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Abstract—The integration and packaging of optoelectronic de- for the shorter haul applications; however, announcements
vices with electronic circuits and systems has growing application for 10-Gb Ethernet optical products, anticipated in 2000,
in many fields, ranging from long to micro haul links. An explo-  represent a high-volume market which will likely not be easily
ration of the opportunities, integration technologies, and some re- o 15 so 4 \with wire alternatives. In the tens to few hundred
cent results using thin-film device heterogeneous integration with . . .

Si CMOS VLSI and GaAs MESFET circuit technologies are pre- Meter range, 10-Gb/s multichannel optical link products are

sented in this paper. Applications explored herein include align- P€ing announced for high data rate board to board intercon-
ment tolerant optoelectronic links for network interconnections, nections. In the same range, |IEEE 1394b optical fiber link

smart pixel focal plane array processing through the integration interfaces are proposed for consumer electronic equipment for
of imaging arrays with sigma delta analog to digital converters un- applications such as in-home broad-band networking. Optical
derneath each pixel, and three-dimensional computational systems i jinks exhibit another attractive feature that has prompted
using vertical through-Si optical interconnections. development in the tens to few hundred meter range, namely,

Index Terms—CMOS, GaAs, MESFET, optoelectronic devices, electromagnetic interference (EMI) insensitivity and no EMI
VLSI. emission. Thus, engineers working on product classes that

pose EMI system challenges, such as automotive and avionic
I. SHORT TOMICRO HAUL OPTOELECTRONICLINKS systems, are exploring multiplexed optical fiber links as an
) . attractive alterative to wire-based harnesses. In the milli haul
AS BANDWIDTH and interconnectivity demands havgange, high-density wiring (HDW) substrates (the generation of
skyrocketed in applications from on-chip to long hawpstrate interconnection technology which followed multichip
communication, higher levels of integration of optoelectronlqﬁodmes, or MCMs) suffer from latency problems as pinouts
with circuits to access higher levels of signal processing,nyis/outputs) and interconnection complexity increases. At
and for interconnection are emerging as key requirementsp, micro haul range, for on-chip SOC optical interconnection,
new systems. However, these goals must co-exist with mfg,iactions of the coming generation of Si CMOS electronic
aggressive cost targets, especially for shorter haul produdssiems, termed giga-scale integration (GSI), indicate that the
In fact, products with optical communication distances at Hensity and speed of CMOS-based systems will not be limited
under a kilometer, all the way down to the milli and micro hauéy the CMOS devices, but by the interconnections between
range for electronic interconnection substrates (for System ga\ices [2]. To emphasize this limitation, the Semiconductor
a Package, or SOP) and for on-chip optical interconnectigqysiry Association (SIA) Roadmap points to CMOS inter-
(for System on a Chip, SOC), are available or imminent in th&,nnection technology as a critical technology which must
near term [1]. The variety of products is expanding rapidlygyance to sustain the typical performance scaling (Moore’s
so let us explore a few representatl_ve Imks as a function ng) of CMOS technologies, but they are unable to identify
nontraditional shorter d|_stances. Optical links in the 0.5-1-KQ ¢, rrent technology which will address this interconnection
range are currently being developed for broad-band accesgrier. This interconnection limitation is projected to reach
to the hpme and small office as the demand fqr bandW|d'gh é‘tcritical stage in 2009 [3]. The Roadmap goes on to suggest
these sites escalates. In the range of under a kilometer, gigaRi; optical interconnection (the first mention of optics in an
optical Ethernet was an early product whose market sharé M@ Roadmap) and three-dimensional (3-D) architectures are
soon be subsumed by DSP-based multichannel electrical ligft§ential solutions to this communication bottleneck projected
at CMOS linewidths below 70 nm.
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of low-cost, high-performance optoelectronic links is a criticadre electrically connected to the transceiver circuitry through ei-
issue facing the field, from micro haul to metrohaul systemther wire bonds (chip-to-chip wirebonds are risky for reliability,
since these systems cannot support high-cost interface comgm-usually each chip is bonded to a board) or through bump
nents. This is a paradigm shift for the field of optoelectronigonds that are electrically connected on the mounting board.
research, which has traditionally focused upon the highest pak data rates increase, the parasitics associated with this pack-
formance regardless of cost. Now, an alternative design critgjing technology degrade performance, unless compromises are
rion for a new subset of engineers can be to set a performapggde which lead to more costly assembly. For example, small
specification and to focus upon cost reduction of the interfaggtector capacitance may be necessary to overcome input par-
or subsystem while meeting that performance goal. Techniquggkics to the receiver, which may lead to very small detectors,
under development which move toward this goal are device a5 posing optical alignment challenges which lead to higher
integration design for cost-effective manufacture and for alighgst implementations. New methods for the direct integration of
ment tqlerance, 'and subsequent Iovy-cqst, automate.d packagig. jevices with circuits that are stil independently optimized

;alsstis;nghfhz:tpr?;\tgir?t];mrgtxeeld irr}r:glt:::tgeréa;nse){/liten;si, igrlﬁp z:‘r:e ory to this packaging story is that of the transition of discrete
yS . . y 9 . 9, dighal, ™ a4 ronic devices mounted onto boards to integrated electronic
optical signals. Electrical system and microsystem ENGINERIPeuits. The fastest discrete electronic circuits still outperform
have faced the design and test of mixed signal systems.in : o ) . pertorm
: \gtegrated electronic circuits, but the discrete implementation is

but with the emergence of optical signals for inter and intt%'uch more cos.tly, and s thus rarely l.Jsed' An |ntere§tlng foot-
connections to and in packaged systems, and higher speednlgf? 1S that the mtegrauon of_electronlc (anq now, optical) pas-
signals entering the systems, the mixed signals now becofiéeS into SOP interconnection supstrates is an area of active
mixed multiple signals. Even more challenging is the prospd@vestigation, awaiting a low cost implementation to become
of chip-based systems (SOC) which contain these mix&finstream. _
multiple signals. System analysis and optimization becomeTO access high-yield, low-cost Si CMOS VLSI for complex
highly complex when the models must include interfaces suglgnal processing functions and to integrate optical interconnec-
as highly sensitive high-gain optoelectronic receivers in th@n into Si CMOS VLSI microsystems for higher data rates
same package or on the same chip as a highly noisy digi@¥er shorter distances for SOC, the integration of OE devices
microprocessor. Thus, the education of a new intellectuaith CMOS analog OE transceivers and with digital Si CMOS
generation of engineers and engineering teams will necessavhySI is essential. Si CMOS receivers have been demonstrated
include the knowledge and tools necessary to model, desigrth electrical gigabits per second operation (not integrated with
and test systems which include analog, digital, RF, and opticaE devices) [5], and recently, integrated directly with an In-
signals. GaAs photodetector [6]. Optoelectronic device integration with
In the pursuit of the modeling and design tools necessaryftaundry digital Si CMOS, and the independent optimization of
build mixed multisignal systems, it is important for researchetie Si CMOS and the OE devices, have been demonstrated with
in the optoelectronic fields to advance the generation of modef®nomaterial (all components in Si) and in hybrid integrated
and circuit building blocks. The modeling tools could usefullgpproaches, however, SiCMOS detectors operate at short wave-
take the form of semiempirical device and interface models f@ihgths (belowA = 950 nm) with low responsivity, shallow
circuit simulators such as SPICE. These models need 10 t@nnel depth (resulting in a thin optical absorption length) or
basic measured device parameters as inputs to the models,(Sg sjow speed (with gain, such as an optically sensitive base
that designers can adjust the models based upon the charactgyig-g j1y [7], and emitters have been demonstrated only with
tics of the devices used in their systems. Additionally, since fejys 5 optical emission through defect centers [8]. Efficient opto-
electrlca_l engineers are currently edgcated in the area of OPfsctronic interconnections require integration technologies that
electronics, the development of basic optoelectronic interfage - o independent optimization of 1~V compound semi-

circuit building blocks, which are optimally scalable (whic - ; : ; -
scale in performance as CMOS linewidths decrease), is critirtlzﬁzglndUCtO.r deV|c_es V.Vlth Si CMOS VLS signal processing and
computational circuitry.

[4]. These building blocks, with well-defined input/output Spec-" 0.4 of combining OE materials with Si CMOS VLS|
ifications, will enable designers whose education is primarily.

in electricallybased design to access optical interfaces with ' CUit.S utili;es hybrid ep.ita.xial.growth of I“._V optoelectrgnic
initial minimum of additional education. Thus, the inclusion of aterials directly onto Si circuitry. The devices reported in the

optoelectronic interfaces in electronic designs need not face jigrature suffer from short lifetimes and low efficiencies due to

potential barrier of engineering education lagging product diéttice constant mismatch and differing coefficients of thermal
sign requirements. expansion [9], or the Si CMOS is damaged by the relatively

high-temperature growth process [10], which often causes ad-
ditional CMOS junction diffusion, although there have been re-
ports of hybrid growth success for modulators on Si substrates
For interconnection distances in the cm to multi-km ranggl1].
the traditional approach to optoelectronic system realization isHybrid integration technologies, where the 11I-V compound
hybrid packaging, i.e., independently manufactured optical deemiconductor material or device is bonded to a Si CMOS
vices mounted on a board or interconnection substrate nextMioSI circuit in a CMOS post-fabrication integration sequence,
analog transceiver circuitry. The optoelectronic (OE) devicémve the potential to create intimately bonded systems with

Il. OPTOELECTRONICINTEGRATION
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independently optimized components. Wafer bonding is tarconnection substrate to accommodate the optoelectronic de-
technique which uses high pressure and elevated temperatures with substrate, but this adds additional interconnection sub-
to atomically bond compound semiconductor device layers strate deep etch processing steps which are currently nonstan-
host substrates such as Si or a coated Si substrate [12]. Rlast, and may severely limit the electrical interconnection sub-
processing of the compound semiconductor materials resudtsate layout. An additional drawback to retention of the opto-
in devices. These bonding technologies for heterogeneaisctronic device substrate is that it precludes the 3-D stacking
integration have not yet been reported on Si CMOS circuitrgf multiple devices.
The drawbacks to wafer bonding include the mismatch betweerRemoval of the compound semiconductor growth substrate
Si VLSI wafer size and compound semiconductor wafer sizeas numerous advantages, particularly for optoelectronic appli-
which will most likely remain mismatched with time. Thus, forcations. Since the functional portions of most high-speed elec-
Si CMOS VLSI wafer scale integration, multiple compoundronic and optoelectronic compound semiconductor devices re-
semiconductor wafers would need to be bonded or the Si wagide in the grown epilayers of the devices, substrate removal
diced to smaller dimensions. A second issue is that the dengityes not affect the device performance and may even enhance
of compound semiconductor devices for many applicationigvice performance by removing an optically absorbing sub-
is not the same as that of the Si CMOS VLSI. Thus, whilstrate and providing access to electrical contacts on the other
an entire wafer has been bonded, the device layers are osiye of the device. Some types of thin-film integration enable
necessary in a relatively small region, thus wasting a poteihe independent optimization, fabrication, and testing of the OE
tially large percentage of the relatively expensive compourahd electronic components prior to bonding to the circuit, thus
semiconductor growth. enabling known good die paradigms to be implemented. In fact,
Flip-chip or bump bonding, is a second hybrid approach féoundry Si CMOS VLSI can be accessed and simply post-pro-
the heterogeneous integration of compound semiconductor dessed to add the OE components through metallized bonding
vices onto Si CMOS circuitry. Bump bonding has been usediechniques. There are two basic approaches to thin-film inte-
the electronics industry reliably for board mounting and is beirgyation, with many variations arising in these two approaches.
used increasingly for chip mounting to high-density interconn the first approach, the compound semiconductor devices are
nection substrates for multichip systems as well. Electronics inpended to the host circuit or substrate, with subsequent com-
dustry approaches to high-reliability chip bump bonding utilizeound semiconductor substrate removal. This technique can uti-
wafer-scale In-based plated solder balls, which, post dice, iz either bump bonding techniques [15] or thinner metallized
then attached to an interconnection substrate using an alignmeoritacts. The process engineer must be careful to protect the
and reflow tool. Studies of the speed of bump bond vertical traedges of the compound semiconductor devices and the host sub-
sitions indicate that bump bond electrical transitions can suppsttate (e.g., Si CMOS VLSI circuit) during the substrate removal
high-speed operations [13]. Bump bonding of linear and two-dirocess, which is generally accomplished with either a wet or
mensional arrays of optoelectronic devices to circuits have besny selective etch. The drawbacks to this process are the subset
reported [14], and bump bonding promises to be a viable hef-those associated with bringing all contacts to one face for
erogeneous integration technology for arrays of optoelectrofiamp bonding.
devices. There are a number of drawbacks to bump bonding ofAn approach to thin-film integration which addresses the
optoelectronic devices to circuits, which are more or less cridfrawbacks to bump bonding involves selective compound
ical, depending upon the specific application. The first is treemiconductor substrate removal prior to integration with the
requirement that all device electrical contacts be brought outhost substrate Si CMOS circuit. This thin-film heterogeneous
the front surface for bump interconnection. This often complintegration technique enables independently optimized devices
cates the fabrication of the compound semiconductor devidégically 0.1-5..m thick) to be selectively aligned and bonded
(either optoelectronic or high-speed electronic, or a mixture tf the host substrate using a transparent transfer diaphragm
the two), since the device contacts are generally not in the safh@]. Metallized contacts to the host substrate circuit and to
epilayer plane and, thus, planarization and planar bumping mtist OE device(s), either in single, or array format, form highly
be addressed through additional etch, deposition, and maskialipble thin-film electrical and mechanical contacts. This
steps, thus compromising yield. For highly advanced systemssults in a virtually planar hybrid integrated optoelectronic
the integration of multiple, independently fabricated arrays ofrcuit (OEIC) and enables front and back device contacts,
compound semiconductor devices is an assembly challenge.tAa vertical scalability of stacked thin-film devices, and the
assembly challenge which has not been addressed is the bumixing and matching of independently optimized multiple OE
bonding of single devices onto a substrate. Secondly, the cotevices with circuits using standard foundry microfabrication
pound semiconductor substrate remains on the devices, a thshniques. Fig. 1 illustrates one separation, transfer, and
advantage for some optical applications, where the substratbamding process. There are many variations of this process
absorbing, and thus the optical signal can neither exit nor enf&6], and the process can and should be varied to optimize the
from the surface. An additional highly significant negative to thimtegration of a particular microsystem. Fig. 2 is a photomicro-
bump bonding scheme is that the integrated transceiver cangi@ph of a GaAs metal-semiconductor—metal (MSM) thin-film
itself be flipped over and bump bonded to a system intercophotodetector which has been separated from the growth sub-
nection substrate because the optoelectronic device substrattrate using lateral selective etching, and then contact-bonded
much thicker than standard bump bonds. One method of circutb-a host silicon nitride-coated silicon substrate. Thin-film
venting this problem is certainly to etch a large hole in the ipphotodetectors bonded to host substrates in this manner have
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to the host substrate, which can also be metallized. Thus, the
metal contact on the thin-film device and a metallized host
substrate will form a stable electrical and mechanical bond
when the metal-metal contact is (optionally) annealed after
contact bonding. The primary drawback to this type of thin-film
integration is that the cost has been transferred to the assembly
process. However, with the advent of thin-film Si circuits, this
handling and assembly issue is now being addressed by the
semiconductor industry.

I1l. HETEROGENEOUSLYINTEGRATED LINKS FOR MIXED
MULTISIGNAL SYSTEMS

A number of heterogeneously integrated links and microsys-
tems have been demonstrated using thin-film integration tech-
nigues. One example of a OEIC link that has been demonstrated
using this integration technique is cyclic redundancy code-error
detection hardware integrated directly with transmitter and re-
ceiver Si CMOS VLSI circuits to realize a mixed multisignal
OE, analog, and digital microsystem [18]. This OEIC has an
integrated thin-film resonant cavity enhanced thin-film light-

. - - . o mitting diode integrated onto a transmitter driver circuit, and
Fig.1. Thin-film hybrid integration process: (a) as-grown epitaxial sample, (b . -
top contacted and mesa etched, (c) embedded in Apiezon W handling Iayer,é@fnonsnated an improvement in bit error rate (BER) of a factor
selective etch substrate removal, (€) bonded to transparent transfer diaphragiover 100 due to the inclusion of the error-detection circuitry.

(f) handling layer removed, (g) foundry Si CMOS VLSiI circuit, (h) Si CMOSA second example is an imaging array with signal processin
VLSl circuit planarized (if necessary), (i) metallized bonding pads on Si CM P ging y 9 P 9

08. . ; L
VLS circuit for OE device, and (j) OE thin-film device bonded to host substraté' CMQS VLSI ele?tron'cs under ea(_:h pixel, shown in Fig. 3.
(e.g., Si CMOS VLSI circuit). Each pixel has a Si CMOS VLSI luminance to frequency con-

verter with an interconnection pad. A second imaging array has
also been integrated that has a sigma delta analog to digital con-
verter under each pixel (and looks the same as Fig. 3). The ADC
under each pixel enables noise shaping and the image data to be
transferred in a digital format, thus producing a low-noise signal
output, and a plethora of signal processing options, including
dynamic signal processing tradeoffs between frame rate and res-
olution. This enables the user, for example, to peer into imaged
shadows at a lower frame rate (like taking a second, closer look).
To fabricate the OEIC, the CMOS circuit is planarized, an elec-
trical interconnection via cut through the planarization material,
a bottom metal contact deposited, and the thin-film GaAs-Al-
GaAs P—I-N RCE detector array is bonded onto the contacts. To
assure registration of the detectors in the array, a linking layer
of compound semiconductor is left between the pixels. Each
Fig. 2. Thin-film GaAs-based MSM bonded to silicon nitride-coated Si hogtixel in the array is individually contacted to the signal pro-
substrate. cessing circuitry beneath it, for massively parallel processing
of the imaging array pixels. The integration is completed by re-
demonstrated operation in excess of 6 GHz [17], [42]. Thactive ion dry etching of the linking layer, followed by a layer
transfer diaphragm technique is cost effective from a materia spin-on isolation with a second via cut to the top of the de-
usage standpoint, since it can distribute the thin-film devicege for a common top contact, and contact metallization and
sparsely, and many host substrates (or a 12-in Si CMOS VL&#finition [19]. This same approach has also been used to inte-
wafer, or a 16-in high-density interconnection substrate) cgnate a thin-film resonant cavity-enhanced light-emitting diode
be integrated sparsely with a fraction of one thin-film arrag x 8 array onto ar8 x 8 array of 5-b digital to analog con-
of devices. The transfer diaphragm technique can be usedvéster/memory to display gray scale images [20]. Both the in-
either invert or not invert devices. In some cases, inverting thegrated emitter and detector arrays can be used for 2-D optical
thin-film devices is advantageous. If the devices are invertdihks.
both sides of the thin-film devices can be processed while Addressing packaging cost with heterogeneous integration is
under rigid substrate (either growth or host) support. Thimportantto achieve low-costrealizations. The packaging of op-
is useful for bonding, since the side of the device that waigal links and systems can be significantly improved, with as-
processed (e.g., metallized) before separation is now bondediated cost benefits, if optical alignment tolerance is designed
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Fig. 3. Photomicrographs 8fx 8 array process: (a) circuit (b) thin-film P—i—N detector devices with linked layer bonded to planarized/via cut/metallized circuit
(c) linking layer removed, (d) planarization/isolation, top via metal contact completed.

The measured and theoreticaB-dB transverse alignment tol-
erance with a 1-mm longitudinal separationt8.4 mm for the
LED-fiber separation, and0.7 mm for the fiber-detector sep-
aration [21].

Another example of higher speed alignment tolerant op-
toelectronic links is an integrated receiver. To demonstrate
an alignment tolerant hybrid integrated receiver, metal-semi-
conductor-metal (MSM) photodetectors are of interest since
they are high-speed, large-area photodetectors with moderate
responsivity and a larger capacitance per unit area than PIN
detectors at high speed. However, the responsivity of MSMs is
significantly smaller than that of PINs. When an MSM has the
" ; . | substrate removed and is inverted (an I-MSM, which has the

] — 5 | metallic fingers on the bottom of the device, rather than on the
EEEEEEEEMN: top), the responsivity can equal that of a typical PIN (0.7 A/W),
yet retain the low capacitance per unit area attractive feature
of conventional MSMs. The input capacitance into a receiver
Fig. 4. Hybrid integrated OEIC with a thin-flm resonant cavity-enhancelrgely dictates the speed of the receiver, so minimizing the
light-emitting diode bonded into the center of a Si CMOS BJT array. Thdetector capacitance is critical. In addition, since the thin-film
analog transmitter and receiver circuitry and digital signal processing CirCUi%teCtOI‘ can be integrated directly onto the Si CMOS receiver
surround the detector. L . ; . .

circuit, matching the input resistance to that of a typical 50-ohm

package is no longer necessary. Thus, a higher receiver input
into the links. Essentially, this is design for yield. One examplesistance can be used, reducing the receiver noise. Fig. 5 is
of a hybrid integrated OEIC link that is alignment tolerant i& photomicrograph of a thin-film InP-InGaA3& (= 1.3 um)
the OEIC shown in Fig. 4. This link utilizes a thin-film reso4{-MSM metal/metal bonded to a Si CMOS differential receiver
nant cavity-enhanced light-emitting diode bonded directly intcircuit (for operation in a noisy digital environment), which
the center of an array of Si CMOS BJT detectors [7]. This link isas been tested with an open eye diagram at 250 Mb/s. Recent
slow, due to the BJT detectors, but sensitive, since they exhitdsults for hybrid integrated OEIC receivers with INP-InGaAs
a responsivity of 30 A/W (there is gain in the photoaddresséin-film detectors bonded to a 0.26m Si CMOS differential
base of the BJT). The transmitter and receiver circuitry is imeceiver circuit operate at 1 Gb/s with a 2bf on a side
plemented in SiCMOS VLS, as is digital signal processing cit-MSM, and bonded to a GaAs MESFET circuit, operate at 2.4
cuitry, all of which surround the Si CMOS BJT detector arrayGb/s with a 50xm diameter I-MSM [22].
This colocated emitter/detector OEIC is designed to operate inHeterogeneously integrated transceivers designed for high
slow (1 Mb/s), short haul (1-10 m) single fiber bidirectional opyield through alignment tolerance may be integrated into SOP
tical links optimized for EMI-sensitive automotive/avionic apand SOC microsystems to realize mixed multisignal systems
plications. which address interconnection limitations. In the SOP realm,

The longitudinal (distance of the fiber from the surface ddlthough materials research is providing improvements in elec-
the OEIC) and transverse (side-to-side) alignment tolerancetiofal interconnects by utilizing advanced materials (aluminum
these OEICs were measured. The 3-dB coupling attenuation @duel standard SiQare being replaced with copper and titanium
to longitudinal alignment was 1.5 mm for the LED-fiber separaditride for higher performance interconnections [23]), optical
tion, and 1.6 mm for the fiber-detector separation using a 1-ninterconnections can provide high-speed, low-loss, low-latency,
core diameter plastic optical fiber. The measured and theoretassively parallel, crosstalk resistant communication, enabling
ical longitudinal alignment tolerance were in good agreemetiinks and signal processing systems suitable for chip-to-chip,
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optical absorption for this through-Si link is high because the
emission energies of these devices is larger than the bandgap of
Si, [E,(S1) = 1.0 eV, A\, = 1.1 um] [33]. To achieve low-loss
propagation in this system, the use of laser drilled free space
waveguides through the host substrates is required [30]. The

P Fows 4 " emitters flip-chip bonded to the Si circuits. Unfortunately,
[e] 2] B bt g

E}iﬁféfm second demonstration utilizes three GaAs-based vertical cavity
I-MSM surface emitting lasers (930 nma A < 950 nm) for multiple

wavelength reconfigurable communication to three separate
substrates containing flip-chip bonded multiple-quantum-well
detectors. The emitters in this demonstration are all located
at the same plane and operate at wavelengths that experience
absorption through the substrate. The novelty of this system is
that it allows a single source plane and the option to choose the
individual receiver plane by choosing the wavelength [31].
chip-to-board and board-to-board SOP applications [24], [25]. The third method utilizes integrated InP-based optoelectronic
The emergence of waveguide interconnected SOP substrgfggices operating at > 1.2 zm which are bonded directly to
which combine electrical and optical functions address iSSugScircuits. This technique has been used to produce two layer
such as low |atency clock distribution in the SOP. Use of hthough_si CMOS vertical Optical interconnections [34]_[36],
erogeneous integration techniques, and, in particular, thin-filgn4o-mb/s single channel link [36], and a three-layer stack of
integration techniques, for embedded active and passive S§RcMOS VLS| transceivers which utilized two consecutive
substrates and microsystems, is emerging as an importgf¥bugh-Si vertical optical links [37]. Since these through-Si
optoelectronic interconnection application in the milli-haud-p Jinks can be utilized in a Si CMOS VLSI system, the
range. prospects of using these optical links for 3-D interconnections
Interconnection is an even more pressing issue in microsys-multiprocessor, massively parallel computational systems
tems on a chip (SOC). Perhaps the best example to date of a hatre been studied in some depth, with significant enhancements
erogeneously integrated mixed multisignal microsystem is tire system performance anticipated for these 3-D topologies
report of the first single chip optically interconnected microf38]—[41].
processor [26]. This microsystem contains a thin-film [-MSM
bonded to the input of a 0.8m Si CMOS differential analog
receiver whose outputs feed a Si CMOS VLSI microprocessor.
All of these components are integrated onto a single chip, creEmerging heterogeneous integration techniques for inte-
ating a truly challenging mixed multisignal environment witlyrating OE devices, analog interface circuitry, RF circuitry, and
optical, analog, and highly noisy digital signals. digital logic into mixed multisignal systems holds great promise

Three-dimensional CMOS architectures with optical intefor new packaged (SOP) and chip-based (SOC) microsystems.
connections enable the development of advanced microsystésgistem design for high-yield, low-cost, alignment-tolerant
which may address the electrical interconnection limitatiorigixed multisignal microsystems is paramount for optoelec-
of future CMOS technologies [27], [28]. With the integratiorironics to achieve pervasive implementation in lower cost,
of thin-film emitters and detectors onto Si CMOS VLSishorter haul electronic systems. High-volume product oppor-
circuitry, one can envision optical link usage on a SOC lev#inities are emerging for new optical interconnection lengths
for Si CMOS VLSI circuits and microsystems. As previouslyanging from micro haul SOC to milli haul SOP to short haul
mentioned, a significant limitation to SOC microsystems liedue to the societal thrust toward ubiquitous high bandwidth
in the interconnection of the processing circuitry. Utilizing thelata access, but cost is a critical factor in the development of
SIA roadmap suggestions of using optical interconnectioti¥ese products. There will be products that address these needs;
and 3-D interconnections, it is possible to envision verticaill they contain optoelectronic components? The current
optical interconnections between layers of foundry Si circuitigackaging solution for optoelectronic interfaces in electronic
using wavelengths to which the Si circuitry is transparersystems in through packaged discretes. The high volume
Massively parallel applications such as image processingoduct solutions will contain integrated communication links,
image generation, and routing can be mapped into architectundiether they be optical or electrical. Thus, integration of
which are well suited to 3-D interconnection structures. Thesgtoelectronic components with signal processing technology
architectures, which utilize multiple processors, are systerf@irrent Si CMOS VLSI) is one significant step toward opto-
that could benefit from 3-D vertical optical interconnectionsglectronic integration into electronic systems.

Vertical optical communication through Si circuits for 3-D
interconnections was demonstrated using an external solid state
laser operating at = 1.3 pm [29]. Since then, three different
demonstrations of vertical optical communication through The authors wish to thank the Staff of the Microelectronics
stacked Si substrates have been reported in the literatResearch Center, Georgia Institute of Technology, Atlanta, for
[30]-[32]. The first technique utilizes advanced GaAs-baséhke assistance with microfabrication.

Fig. 5. Hybrid integrated OEIC with InP—InGaAs I-MSM bonded to .16
Si CMOS VLSI receiver.

IV. CONCLUSION
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