different
functions in different portions ofthe PIC; i.e.,
- The oxide-stripe waveguide etch mask is patterned.
- Two paths are then followed. One path produces

buried-heterostructure waveguide devices (i.e., lasers,
detectors, modulators, etc.).The other results in
buried-rib devices (i.e., passive waveguides, direc­
tional couplers, etc.).

Figure5b illustrates this process. (Figure 5ashowed
the guidinglayersseparately. For simplicity, we show
the entire sequence ofguidinglayersas one layerhere.)
Lateral processing consistsof these steps:
1. Ashallow etch definesthe rib everywhere. The depth

ofthe etch is controlled by an etch-stop layer in
regionswhere the rib waveguide is the intendedfinal
structure.The oxide is then removed in the rib­
waveguide regionsand replaced withresist.

2. Next, a deep etch is carriedout in the unprotected
regions.Here, too, the depth is controlled by etch­
stop layers.

3. After the deep etch, a regrowthsequence produces
a semi-insulating InP (SI-InP) blocking layer. This
growthprovides low-loss uppercladding in passive
regions, but forms lateral blocking in the deep-mesa
active devices. If current or field access is desired in
anyrib waveguides that wereovergrown withSI-InP,
the SI-InP can be removed locally.

4. Afterfinal removal of the oxide on the deep-mesa
devices, one growsthe p-type, upper-cladding layers.

This combination oflongitudinal and lateralpro­
cessing is powerful. Withonlythree growthsteps, it can
producevertically and laterally self-aligned waveguides
ofvarious types, each suitedto a particular device.

Anotheradvantage ofthe SI-InP,upper-clad,
buried-rib waveguides is the potential for high electrical
isolation between different portions ofthe PIC. Because
we can selectively remove the upper p-layers overthe
passive, buried-rib waveguide regions, we can readily
achieve complete (i.e., megohm-level) isolation
between devices.

Conclusion
We haveprovided examples ofexperimental PICs

from severaldifferent application areas.These examples
were selectedto illustrate current designconcepts and
current approaches to PIC growthandfabrication.

The advances seen in this field in recentyears
havestemmedlargely frombasicimprovements in
crystal-growth technology. However, we haveonly begun
to explore the freedom that quantum-well growthcapa­
bilities, large-area uniformity, and complex vertical-layer
structures will offer to device designandfabrication engi­
neering. The coming years shouldprovide exciting
opportunities for novel PIC designs, as well as hopefor
earlycommercial realizations as the field ofoptical com­
munications continues to mature.
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