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O ptical intercon-
nections in elec-
tronic systems

are being implemented
at shorter and shorter
distances as data rates
rise and system size and
power dissipation
shrink. Very-short-reach
optical interconnections,
which operate at ranges
of tens to hundreds of
meters, are commer-
cially available and will
likely maintain market
share in situations in
which electrical alternatives are more expensive to imple-
ment. For the next generation of systems, optical technology
stands at a threshold: industry roadmaps predict the inte-
gration of optical interconnections and optical functions
into board-, package- and chip-level electrical systems. The
preponderance of electrical microsystem analyses include
projections that optics will play a role in electrical systems,
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Optical functions are being integrated into system-on-a-package and system-on-a-chip 
applications. The methods used include heterogeneous integration, or the bonding 
and processing of dissimilar materials into a single system. Planar lightwave circuit 

interconnections at the board, module and chip level are being used for optical inter-
connections at very short distances. Integrated waveguides on backplanes, boards and

modules may constitute the next commercial implementation of optical interconnections
not based on fiber optics. The authors review the advantages and disadvantages of 
numerous cutting-edge techniques for incorporating optical functions in electronic

microsystems in the quest to boost performance and speed processing times.

although the timeframes
hypothesized for the inte-
gration of optical inter-
connections range from
five to fifteen years.

The method and costs
of integration are critical
to the implementation of
optics in electronic sys-
tems. The integration of
optical functions—such
as interconnection and
sensing—into system-
on-a-package (SOP) and
system-on-a-chip (SOC)
applications stands at a

threshold similar to that which electronics faced in the 1970s.
In those years, electronics stepped into the modern age as part

Figure 1. Photomicrograph of an optically interconnected microprocessor on a
single integrated circuit. A thin film InGaAs inverted metal-semiconductor-
metal photodetector has been bonded directly onto the mixed signal
analog/digital circuit, which was fabricated in foundry digital Si CMOS.

(Facing page): Professor Nan Marie Jokerst and doctoral student
Sang-Yeon Cho use prism coupling to a waveguide to test a thin
film photodetector embedded in a polymer waveguide for chip-
to-chip optical interconnection. [Photographer: Diana Fouts,
Georgia Tech.] 





these materials; organics such
as polymers and epoxies for
optical waveguides; and inor-
ganic materials such as silicon
dioxide and silicon nitride for
passivation and waveguides.
An ambitious goal in the field
is integration of these materials
using processes and structures
that do not compromise the
performance optimization of
individual components in the
overall microsystem.

One approach is heteroge-
neous integration, or the
bonding and processing of dis-
similar materials into a single
system. Because the compo-
nents for integration are sepa-
rately grown and can be
partially to fully fabricated
before integration, there is an
opportunity to demonstrate
high levels of performance
with few device fabrication
tradeoffs and little processing
impact. Bump bonding (also
called flip chip bonding) is an
approach in which metal
microballs are used on device
surface contacts to connect
chips to boards.7 Another
approach is thin film integra-
tion, in which components in
thin film form (with the
growth/fabrication substrate
removed) are integrated into
the microsystem.8 Thin film
heterogeneous integration is
attractive because:

• the topography of the integrated microsystem can remain 
flat to within a few micrometers;

• substrates, which are often optically absorbing, are removed;

• both sides of the thin film devices can be processed (e.g.,
contacted and optically coated);

• three-dimensional (3D) stacked structures can be 
implemented.

A number of heterogeneously integrated links and microsys-
tems have been demonstrated by use of thin film integration.
Figure 1 is a photomicrograph of an optically interconnected
microprocessor on a single chip. It serves as an example of an
“ultramixed signal system” that incorporates analog, digital and
optical signals integrated onto a chip, and that presents, as a
result, all the noise challenges of such integrated microsystems.9

of a revolution that trans-
formed common circuits from
discrete components mounted
on boards into integrated cir-
cuits in silicon. The advantages
in terms of unit cost and circuit
complexity that directly
resulted from the introduction
of high-yield, large-area paral-
lel fabrication of circuits in an
integrated process such as sili-
con CMOS have led to the
unparalleled increase in com-
puting performance, at a
diminishing cost, that the
world has enjoyed for the past
25 years. Many of us can
remember the days when it
seemed unlikely that we would
ever be able to use 64k of RAM! 

Interconnections will soon
be performance-limiting fac-
tors in electronic systems, and
optics may offer a solution. If
optical interconnections and
functions can be integrated at
the board, package and chip
level with processes that are
compatible with, and cost com-
parable to, electronic manufac-
turing technologies, then optics
will see high-volume imple-
mentation across a broad mar-
ket. The key questions are: Can
optics cross the same threshold
that electronics traversed in the
1970s? Can optics be integrated
into electronic microsystems in
a cost-effective manner? 

Heterogeneous integration 
The integration of optical interconnections into electrical
microsystems is a topic of intensive study. A subset of optical
interconnect approaches includes free space interconnects with
diffractive optical elements,1 silicon optical bench
interconnects,2 and guided-wave interconnections, including
substrate guided-mode interconnects,3 fiber-optic waveguides,4

and integrated waveguides.5 Summary articles are available in
the literature.6 For integrated optics and optoelectronics, per-
haps the most critical question to address regards material and
process compatibility with the wide variety of materials that are
used today in electrical microsystems, as well as with those that
will be used to integrate optical signals into them in the future.
Materials of interest for these integrated systems include: silicon
and Si CMOS circuits; compound semiconductors and the
optoelectronic and high speed electronic devices fabricated from
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Figure 2. Photomicrographs of an H-tree polymer BCB waveguide
structure on a SiO2/Si substrate with a thin film InGaAs inverted metal-
semiconductor-metal photodetector embedded in the waveguide
core. Photomicrograph (b) is a close-up of the photodetector embed-
ded in the waveguide shown in (a).

(a)

(b)
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Integrated optoelectronics
for SOP applications 

Chip-to-chip optical interconnect
Today, the use of optoelectronics in elec-
trical systems is largely confined to fiber
optical interconnections and the inter-
faces necessary to convert electrical signals
into optical signals and optical signals
into electrical ones. While there is wide-
spread use of optical components in light-
wave systems and in fiber-based
interconnects, there have been few appli-
cations of optical components embedded
in electrical systems. For optoelectronic
interfaces, optoelectronic and optical
components in electrical systems are
mounted onto boards and electrically
interconnected to the system using wire
bonds. As operating frequencies rise,
wirebond electrical parasitics, such as
inductance, limit the usefulness of wire-
bonds, and the optoelectronic compo-
nents must be more closely integrated
with the electronic components. Bump
bonding of optoelectronic components,
onto boards and directly onto circuits, is
one technique that offers excellent, high-
frequency performance. However, when
optoelectronic devices are bumped to
boards with electrical interconnections,
limitations in the electrical
interconnection lines on the
board can affect system per-
formance and the contacts on
one side of the bumped
device can have an impact on
device performance. These
are issues not only for opto-
electronic interface intercon-
nection to electrical drivers
and amplifiers, but also for
electrical chip-to-chip inter-
connections. Schemes that
are more integrated are being
developed to minimize such
problems.

For optical interconnec-
tions at very short dis-
tances—essentially planar
lightwave circuit intercon-
nections at the board, module and chip level—significant
opportunities are thus emerging. Under intensive study are opti-
cal interconnection integration technologies using different
technology implementations (for example, FR4 epoxy boards,
ceramic substrates and Si substrates), and analyses of how these
optical interconnect technologies perform in comparison to

electrical implementations focusing on
tradeoffs between power consumption,
area and signal integrity (jitter, delay, skew).
If compact, low-loss, high-data-rate optical
interconnections can be integrated into
electrical interconnection systems at a rea-
sonable cost, they are on the horizon. How-
ever, many researchers are of the opinion
that, if performance gains are to continue
well into the future, optical interconnection
for SOP and SOC are inevitable due to fun-
damental physical limitations that will ulti-
mately force technology changes at the
physical layer.

Integrated waveguides on backplanes,
boards and modules may constitute the
next commercial implementation of optical
interconnections not based on fiber optics.
Because electrical boards, modules and
integrated circuits are essentially planar, a
planar waveguide optical interconnection
scheme matches the electrical system from
a topographical standpoint. A great deal of
research has focused on integrating wave-
guides (particularly organic waveguides,
such as polymers) onto and into back-
planes, boards and modules. Other topics
of research include low-loss photoimage-
able waveguide polymers and integrated
electrical interfaces. Critical studies now
underway involve how to integrate optical

waveguide interconnections into
functional electrical systems,
with all of the optoelectronic
and optical interfaces that this
process entails.

There are many ways to parti-
tion optical interconnection sys-
tems. In high-performance
systems, electrical chips are typi-
cally electrically connected—via
a wire or bump bond—to leads
on the substrate. Electrical driver
and amplifier circuits for the
optoelectronic interfaces are also
integrated onto the substrate. At
issue are how to integrate the
optoelectronic devices and how
to couple optical beams between
the waveguides and these devices.

One approach to partitioning
optical and electrical signals in a mixed electrical/optical inter-
connection system starts with deciding whether the electrical
signal or the optical signal will be turned perpendicular to the
substrate surface for the waveguide/electrical interconnection.
Many researchers are focusing on flip chip optoelectronic
devices (lasers, photodetectors), with the optical input/output
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Figure 3. Photomicrographs of a Si CMOS integrated circuit with Si
photodetectors and a per-pixel sigma delta analog-to-digital con-
verter. (a) Si CMOS IC before waveguide integration; (b) Si CMOS IC
with a BCB polymer waveguide; (c) optical addressing of Si CMOS
photodetectors using a HeNe laser endface coupled into the polymer
waveguide on the Si CMOS IC.

(a)

(b)

(c)



signal turned by mirrors (for multimode
or single mode) or by diffractive optics
(for single or few modes).5 Vertical cavity
surface emitting lasers and vertically
addressed photodetectors are particularly
suitable for this application.

An alternative is to embed the optoelec-
tronic devices directly into the substrate/
waveguide structure, thus eliminating the
need for beam turning for these interfaces.
In this implementation, edge emitting
lasers and waveguide addressable photode-
tectors represent the best choice. The
devices can either be embedded in sub-
strates, or thin film devices, of a thickness
on the order of a few micrometers, or
bonded to the substrate and embedded in
the waveguide,10 as shown in Fig. 2. Each
integration technology has its pros and
cons, and all of the technologies have an
impact on the packaging. Is it better to
align the components to accommodate an
optical beam that must be turned, or to address yield issues in
a highly integrated substrate which may contain both passive
and active optical, optoelectronic and electronic components?

Integrated optoelectronics for SOC

Interconnects and microsensors 
Optical interconnections on integrated circuits, which are seen
as a potential solution to on-chip interconnection bottlenecks,
may be implemented as early as 2014. At the integrated circuit
level, dimensional constraints prohibit some of the interconnect
approaches used at the board level, such as transmission lines
and equalization. The fact that material advances are so critical
explains the move in the silicon CMOS industry to copper lines
and low dielectric constant materials for interconnect. If low-
loss, wide bandwidth, compact optical interconnections could
be implemented at the chip level with simple interfaces, inter-
connect performance limitations such as jitter could be

addressed. As an example of optical inter-
connections on a Si integrated circuit (IC),
Fig. 3 is a set of photomicrographs show-
ing polymer optical waveguides addressing
Si CMOS photodetectors on a Si CMOS
IC. The photodetectors, which are evanes-
cently addressed by the guided optical
wave, have outputs that are connected to
sigma delta analog-to-digital converters
that process the optical input data.

Although the integration of optical
interconnections on circuits for SOC
implementation is fairly distant in time,
the integration of optical sensors onto
integrated circuits has already occurred.
In the case of imagers, in particular, both
monomaterial and heterogeneous inte-
gration have been achieved. Imaging
arrays for focal plane arrays have been
bumped onto GaAs and Si CMOS read-
out circuits for a number of years. Thin
film integration has also been used for

smart focal plane arrays, as illustrated in Fig. 4. This example
of an OEIC SOC imaging array uses a 2D array of resonant
cavity enhanced P-i-N detectors that have signal processing Si
CMOS very-large-scale-integrated (VLSI) electronics under
each pixel.11 This “smart pixel” imaging system was designed to
mimic the retina, with GaAs-based P-i-N photodetectors that
are integrated directly on top of current-to-frequency convert-
ers (the series of photomicrographs in Fig. 4 shows the integra-
tion steps for this image processing SOC). Each pixel in the
array is individually contacted to the signal processing cir-
cuitry beneath it, for massively parallel processing of the imag-
ing array pixels. The same approach has been used to integrate
a thin film resonant cavity enhanced light emitting diode 8 x 8
array onto an 8 x 8 array of 5-bit digital-to-analog
converter/memory to display gray scale images.12 Both the
integrated emitter and detector arrays can be used for 2D
smart pixel optical links. All of these OEICs essentially consti-
tute systems on a chip.
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Figure 4. Photomicrographs of 8 x 8 array
process: (a) circuit; (b) thin film P-i-N detec-
tor devices with linking layer bonded to pla-
narized/via cut/metallized circuit; (c) linking
layer removed; (d) planarization/isolation,
top via and top metal contact completed.

(a) (b)

(d)

(c)
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Sensing is an area that may drive future developments in the
integration of optics and integrated circuits for SOC. In this
regard, biochemical sensing is of particular interest. Optical sen-
sors can be highly compact. They can be fabricated with materi-
als and processing technologies that are consistent with
integrated circuit manufacturing technologies. Through hetero-
geneous integration of optical emitters and photodetectors, they
can also be completely self contained. Figure 5 is a series of pho-
tomicrographs that show the integration of a silicon dioxide/sili-
con nitride interferometric waveguide sensor onto a Si CMOS
IC. The waveguide output is evanescently detected by an array of
photodetectors which lie under the waveguide, and the photode-
tector outputs are processed by the signal processing circuitry
on the Si CMOS IC. Looking into the future, one sensor-on-a-
chip vision (although far from reality at this moment) is the
scattering of sensor chips that are ultralow power and can oper-
ate from energy gathered from the environment. The scattered
sensor chips could remotely create a map of biochemical infor-
mation in the area (stationary, or some might even “fly” on
miniature unmanned “microflyers”). This information could
then be transmitted via an RF on-chip transmitter to a local
data fusion chip which would analyze the data and transmit it
over a longer distance to a data recovery site (e.g., a data collec-
tion airplane). Remote covert monitoring of biochemical sig-
natures, with species discrimination and constant updating,
would thus be possible.

Conclusions
Optical technology may be embedded in the next generation of
electronic systems through the integration of optical intercon-
nections and optical functions at the board, package and chip
level. Emerging techniques for integrating optoelectronic
devices with Si CMOS ICs into ultramixed signal systems hold
great promise for substrate-based SOP and chip-based SOC
optical interconnections and, perhaps, optical functionality.
Optoelectronics stands at a threshold which may lead down the
same revolutionary path electronics followed in the 1970s, as we
are on the verge of moving from discrete implementations to
fully integrated microsystems.
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Figure 5. Photomicrographs of a Si CMOS integrated circuit with an
array of Si photodetectors and an array of per-pixel sigma delta ana-
log-to-digital converters. (a) Close-up of the Si CMOS photodetector
array and signal processing electronics before interferometer integra-
tion; (b) Si CMOS IC with a silicon dioxide/silicon nitride waveguide
interferometer; (c) optical addressing of the Si CMOS photodetector
array by use of a HeNe laser endface coupled into the optical wave-
guide on the Si CMOS IC.

(a)

(b)

(c)



February 2003 ■ Optics & Photonics News 49

Optoelectronic Microsystems
Integration for System-on-a-Package
and System-on-a-Chip Applications 26
Nan Marie Jokerst, Martin A. Brooke, 
Sang-Yeon Cho, Dae-Ik Kim, Mikkel Thomas and
Suzanne Fike

1. S. K. Tewksbury and L. A. Hornak, “Optical
clock distribution in electronic systems,” Journ.
VLSI Sig. Pro., vol. 16, 1997, pp. 225-246.

2. Rassaian, M.; Beranek, M.W., “Quantitative
characterization of 96.5Sn3.5Ag and
80Au20Sn optical fiber solder bond joints on
silicon micro-optical bench substrates,” IEEE
Trans. on Adv. Pack., vol. 22, 1999, pp. 86-93.

3. S. J. Walker and J. Jahns, “Optical clock distri-
bution using integrated free-space optics,”
Opt. Comm., vol. 90, 1992, pp. 359-371.

4. P. J. Delfyett, D. H. Hartman, and S. Z. Ahmad,
“Optical clock distribution using a mode-
locked semiconductor laser-diode system,”
Journ. of Light. Tech., vol. 9, 1991, pp. 1646-
1649.

5. B. Bihari, J. Gan, L, Wu, Y. Liu, S. Tang, and R.
T. Chen, “Optical clock distribution in super-
computers using polyimide-based waveg-
uides,” Proc., Opto. Intercon. VI., San Jose, CA,
Jan. 1999, pp. 123-133.

6. David A. B. Miller, “Rationale and Challenges
for Optical Interconnects to Electronic Chips,”
Proc. of the IEEE, vol. 88, 2000, pp. 728-749.

7. Y. Liu, E. Strezelecka, J. Nohava, M. Hibbs-
Brenner, E. Towe, “Smart-Pixel Array
Technology for Free-Space Optical
Interconnects,” Proceedings of the IEEE, vol.
88, No. 6, p. 764-768June, 2000.

8. Jokerst, N.M.; Brooke, M.A.; Laskar, J.; Wills,
D.S.; Brown, A.S.; Vrazel, M.; Jung, S.; Joo, Y.;
Chang, J.J., “Microsystem optoelectronic inte-
gration for mixed multisignal systems,” IEEE
Journal on Special Topics in Quantum
Electronics Millenium Issue, Vol. 6, No. 6, pp.
1231-1239, November/December, 2000.

9. Chang, J.J.; Jung, S.; Vrazel, M.; Jung, K.; Lee,
M.; Brooke, M.A.; Jokerst, N., “Hybrid optically
interconnected microprocessor: an InP I-MSM
integrated onto a mixed-signal CMOS ana-
log/microprocessor IC,” Proceedings of the
International Society for Optical Engineering,
Vol. 4089, pp.708-714, 2000.

10. S. Cho, N. Jokerst, “Polymer waveguide optical
interconnections for electrical interconnection
substrates,” Proceedings of the IEEE
Conference on Lasers and Electro-Optics, pp.
161-162, Long Beach, CA, May, 2002.

11. S. Fike, B. Buchanan, N. M. Jokerst, M. Brooke,
T. Morris, S. DeWeerth, “8 X 8 Array of Thin
Film Photodetectors Vertically Electrically
Interconnected to Silicon Circuitry,” IEEE
Photonics Technology Letters, Vol. 7, No. 10,
pp. 1168-1170, October, 1995.

12. S. Wilkinson, J. Tabler, N. Jokerst, M. Brooke, R.
Leavitt, “An 8*8 array of resonant cavity
enhanced light emitting diodes integrated
onto silicon grayscale (32 level) driver cir-
cuitry,” Proceedings of the IEEE LEOS 9th
Annual Meeting, Boston, MA, Vol. 2, p.277-8,
Nov. 18-19, 1996.

Femtosecond-Laser-Assisted
Microstructuring of Silicon Surfaces for
New Optoelectronics Applications 32
James E. Carey, Catherine H. Crouch 
and Eric Mazur 

1. T.-H. Her, R. J. Finlay, C. Wu, and E. Mazur,
Appl. Phys. A 70, 383 (2000).

2. C. Wu, C. H. Crouch, L. Zhao, J. E. Carey, R.
Younkin, J. A. Levinson, E. Mazur, R.M. Farrell,
P. Gothoskar, and A. Karger, Appl. Phys. Lett.
78, 1850 (2001).

3. J.-M. Bonard, H. Kand, T. Stockli, and L.-O.
Nilsson Solid State Electronics, vol. 45, p. 893,
(2001).

4. A. Pokhmurska, O. Bonchik, S. Kiyak, G.
Savitski, A. Gloskovsky, Appl. Surf. Sci. 154-
155, 712-715 (2000).

5. Y. Hatanaka, M. Niraula, A. Nakamura, T. Aoki,
Appl. Surf. Sci. 175-176, 462-467 (2001).

6. E. Janzen, R. Stedman, G. Grossman, and H.G.
Grimmeiss, Phys. Rev. B 29, 1907-1918
(1984).

7. C. Wu, C.H. Crouch, L. Zhao, and E. Mazur,
Appl. Phys. Lett. 81, 1999-2001 (2002).

8. M. Shen, C. H. Crouch, J. E. Carey. R. Younkin,
M. Sheehy. C. M. Friend, E. Mazur, submitted
to Appl. Phys. Lett.

Structural Colors in Nature 
and Butterfly-Wing Modeling 38
Gérard Tayeb, Boris Gralak and Stefan Enoch 

1. A. R. Parker, R. C. McPhedran, D. R. McKenzie,
L. C. Botten and N. A. Nicorovici, "Photonic
engineering: Aphrodite's iridescence," Nature
409, 36-37 (2001). 

2. H. Ghiradella, "Light and color on the wing:
structural colors in butterflies and moths,"
Applied Optics 30, 3492-3500 (1991).

3. B. Gralak, G. Tayeb and S. Enoch. "Morpho
butterflies wings color modeled with lamellar
grating theory," Optics Express Vol. 9, No. 11,
567-578 (2001).

4. P. Vukusic, J.R. Sambles, C.R. Lawrence and R.J.
Wootton, "Quantified interference and diffrac-
tion in single Morpho butterfly scales,"
Proceedings: Biological Sciences, The Royal
Society of London 266, 1403 -1411 (1999).

5. Colourware, Colour FAQ, http://www.
colourware.co.uk/cpfaq.htm

6. CVRL Color & Vision database,
http://www.cvrl.org/

7. Charles A. Poynton, Color technology, http://
www.poynton.com/ColorFAQ.html

8. Color Science,
http://www.physics.sfasu.edu/astro/color.htm

REFERENCES

Feature Article References
Note: References in OPN feature articles are published exactly as submitted by the authors.

www.osa-opn.org

OPN online
Search feature articles from January 2002

Information for advertisers

Author guidelines


