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Abstract—We demonstrate operation of a wavelength division modulator receiver
multiplexed chip-to-chip optical interconnect using surface- chip
normal electroabsorption modulators, and a modelocked laser as
a single broadband source. The link was successfully operated at
80 Mb/s. While this rate was limited by the repetition rate of the

modelocked source, individual CMOS circuits and optoelectronic gratinga
devices have been shown to work at data rates approaching 1 Gb/s.
Index Terms—CMOS integrated circuits, optical interconnec- .
tion, short optical pulses, wavelength division multiplexing. OP:|03|
PR
I. INTRODUCTION fiber

PTICAL interconnects for silicon electronics have
been shown to have many advantages over traditiordg- 1. A p(_)nceptual schematic of wavelength division multiplexing by
electrical interconnects, particularly in dense, high_capacﬁgectrally slicing the broadband output of a modelocked source.
systems [1]. One approach to optical interconnects commonly
used in telecommunications today is wavelength-divisicgxperiment takes advantage of the broad-band nature of a mod-
multiplexing (WDM). As bandwidth needs increase, WDM beelocked source; however, the corresponding short-pulse nature
comes an attractive solution for shorter distance interconnectm be simultaneously exploited for other advantages including
as well, such as chip-to-chip or board-to-board interconnecisiproved receiver sensitivity [3], system re-synchronization [4],
While telecommunications WDM systems traditionally use and latency reduction [5]. Previous work [2], [6] has demon-
separate laser for each wavelength channel, which necessitatested the principle of using short pulses for wavelength divi-
wavelength monitoring and control, a simpler, less expensigimn multiplexing. Here we demonstrate the first known opera-
alternative is needed for interconnects on scales of a few metéos of a full chip-to-chip optical interconnect of this type, in-
or less. One such solution is to use a single, broad-band laseiding GaAs devices hybridly integrated to functional silicon
source. A wavelength disperser can be used to separate |thgc, and analyze the losses in such a system.
wavelengths in space, and a linear array of on-chip reflection
modulators can then provide the wavelength channel definitions II. SYSTEM COMPONENTS
by spectral slicing [2]. In this way, the channel spacings are L
automatically maintained. This concept is illustrated in Fig. 12 CMOS Circuits
In this paper, we examine a system designed for 10-channeThe 4-mn? chips used in this system were fabricated
chip-to-chip WDM optical interconnection using a modelockethrough MOSIS in 0.5:m silicon CMOS and contain both the
Ti:Sapphire laser and surface-normal electroabsorption modut@nsmitter and receiver circuits. The circuits are placed to line
tors. Wavelength division multiplexing has the potential to simup with an overlaid 16 20 array of optoelectronic devices,
plify interconnect packaging in such a system in that all thehich is further divided into ten linear sub-arrays (or “rows”).
channels can be combined and transported over a single fillgach row contains ten differential channels, or 20 devices.
while the use of a single optical source potentially decreastlse rows are separated by 12fn, and the devices within
cost in a short-distance interconnect. As a WDM system, otltrem spaced at 62,/m. These spacings were chosen to allow
coupling to fiber ribbons in future experiments, and do not
Manuscript received October 31, 2002; revised January 28, 2003. ThPresent the maximum device or circuit density. For example,
work was supported by the Joint Services Electronics Program under Ofle transimpedance receivers on this chip have a footprint of
Grant NO0014-91-J-1050, by_ the Defense Advanced Research Projects Age&ﬁbroximately 15¢ 17 pm, much smaller than the overIying
(DARPA) under Ultra-Photonics Program Grant F49620-97-1-0517, by DARPAb . . . . .
Grant MDA972-98-1-0002, by MARCO/DARPA Grant GIT-B-12-D00-557,40 % 80-um diode. By reducing the size of the diodes and the
and a subaward from the University of New Mexico. The work of N. C. Helmadiode spacing, the device density could likely be increased to

was supported by a Gerhard Casper Stanford Graduate Fellowship. thousands of 1/0s per square millimeter.
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Fig. 2. Optical eye diagrams of (a) the output of a modulator driven wit
pseudorandom electrical data at 950 MHz and (b) the output of a transimpeda
receiver’s read-out modulator when the receiver is driven with optical data
700 MHz.

3. Diagram of GaAs diodes before flip chip bonding. Gpidand
ntacts are shown, as well as the indium solder bumps.

including pseudorandom bit sequence (PRBS) generat(ﬁfgb
though for the experiments here, we use primarily directly
driven modulator diodes for detailed testing of individua'
channels. These diode pairs can also be used to measure
modulator reflectivity and contrast ratio as a function of voltag
and wavelength.

The differential receivers occupy the remainder of the chi
Two different designs were used: clocked sense-amplifier (
“integrating”) receivers [7], and transimpedance-amplifier re
ceivers [8]. Only the integrating receivers are used here
cause of their greater sensitivity. Adjacent to each row of r
ceiver channels on the chip is a corresponding row of outg
(or “read-out”) modulators that allows optical monitoring of re
ceivers without the need for further high-speed electrical co
nections. That is, each output modulator is driven by the r
ceived data from the corresponding receiver. Additionally, or
specific receiver channel is directly connected to a high-spe
SMA connector on the circuit board, allowing electrical moni

toring of the receiver state. This is particularly useful when ofig. 4. Plot of measured contrast ratio vs. wavelength for modulator operation
tical read-out is difficult for three different voltage swings. For comparison, the gray solid curve

g . L . . represents the spectrum of the modelocked laser (in arbitrary units of intensity).
The finished chips with integrated devices were wire-bonded’ P ( Y Y)

into a high-speed electrical package, which was subsequently
soldered to a custom-made printed circuit board (PCB). TR€am incident on the structure can be alternately absorbed or

circuit functionality was tested before the chips were impld€flected. In use, the GaAs substrate is removed, as described
mented in the interconnect system. The individual receiver aRgIOW. Light is then incident on the-layer, while the metallic
transmitter circuits, together with their integrated optoelectronfecontact serves as a mirror. The device, therefore, behaves as
diodesl were shown to have open eye diagrams at h|gh Spe@dgﬂection modulator. The devices are Operated with a 3.3-V
(Fig. 2). These results are limited by the bandwidth of the hig§wing, corresponding to current CMOS logic levels. With such

—0-3V
--2-5V
3-8V

contrast ratio

840 850 860
wavelength (nm)

speed detector used—approximately 700 MHz. low voltages, however, the modulators have arelatively low con-
trast ratio (maximum 2:1) over a range of approximately 5 nm,
B. Optoelectronic Devices centered near 850 nm, as seen in Fig. 4. Contrast ratio (CR) is

The present device and hybridization technologies are simi@ffined as the ratio of reflected optical power in the “on” (re-
to those described in [9]. The optoelectronic devices are mifgcting) and “off’ (absorbing) states of the modulator. The con-
tiple-quantum-well (MQW) GaAs-i-n diodes, similar to those trastratio peak can be.shlfted slightly in wavelength by changing
first described in [10]. The MBE-grown wafer used to fabricatihe offset voltage. To improve performance, the devices are op-
the devices contains 50 GaAs quantum wells in the intrinsic r@tated in differential pairs.
gion with Aly o5Gay 75As barriers, between Ab;Gay 75AS p ) )
andn layers. A series of photolithographic steps was perform& HyPrid Integration
on the GaAs wafer to define the mesa structure of the diodes|n order to integrate the devices to silicon electronic circuits
which is shown in Fig. 3. Coplanar gold contacts are depositei flip-chip bonding, indium solder bumps are first evaporated
to provide electrical connections to theandn layers. When a onto the diode contacts. The GaAs wafer is then diced into in-
static reverse bias is applied across the diodes, they act singlilyidual arrays of 200 devices in preparation for integration.
as photodetectors for wavelengths of about 860 nm and shortésing a commercial visible-alignment flip-chip bonder, the in-
With changing applied bias, however, the diodes can also sediem bumps are aligned to corresponding gold contacts that
as electroabsorption modulators whose operation is based ontthee been deposited on the CMOS chip. Pressure is applied to
gquantum-confined Stark effect [11]. That is, by changing the abend the indium to the gold. Because the indium is quite soft at
plied bias—and, therefore, shifting the absorption edge—a liglttom temperature, epoxy is flowed between the chips to provide
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Fig.5. SEM images of GaAs quantum-well diodes flip-chip bonded to silicg
CMOS circuits.

mechanical strength. The GaAs substrate is then removed by
selective wet etching, leaving isolated GaAs devices bondedre 6. Photograph of a baseplate with various optical elements including
the CMOS chip. Scanning electron microscope (SEM) picturlgrﬁ;e;ﬁ :Fﬁ?ﬁg‘;ﬂﬁﬁfbgamaggﬁlgﬁé %’;dségi.reﬂec“on grating. The CMOS
of successfully bonded devices are shown in Fig. 5. To deter-

mine the device yield after bonding, a forward bias is applied

across the entire device array; working devices emit light chip on PCB

the infrared. Yields have been measured as high as 98%. WI
currently the devices are bonded at the chip scale, wafer-sc

e
R

bonding could also be achieved in a similar manner. P‘BS 50750 8S A
D. Optical Design - v LN \/ fiber
1) Laser: The laser used for the system is a Spectra-Phys 1 A4 g A H

modelocked Ti:Sapphire laser, tunable over a range of apprt o
imately 710-980 nm. The laser was tuned to a central wa 1 optical pulses
length of 851 nm, corresponding to the contrast ratio peak of t grating
absorption modulators (as shown in Fig. 4). Low-jitter pulse
are output from the laser at a repetition rate of approximate
80 MHz and typical pulsewidth of approximately 150 fs, corre-
sponding to a transform-limited spectral bandwidth of roughkjig. 7. Schematic showing transmitter portion of interconnect system. The
5 nm full-width at half-maximum (FWHM). receiver portion is similar.

2) Baseplates:The optical components were assembled on
a system of stainless steel slotted baseplates, first described #3-degree blaze angle. When used in the Littrow configura-
[12]. Optics such as lenses and waveplates are mounted and tien; the gratings have a reflection efficiency of approximately
tered in small steel cylindrical cells, having a standard outer di0%, which varies slightly with polarization. The gratings were
ameter of 25 mm. The cells rest on precision-milled slots imsed in this configuration—with the input and reflected light
the plate and are held in place by magnets, which sit in tla¢substantially the same angle—to facilitate incorporation into
bottom of the slots and are separated from the cells by a snth baseplate system and to reduce alignment sensitivity. The
air gap. In this way, the mechanical degrees of freedom are Mewport goniometer stages on which gratings were mounted
duced to rotation about and translation along the optical axédlow rotation of+10 degrees about the central position for fine-
allowing for fast and precise system alignment. The mechani¢ahing. By placing the grating at the focal distance from a lens,
stability offered by the baseplates is also important as, for eke reflected light's angular wavelength separation is converted
ample, a rotation of the grating by only 00tkads to a 1Qtm to a spatial wavelength separation. A lens with a focal length of
shift in the position of the light on the chip. To steer beam80 mm was chosen to achieve the desired wavelength separation
and deviate them from the optical axis, matched pairs of Risley0.5 nm, or roughly 200 GHz, per channel. A change in grating
prisms—wedged pieces of glass—are used. Beamsplitters position of 1 degree (easily read out from the goniometer scale)
placed at the junction of two perpendicular slots and are glueskults in only a 3% change in wavelength separation at the chip,
in place after proper alignment and positioning. The baseplatowing for precise matching of channel spacing between the
used here was custom-designed to accommodate mountingrafismitter and receiver chips.
the grating positioner. A small portion of the optical setup is 4) Optical System DesignThe path of the signal beam is
shown in Fig. 6. detailed in Fig. 7. (Some of the same optical components are

3) Gratings: The dispersive elements used in this systeaiso shown in Fig. 6.) The incoming short pulse light beam
are 158 lines/mm gold-coated reflective echelle gratings wiffasses through a nonpolarizing beamsplitiey {0 BS) before
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passing through a polarizing beamsplitter (PBS) and a telesct ch. 2
system consisting of a 40-mm and 60-mm focal length lens (I ch. 1 /

and L2, respectively). This telescope resizes the beam to a diz \ \
eter compatible with the active area of the modulators. Inord _
to be transmitted through the polarizing beamsplitter on the 1 5
turn pass, the beam makes two passes through a quarter-w 55'/
plate. After reflection from the grating, the light again passe¢ >, . A
through the 60-mm focal length lens, which serves to focus t'}'%

. . . Lo c "
spectral strip of light onto the chip, while simultaneously para g iy
lelizing the wavelengths. The modulators modulate and refle © ‘1
portions of the spectrum, which pass back to the grating. Attt
second grating reflection, the wavelength channels are recc 8 \)
bined into one beam, which now reflects at the polarizing bear ® ! '
splitter and is focussed into the interconnect fiber by a 20—m"q:9 A
focal length lens (L3). Alternatively, the beam can simply b
passed to the receiver side by a series of mirrors to creat , . . ! .
free-space interconnect. 0 100 200 300

The signal light that reaches the receiver baseplate is simila
demultiplexed by the second grating onto the receiver chip. | position on chip (p1m)
stead of a spectral stripe, the light now appears as discrete sp@fs. Spectral slicing plot of reflection from three channels for two different
approximately the size of the modulator active area. These spstists in the pseudorandom sequence (dashed and solid lines). Each channel

can be positioned to land on any of several receiver channelflqj‘\jvtfagﬁ' tﬂ'feziﬂgﬂnzgdhtgféegﬁ;ggszg‘g modulators. For the two curves
arrays of channels.

To monitor the state of a receiver channel optically, a sepa-
rate read-out beam is brought onto the receiver baseplate al
a different path and focussed onto the proper read-out mc — I Wan
ulator. The reflected portion of this beam is sent to a higl I
speed detector via a second fiber. Note that, given the limit |
number of possible beam paths on the baseplate, only one
ceiver channel can be monitored at a time. Polarization opti
are used throughout this system to minimize losses and to mi
the system as compact as possible.

=

. P il

b
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ll. EXPERIMENTAL RESULTS U l
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A typical spectral slicing plot, showing a portion of the I [ [ ]
spectrum reflected from the transmitter chip, is shown in Fig. | 50.00 ns/div T 522.0000 ns
Modulator data from two different points in the PRBS are,
shown. The static peaks between diodes are reflections fr§
the silicon CMOS chip between the modulator diodes, as the

surface of this chip is not antireflection coated. This addition%

nonsignal reflection is a possible source of noise error in o' Ievels_of the two chlp_s. The d|fferent|§1l recel\(ed op'FlcaI
overall system performance. power required was approximately®V per diode. Glitches in

the bottom rail of the receiver output trace are due only to elec-

To demonstrate link performance, the electrical bit patten;[lrscaI feed-through in the output and do not indicate errors.

input to the transmitter and output from the electrical output 0 - . .
: . To show the feasibility of a flexible link, the same system
a receiver were compared. Because only one receiver chan(?el . : . . .
. . . . emonstration was performed using the fiber link. While suc-
had an electrical output available, only single-channel link op- . X S
. L ) - cessful operation was also achieved for this interconnect, data
eration could be demonstrated in this way. The available opncael s S
; . . rates were limited to less than 10 Mb/s because of additional
power prevented simultaneous multichannel tests using other . )
. . i .signal power losses incurred by use of the fiber.
methods. In this case, a single modulator pair on the transmn?’e%l
chip modulated a portion of the spectral stripe. This channel
was driven with an external 32-bit data sequence, frequency-
locked to the 80-MHz laser repetition rate. The modulated sig- The main objective of this system was to investigate the fea-
nals were sent through free space to the second chip, and shmity of a WDM chip-to-chip optical interconnect, as well as
datareceived at the corresponding receiver channel was readtoutompare the issues involved in implementing a WDM link
through a high-speed electrical connection. Fig. 9 shows batbrsus a standard free-space link. The primary difficulties in im-
the electrical input to the transmitter channel as well as the i@ementing this system were found to be optical power losses
ceived data at the other end, indicating successful operatioraofd alignment, both of which are due primarily to the use of

the link at 80 Mb/s and hence connection between the silicgnatings and spectral slicing.

. 9. Oscilloscope plot showing electrical input to modulators (top) and
trical output of receivers (bottom).

IV. DISCUSSION
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This WDM system requires more overall optical power thawithin a differential pair caused great variation in system per-
an equivalent non-WDM short-pulse chip-to-chip interconnermance. This is largely due to the spectral slicing nature of the
system [3], [4], because less of the input optical power is moslystem. The existence of nonsignal light between the diodes and
ulated in the WDM case. There are two primary sources of suttfe fact that the signal beam spot size was the same as that of the
loss: reflection from gratings, and spectral slicing. The gratietectors both contributed to the problem. This sensitivity could
ings used here have only about 60% efficiency, and the inpagain be relieved by using a multiwavelength “comb” source
light makes one reflection from a grating before reaching thiather than a continuous-spectrum source.
transmitter chip. This reflection from the grating falls across the
transmitter chip in a continuous band of light, extending past the V. SUMMARY AND CONCLUSION
ends of the linear array of modulators. The spectral bandw@thWe have demonstrated operation of a wavelength division
of the laser pulses is chosen such that only the central portion . . . .
of the wavelengths—the 5-nm FWHM portion—is used. Thirsnultlplexed optical interconnect using a broadband source
means that 29% of the intensity, contained in the “tails” of th‘fflend sgrface—no_rmal electroabsorp tion -modulators. SUCh use
spectrum, falls outside the modulator array area and is wastg.fj.a. §|ngle optical source and single mterconnect_ f|.ber_ can
However, the benefit gained is that the light intensity across tﬁ@nn‘lcan_tly _redl_Jce the sy_stem cost ar_1d complexity; this is
array is somewhat more uniform than if a narrower-bandwidfh neces_sny if this type of interconnect is to be packaged for
pulse were used. Additionally, the active modulator areas fil'0't distances. The system demonstrated here used only
only 40% of the linear array, leading to additional losses froff, continuous spectrum, which led to various problems in
light falling between modulators. Altogether, then, only abo@ficiency of the link. These results suggest that use of a
17% of the light incident on the first grating is modulated. ThedB0delocked laser generating a spectral comb matched to the
losses could be reduced by factor of three by using a multivaygodulator array would eliminate many of the loss and coupling
length “comb” source similar to that demonstrated in [13], tafficiency problems. Furthermore, while only single-channel
lored to the wavelength needs of this system. operation was demonstrated, the spectral width of the source

The next important consideration is how much of the diffef$ Sufficient for multiple channels, and the modulators appear
ential signal power from the transmitter chip is incident on th@ have a large enough spectral bandwidth for such a system.
receiver chip. Signal power is here defined as the difference Hdle other practical difficulties in the present demonstration
tween the amounts of optical power reflected from a single mo@ere mostly related to optical alignment, and we expect these
ulator in the “on” and “off” states. The WDM-specific losses agould be eliminated in a system employing planar packaging
work here are two grating reflections of about 60% each, and thethe optical components [14]. With the use of comb laser
coupling into the optical fiber (when used). A single-mode fibggources and such integrated optics, this WDM approach could
was used for this experiment, and the maximum fiber transmlge practically interesting for dense interconnects.
sion of signal power achieved was about 10%. This loss was dudVith the development of appropriate optoelectronic modula-
in part to the distortion of the beam shape upon reflection frotars and detectors for 1.55n, this system concept could be fur-
the uneven surfaces of the modulator diodes, as well as diffrélser extended to use in networks. Thatis, WDM optical network
tion losses for those wavelengths reflected from the edges of ttega could be brought directly down onto a CMOS chip con-
integrated devices. The total chip-to-chip transmission of diffetaining all of the network electronics, providing for an extremely
ential signal power was then about 36% in the free-space liokmpact system. While the use of WDM in long-distance appli-
case, or about 4% when using the fiber link. Using lower-logstions has become standard, it is clear that the full potential of
(de)multiplexers and more efficient fiber coupling would greatlyavelength division multiplexing has yet to be reached. Signifi-
decrease this loss. cant opportunities for WDM in short distance interconnects and

An additional issue to explore is whether a wavelength dier integrated WDM network chips exist, particularly as silicon
vision multiplexed optical interconnect requires more receivetMOS speeds extend beyond 10 GHz.
differential signal power than the equivalent non-WDM system.

When the same type of transmitters and receivers used in this ACKNOWLEDGMENT
experiment were implemented in an equivalent non-WDM link
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tiplexing. The more than ten times reduction in operating speed
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