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multiple lower-speed electrical streams, as well as functions
such as data encoding and address look-up. As data rates in-
crease, parasitic reduction may prove to be important. Addi-
tionally, if the optoelectronic integration can be performed on
a batch of chips in one step as outlined later, production cost
may go down. These concepts fall in the category of ‘‘system-
on-a-chip.’’ This first area in which OE-VLSI may be impor-
tant is just beginning to be explored, as data rates in optical
networks exceed 10 Gbit/s, and any advantage of OE-VLSI
concepts has not been shown. Indeed, it may turn out that a
modular approach has a lower cost as a result of indepen-
dently testing components and experiencing difficulties with
mixing analog and digital signal types. These questions will
be answered in the marketplace in the next few years.

A second benefit of OE-VLSI, which has actually been the
mantra driving the field since its inception, derives from the
needs of VLSI itself. This benefit has at various times been
called optical computing, digital optics, and as a subset of
computing, photonic switching and has its roots in the belief
prevalent among some in the mid 1980s that more efficient
computing could be performed by manipulating light rather
than electrons. This belief is based on the physical fact that
because light beams do not interact in free space, massive
parallelism is possible in communication (5). However, it isOPTOELECTRONICS IN VLSI TECHNOLOGY
precisely this noninteraction of photons that makes control of
light by light a difficult proposition. In fact, electrons mustOptoelectronics in VLSI (OE-VLSI) refers to the intimate in-

tegration of optoelectronics with Very Large Scale Integration mediate the interaction of photons, whether through a nonlin-
ear optical process that is within a solid that does not require(VLSI) electronic chips (i.e., the placement of optoelectronic

devices including lasers, detectors, and modulators directly on the actual absorption of photons but rather simply the polar-
ization of electron clouds by the optical field or on the otherthe VLSI chip) and may be performed via flip-chip bonding or

with other techniques outlined later. Described here are two end of the scale, via the detection of photons with discrete
detectors, electronic processing of the signals, and retrans-potential benefits of this integration. A third benefit, the pro-

duction of more sophisticated optical imaging technology, is mission of photons using discrete transmitters. The former
seems so elegant and the latter so bulky that, from a physi-not discussed here because that requires only detectors and

is covered under the concepts of focal plane arrays or VLSI cists view, the former must be more efficient. However, the
relentless progress of Si-based electronics negates this argu-cameras, whereas OE-VLSI usually refers to the integration

of both detectors and transmitters. ment. When billions of transistors can be placed upon a single
chip, and it is difficult to manipulate passively thousands ofThe first benefit is the reduction in electrical parasitics as-

sociated with wire-bonding and metallic board traces in opti- light beams, the winner in this battle is clear.
However, in the last few years, the field of optical comput-cal transceivers. The term optoelectronic integrated circuit

(OEIC) has been applied to small-scale electronic integration ing has been transformed so that rather than compete with
electronic computing it derives strength from it. In a histori-(SSI) with optoelectronics, typically by forming electronics in

the same material as the optoelectronic devices (i.e., mono- cally perverse fashion, now rather than hoping that electronic
computing power has a limit, the field of optics in computinglithic integration). Optoelectronics are typically formed in

III–V materials such as GaAs or InP with direct band gaps, is encouraging it on. The reason for this is that optics has a
well-recognized strength compared to electronics, which is itsand not in Si which has an indirect band gap. There are nu-

merous examples of photoreceivers fabricated as OEICs; re- ability to communicate information. This has been made clear
in long distance, and increasingly in short distance, opticalcent ones described in Refs. 1 and 2 have photoreceivers that

contain less than 100 III–V transistors. Such monolithic tech- fiber communication. Going forward this type of usage may
become a reality in the very short distances between elec-niques are usually limited to SSI because the yield of transis-

tors fabricated in the (typically) heteroepitaxial III–V mate- tronic chips or even on the chips themselves between transis-
tors. The latter is outside the scope of this discussion, butrial used to form optoelectronics is low. There are VLSI GaAs

technologies (3), but these are based on nonheteroepitaxial chip-to-chip optical communication may soon become reality
because the computing power of a chip requires ever-increas-materials and not suitable for optoelectronics. Si can form de-

tectors, and an example of a photoreceiver fabricated in ing communication on and off the chip, which may not be sup-
ported by electrical wiring alone.Si–Ge is given in Refs. 4, but was limited to a frequency of

450 MHz. Beyond SSI, optical transceivers may perform a va- This prediction is supported by the plot in Fig. 1. There
the number of chip input/output (I/O) is plotted versus siliconriety of complicated functions requiring VLSI electronics and

are usually modules containing several chips including the VLSI Complementary Metal Oxide Semiconductor (CMOS)
line rules two ways. The lower curve is the Semiconductoroptoelectronic chips. For example, in local area optical com-

puting networks there are network interface cards (NICs) Industry Association’s (SIA) prediction (6). This curve, which
itself reaches numbers in the thousands as line rules decreasethat perform a variety of complicated functions such as multi-

plexing and demultiplexing of the faster optical stream into in the next decade, is based partly on what the association
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strated to support such yield, the surface-normal GaAs-based
p–i–n diode optical modulator. When choosing an optical
transmitting element, even though one’s impulse is to choose
a device that emits light for simplicity in the optical system,
LEDs do not provide sufficient directed power, and lasers
have not yet demonstrated sufficient yield for next generation
computing chip I/O. Arrays of lasers may be formed using
vertical-cavity surface-emitting lasers (VCSELs), but detailed
measurements have not been made with arrays larger than
64, and no computing demonstration has been made at all. In
a modulator-based system, even though it is true that the op-
tical system has more elements because the outputs of the
system are measured by applying an array of read-out beams
to the modulators (6), this actually leads to some conceptual
simplicity in the system because the beam array is generated
by diffracting a single laser. This means that all the beams
are automatically at the same optical wavelength, simplifying
the design of the lenses and gratings of the system. Addition-

Number required to maintain
constant ratio of I/O to compute

power (as set at 0.35  m)µ

Compute power =
gate × clock

SIA prediction
for electrical I/O

0.05 0.10 0.15 0.20
FET gate length (  m)

I/O–compute power divergence predicted for ASICs

µ
0.25 0.30 0.35 0.40

100,000

10,000

1,000

N
u

m
b

e
r 

o
f 

ch
ip

 I
/O

ally, the single read-out laser may be clocked, providingFigure 1. Plot of Semiconductor Industry Association prediction of
global clock distribution to the system.VLSI chip I/O going into the next century (6) and that necessary for

Also, because the modulator is a diode, it also functions asparity with computing power of chip, which predicts that for subtenth
a detector, so that only one level of optoelectronic integrationmicrometer VLSI, �100,000 I/O required, indicating that direct opti-
is required. The modulator works by having a material whosecal array I/O to chips will be necessary.
absorption changes with electric field (an electroabsorptive
material) in the intrinsic region, so that upon reverse bias the
diode’s transmission (or reflection if there is an integral mir-thought was technically possible. However, the upper curve is
ror) changes. By biasing the device in its absorbing state, itgiven by keeping the ratio of I/O bandwidth to computational
functions as a photodiode. Electroabsorption is produced bybandwidth (transistor count times clock rate) constant, as-
using a readout wavelength near the band gap of the intrinsicsuming I/O clock rate equals chip clock rate. Keeping this
material. Via quantum mechanical effects, the band edgeratio constant may result in the highest efficiency of the chip.
states are altered with electric field, leading to changes inThe upper curve reaches numbers in the hundreds of thou-
optical absorption (7). By employing a multiple quantum wellsands in the next decade. Below it is shown that the optoelec-
(MQW) material, which has layers of thickness the order oftronic yield may support such numbers.
the wavelength of an electronic quantum mechanic wavefunc-Given these two applications of OE-VLSI, this article fo-
tion, electroabsorption is enhanced (8). Thus the modulatorcuses on the chip-to-chip communication application rather
used in smart pixel arrays is usually called an MQW-modu-than the NIC application. There are four reasons for this:
lator.

In arguments favoring eventual use of VCSELs in smart1. Even though concepts such as system-on-a-chip are
pixel systems, the temperature sensitivity of the modulatorpowerful and the NIC market is substantial, it pales
caused by the change of the band gap with temperature isin comparison to the possibility that all state-of-the-art
cited. Although the emission wavelength of a VCSEL willcomputing systems will have optical communication,
change with temperature, if the optical system is made achro-both in terms of how much more revolutionary this con-
matic (i.e., the focusing and beam directing optics of the sys-cept is scientifically and for its sheer pervasiveness.
tem operate the same over a wide range of wavelengths), a

2. It is perhaps more appropriate that the subject of
VCSEL-based system may operate over a wider temperature

OEICs expand to cover the use of more functionality in
range than a modulator-based system. We show later that

transceivers.
modulators could operate over a 60�C range. Whether this is

3. If the power of OE-VLSI in NICs is greater functionality sufficient for computing systems probably depends on the ap-
and if the full circuitry for only one optical channel can plication. Here is a possible scenario: just as display technol-
be placed on a single chip at first, in fact it is necessary ogy sometimes favors emitters [cathode ray tubes (CRTs)] and
that research be spent demonstrating the benefit of the sometimes modulators [liquid crystal displays (LCDs)] so OE-
electronic integration (signal processing, memory, and VLSI technology will favor one or the other or even a mixing
transceiver circuitry) before as a last step a single pair of both on the same chip.
of optoelectronic devices is added. Mentioning LCDs reminds us that there are many types of

4. Following from the last statement, the true power of optical modulators, but a discussion of them all would be out-
OE-VLSI is the ability to form large arrays of optoelec- side the scope of this article in which we focus on the speed
tronics with electronics, sometimes referred to as smart of semiconductor devices. There has, however, been extensive
pixels because they process an array of light beams. research on the integration of liquid crystal with VLSI. In

fact, an LCD is itself an integration of liquid crystal with elec-
tronic circuitry, and there has been research into extendingGiven this application choice, it is clear that the type of

OE-VLSI technology used must support tens or hundreds of this technology into computing or as a smart display (9). Even
though the speed of liquid crystal is limited to rates lowerthousands of optoelectronic devices per chip. We therefore fo-

cus on the only optoelectronic transmitting device demon- than a megahertz and so could never transmit the informa-
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tion of a single electronic pin, the yield of liquid crystal modu-
lators will always surpass any other modulator because the
active element is in the electronic circuitry. Therefore, it is
theoretically possible to have millions of liquid crystal modu-
lators on a chip. However, generating such a large number of
readout beams would be problematic.

In the next section, a brief overview of OE-VLSI technology
based on MQW modulators is presented. This section reviews
the progress made in integrating modulator devices with elec-
tronic circuits and discusses yield and manufacturing issues
for future commodity processes. The section entitled ‘‘Circuit
Considerations for OE-VLSI’’ discusses circuit considerations
for the MQW modulator based smart pixel technology and re-
views standard-cell designs for the optoelectronic transceiv-
ers. The section entitled ‘‘Large Switch Experiment’’ reviews
the first major demonstration of the OE-VLSI technology, a
switch with terabit capability. Next, the section entitled
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‘‘Toward a Commodity OE-VLSI Technology’’ presents results
associated with the first CMOS/SEED foundry shuttle, and Figure 2. Reflectivity spectra of MQW modulator, which has been

used up to now as the optoelectronic transmitting element in allreviews a future roadmap for this technology. Conclusions
large-scale interchip optical commmunication system experiments.constitute the last section.

mode if a mirror is incorporated. In reflection, two passesTECHNOLOGY OVERVIEW
through the device occur, squaring the contrast. The mirror
may be a multilayer quarter wave semiconductor mirror pro-The multiple quantum well modulator has driven much of the
duced as part of the epitaxial structure (10), although metalwork in smart pixels because of three main principles: (i) it
reflectors can also be used if the light is brought from themay function either as detector or transmitter; (ii) it has high
substrate side. The reflectivity spectra of a representativeenough yield so that large working arrays (i.e., up to thou-
MQW modulator is shown in Fig. 2. If both top and bottomsands) have been fabricated; and (iii) it may operate at high
mirrors are incorporated, Fabry–Perot cavities, which are op-speeds (i.e., Gbit/s). The device is a p–i–n diode, usually ar-
timally balanced, can be formed so that at a particular voltageranged in a layered structure produced by epitaxial growth
there is essentially zero reflectivity. Thus, in principle, an in-techniques such as molecular beam epitaxy. By applying a
finite reflection contrast can be achieved (11,12). Such a tech-reverse bias to the diode, the electric field in the intrinsic re-
nique is needed for systems conveying analog information ingion increases, and the light absorption in that region
the optical beams, and OE-VLSI chips have been demon-changes by the principle of electroabsorption. Therefore, the
strated with high contrast, large arrays by using post-integra-light transmission through the device is modulated by the ap-
tion etching of the modulator to tune its optical thicknessplied voltage signal. Electroabsorption will occur in any semi-
(13). However, for digital information, large chip-to-chipconductor near its electronic band gap because the gap is ef-
bandwidth has been demonstrated with reflection contrastsfectively lowered by the electric field. In addition, electron-
of 2 : 1.hole pairs (excitons) are produced by absorption of photons

with energies near the band gap, and this absorption line will
Review of MQW Modulator-Based Smart Pixels

shift with the electric field. A good description of electroab-
sorption in bulk (uniform) semiconductors can be found in Self-Electrooptic Effect Devices. The first smart pixels were

not very ‘‘smart’’ but could perform a logic function. TheseRef. 7. The shift of an exciton line provides for strong modula-
tion, but at room temperature in bulk semiconductors the ex- are called self-electrooptic effect devices (SEEDs) but, more

appropriately, would be considered circuits composed of a se-citon is broadened in energy, reducing its effectiveness. A
MQW material, however, maintains the narrowness of the ex- ries connection of a constant voltage source, a MQW modula-

tor, and a load. This load could be another MQW modulator,citon at room temperature. The structure of an MQW is a
repeated sequence of layers of smaller band gap material and in which case it is called a symmetric SEED (S-SEED). In

operation, this circuit is bistable, which allows it to performlarger band gap material, whose individual layers are so thin
(i.e., 100 Å) that the excitonic quantum mechanical wave logic functions. It is bistable because when the operating

wavelength is on the exciton absorption line, the photocurrentfunction is confined in the layers of the smaller band gap ma-
terial. Hence these layers are called quantum wells. A good will decrease as reverse bias is applied, causing negative pho-

toconductivity. Therefore, as the light intensity is increased,review of MQW electroabsorption is contained in Ref. 8. Thus
the preferred modulator, usually called the MQW modulator the voltage on the modulator, and hence its transmission, will

undergo a discontinuous change at some point. As the lightand sometimes referred to as a p–i(MQW)–n diode, is simply
a p–i–n diode where the intrinsic layer is itself a multilay- intensity is then decreased, the voltage on the modulator will

undergo a discontinuous change at a light level lower thanered MQW.
As a transmissive device, the contrast between the high produced in the upward part of the curve, causing a hystere-

sis in the transmission-versus-light-intensity curve. Thus, atand low transmission states is typically less than 2 : 1 for volt-
age swings below 10 V. The device may also work in reflection a particular light intensity, or, in the case of the S-SEED,
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when the light intensities on the two modulators are equal, region at a carefully controlled distance from the surface (17).
the circuit can exist in one of two different states, depending Because it is so thin, it does not induce appreciable light ab-
on the history of operation. Logic can then be performed. In sorption, and so does not affect the performance of the modu-
particular, logic level restoration can be achieved in the fol- lators. For the FETs, the quantum well serves the function of
lowing manner. The S-SEED circuit could be set into a state being able to fill and empty electrons, depending on the sur-
where the light intensity level on diode 1 was higher than on face field, which can change via a gate metal. FETs are
diode 2. Then, in the next clock cycle, data could be read onto formed by producing ohmic contacts to either side of the gate.
the circuit, and unless the input to diode 2 was of higher in- These transistors functioned well, and a switching network
tensity than the input to diode 1, the circuit state would not using 4 � 4 arrays of smart pixels, each composed of 21 FETs
change. Thus, a logic decision could be performed. Finally, in and 11 modulators, was demonstrated at a clock rate of 155
the next clock cycle, the state of the circuit could be read by Mbit/s (6). However, migrating to larger array sizes and more
beams of equal and higher intensity. Because the read beams, complex circuitry put undue stress on the yield of the process.
if equal, can be of higher intensity than the write-beams with- In addition, circuit design was problematic given the avail-
out changing the state of the circuit, signal gain and, hence able modeling of the devices.
logic level restoration, can be achieved. The logic decision is
simple, but full logic can be performed by using more than

Hybrid CMOS-SEEDs. Finally, we come to our current pro-one beam per diode. A review of SEED operation is contained
cess, which brings the modulators to the electronics, and inin Ref. 14. SEED arrays consisting of 64 � 64 arrays of modu-
particular, to silicon CMOS electronics. There are severallators have been fabricated (15).
ways this may be accomplished. For instance, one may at-In principle, the SEED circuit is the fastest smart pixel
tempt to grow, by epitaxy, GaAs-based modulators on Si (18).because its speed is simply limited by the charging time of
Indeed, there are volumes written on the growth of GaAs onthe diodes, without any intervening electronics. However,
Si, and such growth is possible. However, integration viathat charging time is limited by the photocurrent and hence
growth is a different matter. The growth must occur beforethe optical power. If the capacitance of the SEED is 100 fF,
metalizations are placed on the CMOS as a result of thermalfor a voltage change of 10 V, it would take approximately 20
processing constraints; the subsequent reproduction of submi-mW to switch the device in 100 ps, or 20 W for an array of
cron Si metalizations in a research environment would be1000 elements.
problematic.To reduce this power and to make for broader functional-

Herein lies another pragmatic issue concerning optical I/Oity, electronics can be integrated with the modulators. It is a
to electronics, which is that if the electronics cannot be state-philosophical point whether, when electronics are integrated
of-the-art, this exercise may not be profitable. One of the pri-with the modulators, the resulting circuit is more appropri-
mary arguments for optical I/O is that electrical I/O aloneately considered a circuit with optical I/O, rather than a
will not be able to meet the needs of Si electronics as it ad-SEED. Because electronics have been added to modulators,
vances. However, if the quality of the electronics must bethe name of the resulting object has been appended with the
compromised, this argument may fail. Therefore, any integra-word SEED, even as the intervening electronics have begun
tion scheme must be able to use state-of-the-art electronicsto dominate the schematic. Our viewpoint is that using the
without degradation; hence, there is a strong preference forterm SEED is appropriate when identical devices
processes that are as noninvasive as possible to the electron-[p–i(MQW)–n diodes] are used for both the input and output,
ics. Because heteroepitaxial growth involves temperatures ofas follows from the term self in SEED and evidenced in the
about 800�C, it is not clear that it can be integrated as a pro-earliest SEED devices. As mentioned earlier, this quality of
cess without degrading the Si in some manner.the p–i(MQW)–n diode is both the great utility of the device,

A second guiding principle for any integration techniquebecause, systems can be built with just one level of
derives also from the argument that electrical I/O will fail tooptoelectronic/electronic integration, and the true inventive
keep pace with Si electronics. From this argument, it is ap-concept of the originators of the SEED. As multiple levels of
parent that smart pixels may not be useful until the numberintegration are developed (either specialized devices for detec-
of optical channels per chip is in the thousands, because it istion and modulation, or detection and light emission), the
apparently not until this number is reached by pin-out countname SEED and the concept it implies may eventually be
that there will be a problem. The ability of the optical in-dropped, in favor of the term optoelectronic-VLSI. As other
terconnects to provide complex interconnection topologies alsoOE-VLSI technologies emerge, this term may further be
becomes an advantage at these large numbers. Therefore, anyamended to modulator-based OE-VLSI.
integration process must be capable of producing such num-
bers of optoelectronic devices, preferably in a single step.Field Effect Transistor SEEDs. The integration of electronics

The only candidate that suffices both of the preceding cri-with MQW modulators can occur either by bringing the elec-
teria is flip-chip bonding because it is a low-temperature pro-tronics to the modulators or vice versa. The first substantial
cess and attaches many devices at once. We have shown thatattempt was the former, the field-effect transistor SEED
thousands of solder pads can be produced on chips by photoli-(FET-SEED). The integration consisted essentially of forming
thography and evaporation. Using our commercial bondingfield-effect transistors in the top-doped layer of the modulator
machine (19), aligning an optoelectronic chip laterally to a Si(16). In this way, modulators and FETs are formed side-by-
CMOS chip can be routinely performed to 2 �m accuracy.side in the same layer structure. In a standard MQW modula-
Thus attaching thousands of high-speed devices in a singletor, both doped regions have a larger band gap than the quan-
step is routine. The temperatures involved are below 200�Ctum well material so that these regions are transparent. In

the FET-SEED, a quantum well is placed in the top (n) doped and so do not affect the silicon.
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We have innovated on the process of flip-chip bonding, par-
ticularly for optoelectronic devices. This is necessitated by the
fact that the best MQW modulators operate at a wavelength
of 850 nm (20). However, the GaAs substrate of such modula-
tors is opaque at that wavelength. Therefore, we remove it
after the bonding (21). This additional step has become fairly
routine in our process, although some groups avoid it by
working with reduced efficiency modulators at wavelength
where GaAs is transparent (22). Our hybrid CMOS-SEED
process arranges for both the n and p contacts of the diodes
to be brought to the surface and to be coplanar and also en-
sures that each device is electrically isolated from its neigh-
bors. Solder is deposited on one or both of the Si and GaAs
chips, and the chips are bonded together. We find that gold-
coated tin works well as a solder and that good bonding oc-
curs by tacking the chips together at an elevated temperature
and pressure without the need for reflow. Then epoxy is
wicked between the chips by capillary action. The epoxy both
provides mechanical stability and protects the front surfaces
of the chips during the next step, which is the removal of the
GaAs substrate. This is done by chemical etching. The etch is Figure 4. Forward biased emission pattern from a 64 � 16 array of
stopped by a stop-etch layer, which has been placed between flip-chip bonded diodes followed by substrate removal with 100%
the GaAs substrate and the device layers (Fig. 3). Each MQW yield. Solder pads are 15 �m � 15 �m, and device size is 18 �m �
modulator has two flip-chip pads, p and n, one of which is 52 �m.

optically active. The active region of the device as drawn in
Fig. 3 is the n-pad which also serves as a reflector. Each de-
vice is about 18 � 52 �m in size. Each has a 15 � 15 �m n-
pad and a 15 � 15 �m p-pad, separated laterally by 15 �m.
The epoxy may subsequently be removed if necessary (e.g., to
expose wire-bond pads).

To test electrical connection, the devices may be forward-
biased to emit. The emission pattern from a 16 � 64 array of
devices is shown in Fig. 4. We demonstrated arrays of bonded
modulators and simple circuits in (23). Our largest chips to
date are 7 mm � 7 mm Si chips with 140,000 to 450,000
CMOS gates with a 64 � 68 array of modulators arranged in
a 5.5 mm � 5.5 mm field (24). We have produced such chips
with 100% modulator yield (corresponding to a device yield of
99.97%), but typically have about 1 to 5 nonworking diodes,
with the yield reduction mostly caused by defects in the mod-
ulators. Thus, our device yield for these larger chips is about
99.9%.

A key advance in the hybrid CMOS-SEED process was
demonstrated in Refs. 25 and 26. Here it was shown that the
modulators may be bonded to metal interconnect layers on
the Si chip directly above transistor layers, creating a three-
dimensional optoelectronics/VLSI circuit. Typical submicron
CMOS technologies provide at least three levels of metal, so
the modulators may be bonded to the top level. This removes
any constraints in the placement of the underlying circuits
with respect to the modulators and allows a designer to take
full advantage of sophisticated VLSI design tools. The cross-
sectional structure of the resulting OE-VLSI circuit is shown
in Fig. 5. The modulators form an optoelectronic overlay to
the electronics, and in a sense, our mission of being able to
provide optical I/O to Si CMOS without compromising in any
way its ability to form circuits is complete. Using this tech-
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nique we can make OE-VLSI chips with dense modulator
arrays. The highest density circuit (in terms of transistors perFigure 3. Process flow for integrating MQW modulator arrays to

VLSI chips by flip-chip bonding followed by substrate removal (23). unit area) built to date had an 8 � 8 array of MQW diodes
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material defect levels pertinent to modulators. We do this by
forming extremely large modulators with 5 mm � 5 mm ac-
tive areas. We then measure the reverse leakage current. If
the leakage is below a set value, the region occupied by the
modulator is ‘‘modulator defect’’ free, and we can quantify the
number of defects per unit area.

Because we are exploring material properties, we give de-
tails of the growth conditions and substrates used in this ex-
periment, which were from the same ingot. The growth was
performed by molecular beam epitaxy on a Varian GEN II
solid source system, with substrate rotation of 10 rpm, and a
substrate temperature of 645�C. The V/III flux ratio was 20.
The arsenic source was Furukawa lot No. 40601T, the gallium
source was Rhone-Paulenc lot no. 88088, and the aluminum
source was Morton Thiokol lot no. E110. The arsenic beam
pressure was 1.5 � 10�5 torr, and the GaAs growth rate was
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Figure 5. Structure of a three-dimensional hybrid GaAs MQW/sili- The 2 in. substrates were from American Xtal Technologycon CMOS circuit.

ingot no. E3H201, with a resistivity of 1 to 4 � 10�7 �-cm and
a mobility of 7000 cm2/Vs to 9000 cm2/Vs. Their orientation
was (100) � 0.1� and thickness was 500 � 25 �m. The etch

and over 21,000 transistors in a silicon area of 1 mm � 1 mm
pit density was �3000/cm2.

(26). In terms of MQW diodes per unit area, the densest OE-
Figure 6 shows a map of the 12 diodes we fabricated on

VLSI chips have 32 � 64 modulators arranged in a 2.3 mm
one wafer. Each diode has a 5 mm � 5 mm active area. The

� 2.3 mm field with over 400,000 transistors in an silicon
vertical full scale is 1 mA. This would correspond to 4 nA for

area of approximately 8.2 mm � 3.8 mm. We routinely have
a 10 �m � 10 �m device, the size we anticipate using for our

only one or zero bad diodes in these dense chips, for a yield
flip-chip bonded technology in the future, and this leakage is

� 99.95%.
an acceptable level for such a modulator. Therefore 10/12 of

Note that there have been many other technologies devel-
the diodes on this wafer contain no ‘‘modulator’’ defects, as-

oped to attach optoelectronics to chips, including variations of
suming that the nature of the leakage in those devices is dis-

flip-chip bonding such as in Ref. 13, where the modulator chip
tributed across many distributed small defects. Note that this

is epoxied first to a glass substrate, the GaAs substrate is
makes no comment on the level of defects pertinent to other

removed, and then flip-chip bonding is performed. This tech-
types of devices, such as VCSELs. The two diodes with large

nique lends itself to easier etch tuning to achieve high con-
leakage seem to suffer from some other type of catastrophic

trast Fabry–Perot devices, and large arrays have been dem-
defect. This defect is invisible to visual examination. For a

onstrated. Other techniques include heteroepitaxy of
second, identical wafer, similar behavior was observed, with

modulators onto GaAs VLSI (27) and removal of the thin de-
9/12 diodes show �1 mA leakage at 10 V.

vice layers from GaAs substrates and transfer onto Si VLSI
As mentioned, it is assumed in this analysis that these

chips (28). However, arrays larger than 64 have not been
‘‘soft’’ leakages are caused by many ‘‘small’’ defects. We are

shown using other techniques, and until this happens, these
not attempting to state here the exact nature of these defects

techniques are not applicable to large-scale computing. Thus,
but simply to recount their effect. It is not known whether

they are not discussed here.
this leakage is caused by many defects that contribute equally
or whether the defects contribute differing amounts of leak-

Yield Limits
age. We can comment that all the diodes with this ‘‘soft’’ leak-
age, when left under bias for 	1 h, actually had a reductionAs mentioned, VCSELs may offer some advantage because

they do not require an off-chip readout light source. There of leakage current while left on, so these defects do not appear
to contribute to any reliability problems.may be a device advantage of modulators, however, in that

they may be much less sensitive to material defects. The rea- For at least one diode, though, that displayed large leak-
age, only soft leakage occurred until it had been biased up forson for this is that all that is required for a modulator to work

is that its reverse-biased leakage current be low enough not a few seconds, so it appeared that something ‘‘snapped’’ in the
device. Thus we believe that the diodes with large leakageto induce heating. Barring process or lithographic errors,

nothing else can go wrong with the device as long as a gross suffer from another type of defect that is catastrophic to the
modulator. It occurs in 5/24 diodes of the two wafers, and weerror does not occur in the wafer growth (a large pit or parti-

cle that actually interferes mechanically with the formation assume here that we have actually observed five distinct
point defects. Again, we do not know that the large leakageof the modulator, discussed later). Typically modulators do

not degrade with time because very little current flows is caused by several defects in each diode, but it seems that
because of the distinct effect and the fact that we see it onlythrough the device. Lasers, on the other hand, are susceptible

to a number of degradation mechanisms, including most in a small fraction of the diodes, a single defect may be
responsible for each bad diode. Then, the defect count isprominently dark-line defect formation, which probably leads

to much higher sensitivity to microscopic defects. 5/(24 � 5 � 5 mm), or 0.83/cm2.
Note that the position of the fatal defects in the wafers isTo provide a framework for the discussion from the modu-

lator side, data are given here designed to show microscopic the same and that the wafers were cut from the same boule.



386 OPTOELECTRONICS IN VLSI TECHNOLOGY

Figure 6. Reverse dark leakage current of twelve 5 mm � 5 mm MQW modulators, with only
two disabled devices, indicating that microscopic defect level for modulators is �1/cm2. This
indicates that arrays larger than 100,000 are possible.

We then conclude that those defects that contribute large However, this is not the entire story. As mentioned, large
(several microns) defects occur on the surface of MBE grownleakage are caused by defects in the substrate that propagate

during growth of the boule. wafers. These simply interfere mechanically with the forma-
tion of devices. They can be observed by illuminating the wa-Thus we have found that microscopic material defects rele-

vant to modulators occur once about every square centimeter. fer and are shown in Fig. 7 (2 in. diameter wafers shown). As
can be seen, they occur in numbers of 	10/cm2 and, therefore,Our current design rules would allow about 350,000

diodes/cm2 so we conclude that GaAs/AIAs modulator arrays limit array size to 	35,000. These large surface defects are
possibly because large bits of material are ejected from theof at least 256 � 512 are intrinsically possible.
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Figure 7. Photographs of MQW modulator wafers before and after
crystal growth, which has molecular beam epitaxy. The white specks
are large defects on the surface occurring at densities of 	10/cm2. For
the large arrays predicted in Fig. 6, these must be eliminated, possi-
bly by using vapor-phase growth techniques.

material sources in MBE and may possibly be avoided in
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other growth techniques, such as metalorganic chemical va-
por deposition (MOCVD) (29). Figure 8. Contours of 2 : 1 optical contrast, considered necessary for

intra-computer links, for five different MQW modulator designs, in
the phase space of voltage offset and wavelengths (30). By allowingModulator Performance and Temperature Sensitivity
voltage offset to vary via feedback control, a wavelength range of 17

Here a comprehensive modeling and prediction of the perfor- nm, corresponding to a temperature range of 60�C, is possible.
mance of MQW modulators is presented. Performance of a
modulator is characterized by contrast ratio and insertion
loss. Insertion loss of these modulators can be kept low be- shorter exciton wavelengths, the range becomes smaller,
cause of their simple optical coupling. It is not so much con- showing that longer laser wavelengths are favored.
trast ratio that is in short supply with surface-normal modu- The other mode of operation studied is where the feedback
lators because even without Fabry–Perot effects, which we circuit is not permitted. Of course, then the device is much
ignore here, fairly high contrast can be achieved. However, it less tolerant. Now, the offset voltage is fixed, and the sensitiv-
is the fragility of contrast ratio that reduces the performance ity of the contrast to variations in operating condition � and
of surface-normal modulators. The positions of the exciton, manufacture �0 are considered. The procedure is to plot con-
the operating wavelength, and the Fabry–Perot resonance if tours of contrast ratio in �, �0 space, and for an expected vari-
that is employed, all must be in very good registration to ob- ation in �0, measure the maximum variation in � while main-
tain high contrast. Therefore, here we optimize the tolerance taining contrast above a certain value. An optimized design
of contrast to manufacturing errors or changes in operating is shown in Fig. 9, for N � 50 and an offset voltage of 2 V.
condition. We fit the spectra of two GaAs/AlAs samples with Shown in this plot is the wafer-scale variation in exciton posi-
zero-bias exciton positions �0 of 833.8 and 842.3 nm at each
bias with Lorentzian curves, r � 1 � (1 � re)/[(1 � (� �
�e)2/�2], where �e is the wavelength of the exciton, re is the
reflectivity at the exciton peak, and � is its breadth. In turn,
these parameters are fit with six other parameters that are a
function of �0. Thus we have a comprehensive model of GaAs/
AIAs reflection MQW modulators with varying well width op-
erating below the band edge (30).

Considered are modulators operating with a 3 V swing, for
0.35 �m line rule CMOS. For shorter line rules, and lower
available voltage swings, we assume doubling or tripling volt-
age drivers as described later. Note that it is the voltage
swing that is limited and not the voltage offset. The first op-
erating mode examined allows adjustable voltage offset V1,
and we show, for a given �0, what number of wells N will
result in the maximum tolerance to change in � for a feedback
circuit that changes V1 from 0 V to 12 V. In Fig. 8, a contour
plot of contrast � 2 : 1 is shown in the parameter space of V1

and � for five different cases of �0. For each �0, N is optimized
so that the contour extends to V1 � 12 V while maintaining a
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vertical width of 2 nm. We find that for �0 � 850 nm and N
� 85, 2 : 1 contrast can be maintained over a change of � of Figure 9. Contour as in Fig. 8, but in the phase space of exciton
17 nm, with a local variation of � of �1 nm at any set V1. This wavelength, which varies due to manufacturing control, and wave-
would allow variations of temperature of 60�C while still length, keeping voltage offset fixed. The allowed wavelength variation

is only 2.1 nm, too low for real systems.allowing for variations in laser wavelength of �1 nm. For
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sensitivity, requiring several picojoules of optical energy to be
deposited on the device in order to make it switch. At these
energies, absorption saturation became a concern, until it was
found that this effect could be reduced by proper choice of
operating wavelength (34). The end result was that the per-
formance of switching systems based on SEED arrays was
limited not by device response, but instead by the total optical
power that was available in the system (35). In addition, the
functionality of the arrays was typically limited, although
logic operations could be performed by cascading array of
these devices (36). The integration of these optoelectronic
modulators with electronic FETs represented an important
step in the evolution of the SEED device technology. This
work was motivated by the need to reduce the optical input
energy required to switch the optoelectronic device, and the
desire for increased functionality in the smart pixel node. The
FET-SEED technology provided a monolithic integration of
metal-semiconductor FETs with MQW modulators (16,17,37).Wavelength (nm)
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The result was a low-capacitance optoelectronic device with
Figure 10. Simulation of spectra of advanced stacked-diode MQW good sensitivity and high speed. Switching times as low asmodulator design, which would have sufficient temperature tolerance

200 ps were demonstrated in a simple FET-SEED smart pixel(	20�C) for operation without voltage offset feedback control.
(38). Such devices supplied an effective input capacitance of
approximately 50 fF, 60 fF to a receiver (39). Receivers were
operated at about 30 fJ at 311 Mbit/s, and about 150 fJ at 1

tion, which, when satisfied, allows a wavelength variation of Gbit/s, with a power consumption of approximately 3 mW
2.1 nm while maintaining contrast above 1.5 : 1. We conclude (40).
that, without feedback on the offset voltage, standard p–i(deep The only shortcoming of the FET-SEED technology was
MQW)–n modulators are unusable. the restricted circuit complexity resulting from the yield of

We examine other types of modulators. Shallow quantum the GaAs technology. In spite of the significantly improved
well modulators (31) have much less wafer-scale variation of sensitivity, it became clear that applications of the SEED de-
�0 (0.6 nm), and we find a corresponding non-feedback mode

vice with electronic gain would ultimately be limited by the
wavelength variation of 5.2 nm while maintaining 1.5 : 1 con-

functionality and the speed of the electronic circuit. Hence,trast, but with a reduced on-state reflectivity (0.33, for a unity
from the systems perspective, it became important to improvemirror). If this is unacceptable, one may consider deep MQW
the electronic technology of the integrated device by providingmodulators arranged in stacked diodes [n–i(MQW)–p–
the SEED device with state-of-the-art electronic FETs. Al-i(MQW)– . . .] (32). For four diodes, the range increases to
though GaAs FETs have a higher transconductance than sili-4.7 nm, and so is comparable to the shallow quantum well
con MOSFETs for a given feature size, the hope was to capi-sample, whereas the on-state reflectivity for a unity mirror
talize on the emerging deep-submicron silicon transistorincreases to 0.85 (Fig. 10).
technologies, the sophisticated design tools and libraries, andThus for a 3 V swing, with feedback circuitry to adjust the
the rapid prototyping capability that a thriving silicon CMOSvoltage offset, a wavelength range of 17 nm is possible while
industry could provide. These were the driving forces behindmaintaining 2 : 1 contrast, corresponding to a temperature
the development of a silicon CMOS/SEED technology. For thevariation of 60�C. If the offset voltage is not allowed to vary,
reasons discussed in the previous section, the prudent coursegiven the wafer-scale variation in exciton position, the maxi-
to follow was to use a hybrid integration technology. Themum wavelength range maintaining 1.5 : 1 contrast of a
question was whether the integration could be sufficiently ‘‘in-p–i(deep MQW)–n modulator is 2.1 nm, deemed insufficient
timate’’ to prevent the additional parasitics associated withfor most applications. A shallow quantum well sample can
the flip-chip attachment from annulling the benefit of the im-operate in this way over a range of 5.2 nm, but at the expense
proved transistors.of reducing the on-state reflectivity to only 0.33. By employing

Following from the SEED work, the first CMOS-modulatorstacked diode designs with deep MQWs, for a sample with
chips were switching circuits. These circuits, fabricated in 0.9four diodes the corresponding range is 4.7 nm, with an on-
�m CMOS, operated at over 250 Mbit/s (41). An input capaci-state reflectivity of 0.85.
tance of approximately 52 fF per diode was measured for the
hybrid device (42). Even with 0.8 �m CMOS technology, hy-

CIRCUIT CONSIDERATIONS FOR OE-VLSI brid SEED receiver circuits provided comparable speed, sensi-
tivity, and power dissipation to the FET-SEED receivers, with

SEED-Based Circuits significantly reduced area. Finally, the ability to achieve a
three-dimensional integrated structure of MQW diode-aboveThe original SEED and symmetric SEED displayed extremely
circuits makes possible dense VLSI circuits and compliancefast optical switching. Switching times as low as 33 ps were
with mainstream silicon design methodologies (25). More onmeasured in S-SEED devices with 13 �m � 14 �m mesas
CMOS OE-VLSI switching circuits will be discussed in the(33). However, these devices did not provide electrical gain.

As a consequence, S-SEEDs typically exhibited relatively low section entitled ‘‘Large Switch Experiment.’’ This section is
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completed by describing in detail the CMOS circuits unique to
OE-VLSI, the optical receiver and modulator driver circuits.

Transceiver Circuits for Hybrid CMOS/SEED

A key circuit component for an OE-VLSI technology are the
transceiver circuits. Because the MQW modulator may be
modeled as a capacitive load element, the modulator-driver
circuits to date have consisted of a simple inverter. In a
CMOS technology, this circuit has zero static-dissipation (ne-
glecting leakage currents). There is a constant component of
the driver power dissipation due to the absorbed photocurrent
in both ‘‘on’’ and ‘‘off ’’ states. But, when operating at low opti-

Vdet+ Vdd

Iin Vout
12/1 6/2Diode

6/24/1

2/1

1.5/1.5

(a)cal read-powers, the receiver circuits are a greater concern in
terms of electrical power dissipation than the modulator
driver circuits (43). The basic reason for the receiver power
dissipation is that the circuits are typically biased as small-
signal amplifiers, resulting in a steady dissipation of power.

The asynchronous transimpedance receiver was chosen for
initial systems experiments because it provides good sensitiv-
ity and dynamic range and because it can be operated in sin-
gle-ended mode where a single diode is used to generate posi-
tive photocurrent, as well as in a differential operation mode
with an additional diode at the input (Fig. 11). Small input
swings in the input transimpedance stage (front end) are then
amplified to logic levels at the receiver output using addi-
tional gain stages.

Single-ended CMOS/SEED receivers (Fig. 12) based on a

Vdet+ Vdd

Iin Vout

12/1

(b)

4/1Diode

2/1

4/1

4/1

8/1

4/14/1

1.5/1.5

1.5/1.5

transimpedance frontend followed by one amplification stage Figure 12. Single-ended transimpedance receiver standard cells: (a)
have been demonstrated to operate at a bit-rate of 375 Mbit/ 375 Mbit/s receiver with 3.5 mW power dissipation and 11 �A sensi-
s in 0.8 �m CMOS with a dc power consumption of approxi- tivity (25) and (b) 550 Mbit/s receiver with 5 mW power dissipation
mately 3.5 mW, an area of 17 �m � 18 �m, a dynamic range and 6 �A sensitivity (44).
of over 16 dB, and a sensitivity of approximately 60 fJ (25).
The addition of gain stages improves the performance to be-

‘‘Toward a Commodity OE-VSLI Technology’’). A comparisonlow 40 fJ at 550 Mbit/s (44). Transimpedance receiver–
of these circuits can be found in Ref. 46.transmitter circuits, based on two-beam differential data en-

As supply voltages are lowered, receiver dissipation re-coding (Fig. 13), have been built in 0.8 �m CMOS, and are
duces and receiver bandwidth improves. However, the voltagecapable of 1 Gbit/s transmission of digital data with a bit-
swing provided by a normally biased inverter is reduced. Thiserror rate below 10�10 (45). All these circuits discussed above
degrades the performance of a standard modulator. Equallywere provided as standard cells as part of the first workshop/
useful for low-voltage OE-VLSI technologies are circuits thatfoundry offered in this technology (see the section entitled
up-convert the voltage. Figure 14 presents a circuit that can
provide a voltage swing that exceeds the nominal supply volt-
age of the CMOS technology. As shown in Fig. 14, this circuit
was tested in 5 V CMOS technology and could provide swings
up to twice the supply voltage in that technology. The advan-
tage of the circuit is that it consumes no static power dissipa-
tion. Modulator-driver circuits are discussed in greater detail
in Ref. 47.

LARGE SWITCH EXPERIMENT

Large switches are thought to be the first computing type to
use OE-VLSI technology because of their large ratio of infor-
mation channels to computing elements. In Ref. 24, a chip
with 4352 optical modulators was demonstrated that
switched 256 optical channels at data rates of 400 Mbit/s
each, for an aggregate data throughout greater than 100

SE-receiver TransmitterCircuit

(a)

hνhν

hν

VmodVdet+

TB-receiver TransmitterCircuit

(b)

Vmod+

Vmod–

Vdet+

Vdet–

hν

hν

hν

Gbit/s.
This chip was a small part of a large switching system thatFigure 11. Schematic of (a) single-ended (SE) optical receiver; (b)

employed multiple electronic switching modules, each oftwo-beam (TB) receiver; Vdet and Vmod are the detector and transmitter
bias voltages, respectively. which switched a fraction of the total channels in the system.
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A switching architecture was developed that allowed smaller
electronic switches to be interconnected with optical fiber via
a central distribution network (48), which was the chip of Ref.
24. This chip was actually functionally a set of 16 indepen-
dent crossbar switches with 16 inputs and outputs (i.e., six-
teen 16 � 16 crossbars) on the same die. Optical fiber from
each of the electronic modules was bundled and imaged onto
the OE-VLSI chip. The beauty of the switching architecture
was that all the buffering memory could be located on the
electronic modules, whereas the OE-VLSI required no mem-
ory. Thus, it played to the strengths of the OE-VLSI technol-
ogy, which emphasizes interconnect capability over memory
density, which is low in CMOS compared to DRAMs.

For more on this switching architecture readers are re-
ferred to Ref. 48. Even though other technologies may be used
for the distribution network, including electronic crossbars,
the use of optical fiber interconnections and OE-VLSI chips
represents the highest scalability in terms of total bandwidth
of the system, all of which must pass through the distribution
network. Interconnecting the electronic modules with optical
fiber allows the physical size and clock rate of the system to
expand practically without limit. A distribution module could
be formed with separate optical transceiver chips and switch-
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Figure 14. Voltage up-converter circuit. The circuit converts a swing
of 0 Vdd-LOW to a swing of 0 Vdd-HIGH.

ing chips, but it would be much more expensive than a single
OE-VLSI chip.

The distribution chip was, as stated, a collection of sixteen
16 � 16 crossbars. Each input was fanned out 16 times, for a
total of 4096 input detectors. The fan-out could be performed
electronically on the chip and was done so in later versions.
For more on the exact mechanisms of the chip, the reader is
referred to Ref. 24. Here, for purposes of demonstrating the
capability of the OE-VLSI technology, the capabilities and re-
quirements of the three versions of the chip as shown in Ta-
ble 1.
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TOWARD A COMMODITY OE-VLSI TECHNOLOGY

First CMOS/MQW OE-VLSI Foundry Shuttle

The removal of the GaAs substrate after flip-chip attachment
has other positive qualities. We have performed process runs
where multiple chip designs are aggregated onto a single Si
chip, then a modulator array encompassing this entire large
chip is processed and, after substrate removal, can be sawed
into the individual chips. This is the basis for our continuing
foundry runs when, in a manner like a foundry, we aggregate
smaller designs into larger chips to reduce our workload. We
first tested the concept of sawing a processed chip with de-
signs from four external users. In this run, a chip designed
with a perimeter of wire-bond pads and central diode field
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10/1 3/1Diode1

Diode2

1.5/1
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10/1

5/1
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5/15/1

3/1

3/1
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(b) was simply sawed into four pieces. Thus it was akin to our
earlier chips, with the added step of sawing the chip afterFigure 13. Two-beam transimpedance receiver standard cells: (a)
bonding. This tested whether the modulators would survive700 Mbit/s receiver with 4 mW power dissipation (41) and (b) 1 Gbit/

s receiver with 8 mW power dissipation (45). the sawing procedure, which they did.



OPTOELECTRONICS IN VLSI TECHNOLOGY 391

Table 1. Parameters of OE-VLSI Chips Made as Part of Large Switch Project (24)

Chip 1 Chip 2 Chip 3

Si technology 1.0 �m 0.8 �m 0.35 �m
Functionality 256 16 � 1 mux nodes 64 16 I/O switches 32 16 I/O switches
Error free clock rate 450 Mbit/s 600 Mbit/s 900 Mbit/s
Total data throughput 115 Gbit/s 600 Gbit/s 404 Gbit/s
Power consumption 1 W 5 W 0.3 W

Our first foundry shuttle consisted of a 6 in. wafer of sili- diode attachment area of these chips was 7.8 mm � 7.8 mm.
The substrate removal of these pieces was complicated notcon that contained multiple copies of a 17 mm � 17 mm sili-

con reticle. Each reticle contained 32 individual 2 mm � 2 only by the size (linear extent) of the substrate, but also by
the fact that it had to be removed entirely. In our earlier sin-mm OE-VLSI chip designs as well as some larger chip de-

signs. Designs from over 30 teams were collected into two sep- gle chips, the substrate could remain at the edge of the GaAs
chip because the wire bond pads were outside of the GaAsarate 8.5 mm � 8.5 mm subreticles. In Fig. 15 several chips

are shown on the subreticle before sawing. The small rectan- chip. Here, however, the wire-bond pads in the interior of the
chip were covered by the GaAs substrate. We use a jet etchergles are the modulators. Each subreticle contained 16 distinct

2 mm � 2 mm CMOS circuit designs. Each of the 16 chips in with H2O2 : NH4OH to remove the substrate, and it is difficult
to achieve uniform removal over such a large area. This prob-a subreticle had a 10 � 20 array of MQW modulators bonded

onto it. The horizontal and vertical pitch of the diodes were lem was solved by performing polishing of the substrate with
Br : methonal after flip-chip bonding to a thickness of 	15062.5 �m and 125 �m, respectively. Three columns of 80 diodes

were placed between the chips, in the saw-cut lanes, for pro- �m before the acid etching of the substrate.
Although the problems of bonding and removing the sub-cess-monitoring purposes. By forward biasing these diodes

and viewing the emitted light through an infrared camera, strate of such large chips were solved, another unexpected
problem specific to the foundry chip remained. Because of thethe yield of the flip-chip attachment and substrate-removal

processes could be estimated. An additional diode, placed at specific geometry of the diode-array involved, voids were
sometimes left in the epoxy. Because the foundry chips con-the reticle center was used for reflectance measurements,

prior to saw-cut. tained lanes of wire-bonding area that were separated by
modulator fields, the epoxy could wick in faster or slowerMetallization and solder deposition for the first foundry

shuttle was performed at the reticle level. Flip-chip attach- along certain paths, creating the opportunity for air to be
trapped. We included a protective dielectric, placed on thement and substrate removal was performed at the subreticle

level. This further tested our ability to saw up the final prod- GaAs front face between the modulators, that provided some
measure of protection where voids were formed. However,uct and also greatly extended the area that we process. The
damage could still be seen on some of the chips. This problem
did not occur in the nonaggregated chip designs apparently
because there was a single modulator array and no wire-bond
pads, and the nature of the epoxy was to then produce uni-
form filling. We have found that the epoxy can actually be
applied before flip-chip bonding because it dewets from the
metallic pads. This results in fewer epoxy voids.

The ability to do batch processing for the bonding and sub-
strate-removal steps is not only critical for foundry shuttles
but also illustrates how this technology may be manufactured
in a cost-effective manner. Another useful aspect of substrate
removal is that after the substrate is removed, further chips
may be bonded. In particular, because the modulators may be
pixellated leaving spaces between them on the chip, we may
bond another chip in the same area as the first chip and pro-
duce interleaved devices. Thus dissimilar devices, either sepa-
rately optimized detectors and modulators or detectors and
lasers, may be collocated on the Si chip.

Figure 15. Photomicrograph of subreticle from the Lucent
OE-VLSI Technology RoadmapTechnologies/George Mason University coop OE-VSLI foundry, show-

ing a close-up of several OE-VLSI chips, after integration but before In this section, we review a performance roadmap for this OE-
final dicing. Each chip integrates 200 modulators that may be used VLSI technology as the silicon gate-lengths shrink. The prog-
as transmitters or detectors. Vertical and horizontal pitch of the di-

ress of silicon CMOS technology, reviewed in Table 2, is ex-odes are 62.5 �m and 125 �m, respectively. Each diode is approxi-
pected to follow the projections of the SIA roadmap (6). Basedmately 25 �m � 60 �m with an active area of approximately 20 �m
on the yield considerations presented earlier, we can also esti-� 20 �m. Any CMOS circuitry is allowed by the designer, even under
mate the expected evolution of the accompanying GaAs/Al-the modulators, which are bonded to the top level of CMOS metalli-

zation. GaAs MQW devices. Table 3 summarizes the expected evolu-
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Table 2. Projected CMOS IC Technology Parametersa

FET Number On-Chip Number Off-Chip Max.
Gate of Clock Oxide of Clock Power
Length Gates Area Voltage Speed Thickness Electrical Speed Dissipation
(�m) (M) (cm2) (Vdd) (MHz) (Å) I/O Ports (MHz) (W)

0.7 0.15 1 5 100 130 400 75 5
0.5 0.3 2 3.3 150 100 600 110 10
0.35 0.8 4 2.8 200 80 900 150 15
0.25 2 6 2.2 350 60 1350 200 30
0.18 5 8 1.8 500 50 2000 250 40
0.12 10 10 1.5 700 40 2600 300 90
0.1 20 12 1.25 1000 35 3600 375 180

a Generations of CMOS are expected to be spaced 3 years apart.

tion of the CMOS/MQW OE-VLSI technology as a function of written as ( fT/� 	CD), where � is the excess channel noise fac-
tor in the FETs that constitute the receiver front-end. WeCMOS feature size (gate length). The maximum number of

diodes is projected to increase rapidly in the first few genera- note that � is inversely proportional to gate length and can
be estimated to range between 1.8 and 3, to account for in-tions and then grow gradually as the device yield, issues of

bonding large arrays, and manipulating large numbers of creased channel noise as the dimensions of the front-end FET
are reduced. This figure of merit provides a measure of thelight beams become increasingly significant. A more detailed

exposition on the scaling of the diode capacitance, as well as receiver noise and hence the noise-limited receiver sensitivity
of the specific OE-VLSI technology in terms of a few readilyother device characteristics can be found in Ref. 43.

We have thus far focused on the modulator device yield, available metrics: the detector capacitance, the unity gain-
bandwidth of the FETs, and the channel noise factor of thewhich is the main hurdle in scaling the OE-VLSI technology.

In addition to the device yield, other barriers can be expected FETs. We note that for large arrays of smart-pixel receivers,
the OE-VLSI technology typically cannot be exercised so as toto arise because of the finite laser source power and the on-

chip power-dissipation of the I/O transceiver circuits, particu- obtain true noise-limited receiver performance. Nevertheless,
for a given receiver geometry, the figure of merit is a usefullarly the receivers. In order to reduce the amount of laser

power required for illuminating the modulators (and also to means of assessing the relative receiver sensitivity perfor-
mance of different OE-VLSI technologies.limit modulator-driver power dissipation and prevent related

thermal effects in the modulators) sensitive receiver circuits To make a conservative estimate for the growth of the fig-
ure of merit, we replace the FET unity gain bandwidth withmust be employed at the optical-to-electrical interface of the

OE-VLSI circuit. A consequence is that the receiver circuits the inverse gate delay as measured from ring oscillator data.
The scaling of the inverse gate delay, based on published re-will be a significant source of power dissipation themselves

because of the need for biasing these circuits for high speed sults from experimental technologies (43), is shown in Fig. 16.
Figure 17 shows the scaling of this figure of merit in terms ofand high sensitivity.

Because the performance of the specific OE-VLSI technol- FET gate length. As shown in Fig. 17, the sensitivity of the
receiver can be expected to improve exponentially as featureogy is expected to be limited by the electronic circuits, we can

expect that reductions in silicon feature sizes and optoelec- size is reduced. This sensitivity improvement is also accompa-
nied by a reduction in power dissipation caused by reducedtronic device dimensions will serve to increase the aggregate

optical interconnect bandwidth to a VLSI chip by improving supply voltages and static currents in the receivers. Improved
sensitivity and lower power dissipation together imply thatthe sensitivity and bit-rate of the receivers and by reducing

their power dissipation. For a given receiver front-end, a tech-
nology figure of merit, based on the gain-bandwidth of the
FET, the channel noise factor of the FET, and the detector
capacitance can be defined (43). The figure of merit can be
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Figure 16. Scaling trend for the gate-delay as a function of the gate
length of the CMOS technology. Data correspond to measured delays
from ring-oscillator data (43).

Table 3. Projected Evolution of Optoelectronic
Technology Parameters

MQW Bonded Number
Feature Linear Diode of
Size Dimension Capacitance Optical
(�m) (�m) (fF) Diodes

0.7 18 150 1,000
0.5 14 100 3,000
0.35 12 70 6,000
0.25 10 50 12,000
0.18 8 36 24,000
0.12 7 24 40,000
0.1 5–6 20 50,000
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ogy. This far exceeds the projected scaling of the electrical
I/O bandwidth available for a VLSI circuit. As a consequence,
the OE-VLSI technology should have competitive advantage
for microchip applications that require high-performance
communication.

CONCLUSIONS

The concept of a manufacturable technology that can provide
parallel optical interconnects directly to a VLSI circuit, sug-
gested over a decade ago in Ref. 5, now appears to be a real-
ity. One such OE-VLSI technology, described in this article, is
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based on the hybrid flip-chip bonding of GaAs/AlGaAs MQWFigure 17. Scaling of the figure-of-merit for the OE-VLSI trans-
modulator devices onto silicon CMOS circuits. In this article,ceiver technology.
we have surveyed the progress in SEED-based OE-VLSI
smart pixel technologies. Results from a batch-fabricated
foundry shuttle incorporating multiple OE-VLSI chip designsmore optical transceivers (hence more optical I/O) can be ac-
were reviewed. This foundry represents the first successfulcommodated on a chip for a given power budget (43). The re-
delivery of custom-designed CMOS VLSI chips with surface-duction in feature size will also allow the bandwidth of each
normal optical I/O technology to external customers.optical I/O link to grow.

Issues related to scaling of the OE-VLSI technology andAs a consequence, the total optical I/O bandwidth to the
compatibility with deep-submicron CMOS technologies haveVLSI chip can be expected to increase considerably. We can
been discussed. In terms of the fundamental technology, thequantify the scaling of the total electrical and optical I/O
challenges are in reducing the drive voltages of the modula-bandwidth of the OE-VLSI chip and relate it to the computa-

tional bandwidth of the silicon chip. The latter is defined as tors to stay compatible with mainstream CMOS and to con-
the product of the number of gates and the on-chip clock tinue to improve the yield in the manufacturing and hybridiz-
speed of the chip. Assuming that half the projected number ing of the MQW diodes. In terms of the circuits, the
of pins on a chip can be used for electrical I/O at the off-chip challenges will be to continue to improve receiver sensitivity
clock speed, and assuming that the optical interconnect will while reducing power dissipation and crosstalk. A third con-
function at the on-chip clock speed (a conservative assump- sideration, not discussed here, is that of the systems integra-
tion), we can plot these three quantities in Fig. 18. This figure tion, where the task will be to package systems that can effi-
depicts the expected scaling of the optical I/O bandwidth (as- ciently transport large arrays of lightbeams to and from
suming two-beam operation), the compute bandwidth (defined such chips.
as the product of the number of gates and the on-chip clock Based on relatively conservative assumptions on how these
frequency), and the SIA projections for high-performance elec- components will evolve, a general conclusion is that it ap-
trical I/O onto and off a packaged CMOS die (6). As can be pears that this hybrid optical I/O technology has substantial
seen in Fig. 18, it appears that the growth of the I/O band- room for continued scaling to larger numbers of higher-speed
width of the OE-VLSI chip can be expected to match the interconnects. Indeed, future OE-VLSI technologies can be ex-
growth of the computational bandwidth of the silicon technol- pected to provide an I/O bandwidth to a chip that is commen-

surate with the processing power of the chip, even in the fin-
est linewidth silicon-a task that cannot be expected from
electrical interconnects. It is anticipated that the availability
of such a technology will allow the production of new systems
that are competitive, on a cost-per-performance basis, with
all-electrical solutions.
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