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MICROFLUIDIC, OPTICAL, AND 
ELECTRICAL INPUT OUTPUT 

INTERCONNECTS, METHODS OF 
FABRICATION THEREOF, AND METHODS 

OF USE THEREOF 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims priority to U.S. provisional appli­
cation entitled, "Electrical, optical, microfluidic, I/O inter­
connections, methods of fabrication thereof, and methods of 
use thereof," having Ser. No. 60/628,406, filed on Nov. 16, 
2004, which is entirely incorporated herein by reference. 

TECHNICAL FIELD 

The present disclosure is generally related to input/output 
interconnections and, more particularly, is related to optical, 
electrical, and fluidic interconnections, wafer-level batch 
fabrication, and wafer-level packaging. 

BACKGROUND 

As gigascale silicon technology approaches the 50 nm 
generation and beyond, the performance of a monolithic 
system-on-a-chip (SoC) has failed by progressively greater 
margins to reach the "intrinsic limits" of each particular 
generation of technology. The root cause of this failure is the 
fact that the capabilities of monolithic silicon technology per 

2 
surface-normal fluidic micropipe interconnect surface-nor­
mally extending from the first substrate, wherein the 
micropipe interconnect is configured to transport a fluid, and 
wherein the first substrate is adapted to flow fluids through 
the fluidic micropipe interconnect. 

An embodiment of a method for forming a device, among 
others, includes providing the first substrate as described 
above, providing the second substrate as described herein, 
causing the waveguide connector to receive a portion of the 

10 waveguide interconnect, causing the electrical lead connec­
tor to receive a portion of the electrical lead interconnect, 
and causing the fluidic connector to receive a portion of the 
fluidic micropipe interconnect. 

An embodiment of a method for directing fluids, optical 
15 energy, and electrical energy, among others, includes, pro­

viding the first substrate as described above, providing the 
second substrate as described herein, communicating optical 
energy between the waveguide interconnect of the first 
substrate and the second substrate, communicating electrical 

20 energy between the electrical lead interconnect of the first 
substrate and the second substrate, and transporting a fluid 
between the first substrate and the second substrate through 
the fluidic micropipe interconnect. 

An embodiment of a fluidic I/O interconnect, among 
25 others, includes: a first substrate comprising a surface­

normal fluidic micropipe interconnect, wherein the fluidic 
micropipe interconnect is configured to transport a fluid, 
wherein the first substrate is incorporated into a structure 
selected from one of the following: microprocessor, micro-

30 electronic chip, Application Specific Integrated Circuit 
(ASICs) chip, System-on-a-Chip (SoC) architecture chip, 
optoelectronic chip, hybrid optoelectronic/microelectronic 
chip, bioengineering, and combinations thereof. 

se have vastly surpassed those of the ancillary or supporting 
technologies that are essential to the full exploitation of a 
high performance SoC. The most serious obstacle that 
blocks fulfillment of the ultimate performance of a SoC is 
inferior heat removal. The increase in clock frequency of a 35 

SoC has been virtually brought to a halt by the lack of 
acceptable ways for removing, for example, 200 W from a 
15x15 mm die. A huge deficit in chip input/output (I/O) 
bandwidth due to tack of I/O interconnect density is the 
second most serious deficiency stalling high performance 40 

gains. The excessive access time of a chip multiprocessor 
(CMP) for communication with its off-chip main memory is 

An embodiment of an I/O interconnect, among others, 
includes: a first substrate comprising a compliant pillar 
surface-normally extending from the first substrate, wherein 
the compliant pillar has a length of about 5 to 500 microme­
ters and a width of about 2 to 5000 micrometers, wherein the 
compliant pillar has a metal layer disposed on a portion of 
the compliant pillar, wherein the metal layer has a thickness 
of about 0.1to100 micrometers, and wherein the compliant 
pillar is a polymer material selected from one of the fol­
lowing: polyimides, epoxides, polynorbomenes, pol-

a direct consequence of the lack of, for example, a low 
latency 100 THz bandwidth I/O signal network. Lastly, SoC 
performance has been severely constrained by inadequate 45 

I/O interconnect technology capable of supplying, for 
example, 200-400 A at 0.5 V to a CMP. 

yarylene ethers, and parylenes. 
An embodiment of an I/O interconnect, among others, 

includes a first substrate comprising a metal interconnect 
pad and a first optical component, wherein the metal inter­
connect pad is positioned over the first optical component, 

Accordingly, there is a need in the industry to address the 
aforementioned deficiencies and/or inadequacies. 

SUMMARY 
50 

wherein the metal interconnect pad has an opening through 
the metal interconnect pad, and wherein the opening in the 
metal interconnect pad exposes the first optical component. 

Other systems, methods, features, and advantages of the 
present disclosure will be, or become, apparent to one with 

Input/output (I/O) interconnects, fluidic I/O interconnects, 
electrical, optical, and fluidic I/O interconnects, devices 
incorporating one or more of the I/O interconnects, systems 
incorporating one or more of the I/O interconnects, and 
methods of fabricating one or more of the I/O interconnects, 
devices, and systems, are described herein. 

55 skill in the art upon examination of the following drawings 
and detailed description. It is intended that all such addi­
tional systems, methods, features, and advantages be 
included within this description, be within the scope of the 
present disclosure, and be protected by the accompanying An embodiment of an electrical, optical, and fluidic I/O 

interconnect system, among others, includes a first substrate 
comprising the following: a surface-normal waveguide 
interconnect extending from the first substrate, wherein the 
first substrate is adapted to communicate optical energy 
through the waveguide interconnect; a surface-normal elec­
trical lead interconnect extending from the first substrate, 65 

wherein the first substrate is adapted to communicate elec­
trical energy through the electrical lead interconnect; and a 

60 claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Many aspects of the disclosed devices and methods can be 
better understood with reference to the following drawings. 
The components in the drawings are not necessarily to scale, 
emphasis instead being placed upon clearly illustrating the 
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relevant principles. Moreover, in the drawings, like refer­
ence numerals designate corresponding parts throughout the 
several views. 

4 
the offset that may be introduced by thermal expansion 
mismatches between the chip and the board. This problem 
can, at least in part, be solved with a mechanically flexible 
(compliant) optical waveguide pillar that is substantially FIGS. lA through lC illustrate embodiments of a pillar 

having a metal cap disposed thereon. 
FIGS. 2A through 2C illustrate embodiments of a pillar 

having a metal layer disposed on portions of the sidewalls of 
the pillar. 

5 perpendicular to the chip on which it is disposed. This 
mitigates optical losses due to offset. In addition, the optical 
waveguide pillars prevent light spreading as it is routed 
between two parallel surfaces, such as chip and a board. 

FIGS. 3A through 3C illustrate embodiments of a pillar 
having a metal layer (metal ring) disposed on middle por- 10 

tions of the sidewalls of the pillar. 
FIGS. 4A and 4B illustrate embodiments of a pillar having 

a metal layer (metal ring) disposed on portions of the 
sidewalls of the pillar. 

FIGS. SA through SI illustrate a representative embodi- 15 

ment of a method for fabricating the metal capped pillar of 
FIG. lA. 

FIGS. 6A and 6B illustrate an embodiment of a 
micropipe. 

Dual optical/electrical I/O interconnects allow for a single 
pillar to be used as a platform to communicate both optical 
energy (pillar waveguide) and electrical energy (electrical 
lead) energy or radio frequency (RF) energy (RF lead). The 
optical/electrical I/O interconnect can guide optical energy 
from a first substrate to a second substrate positioned 
substantially horizontal (e.g., substantially in the same plane 
as) to the first substrate, while also connecting an electrical 
signal via the lead from the first substrate to the second 
substrate. In one embodiment, the tip of the pillar can be a 

FIG. 7 illustrates another embodiment of a micropipe 
having a non-flat tip. 

FIGS. SA and SB illustrate a micropipe having a reflector. 
FIG. 9 illustrates a micropipe having metal micropipe 

walls 
FIGS. lOA through lOE illustrate a substrate (similar to 

other substrates described herein) having a micropipe 
therein. 

20 non-flat (e.g., slanted) surface, and the metal from the lead 
can be disposed over the slanted portion of the tip. In this 
manner, the metal can be used as a mirror to direct the 
optical energy. In another embodiment, an element (e.g., 
grating coupler or mirror) can be used at the tip of the pillar 

FIGS. llA and llB illustrate a system including electri­
cal, optical and microfluidic I/O interconnects. 

25 to guide the optical energy. In still another embodiment, a 
mirror or grating coupler can be used on the second substrate 
to guide the optical energy out of the pillar. 

FIGS. 12A through 12D illustrate the fabrication of the 30 

first structure similar to the one shown in FIG. llA. 
FIG. 13 illustrates another embodiment of a first structure 

similar to the first structure in FIGS. llA and llB. 

Dual optical/electrical I/O interconnects are advantageous 
for at least the following reasons: 1) the same space is being 
used for electrical/optical I/O, and thus, there is a very high 
density of interconnections, 2) there is very high intercon­
nect process integration between the two, 3) they can be 
made compliant, 4) they maintain alignment, 5) they can be FIGS. 14A through 14C illustrate the metal interconnect 

pad. 
FIGS. lSA and lSB illustrate the coupling of the metal 

interconnect pad with an optical I/O interconnect. 

35 wafer-level batch fabricated, and 6) the sockets aid in 
attachment. 

FIGS. 16A and 16B illustrate a socket that is adapted to 
receive a pillar or a pin. 

FIG. 17 through 17E illustrate the fabrication f the socket 40 

shown in FIGS. 16A and 16B. 
FIGS. lSA and lSB illustrate a polymer pin with a 

patterned sidewall to resemble a gear-teeth pattern using 
photoimaging on a substrate. 

In addition, the use of these components enables ultra 
high I/O density (e.g., about 10 to about 500,000 or more 
components per centimeter squared ( cm2

)) to be achieved on 
the chip at wafer-level and printed board, which can enhance 
power distribution, increase I/O bandwidth, satisfy three-
dimensional structural I/O demands, suppress simultaneous 
switching noise, improve isolation in mixed signal systems, 
and decrease costs. In addition, wafer-level functionality 

DETAILED DESCRIPTION 
45 testing, or wafer sort, which is used to identify good die from 

bad, can be enhanced (e.g., reduced time and cost). Further­
more, for optical, electrical, and RF interconnections, high 
density I/Os enable massive chip to board bandwidth. Input/output (I/O) interconnects, fluidic I/O interconnects, 

electrical, optical, and fluidic I/O interconnects, devices 
incorporating the I/O interconnects, systems incorporating 50 

the I/O interconnects, and methods of fabricating the I/O 
interconnects, devices, and systems, are described herein. 

The types of devices that can include and use the I/O 
interconnects and systems described herein include, but are 
not limited to, high speed and high performance chips such 55 

as, but not limited to, microprocessors, communication 
chips, and optoelectronic chips. For example, each of the I/O 
interconnects can be used in high-performance or cost­
performance microprocessors, Application Specific Inte­
grated Circuits (ASICs), System-on-a-Chip (SoC) architec- 60 

tures based chips, optoelectronic chips, or hybrid 
optoelectronic/microelectronic chips. In addition, each of 
the I/O interconnects can also be used in bioengineering, 
chemical sensing, and similar technologies. 

For optical interconnection, alignment should be main- 65 

tained between the optical devices on the board and the chip 
during field service. As a result, it is important to mitigate 

Patterned Pillar Interconnects 

FIGS. lA through 4B illustrate a number of embodiments 
of surface-normal pillars having metal caps, metal rings, and 
completely metallized sidewalls. In general, a metal ring, 
metal cap, or a complete metal sidewall can be fabricated on 
a portion of a pillar (e.g., a polymer pillar). In an embodi­
ment, the pillar is a surface-normal optical waveguide (trans­
verse to the substrate). While only "solid core" pillars are 
shown, these configurations apply to pillars with a hollow 
core as well (e.g., a micropipe). 

While it is possible to use an adhesive to bond the pillar 
to a substrate (e.g., a board), it is possible to fabricate a thin 
and narrow metallic layer around a portion of the pillar such 
that electrical solder can be used to hold the pillar. Thus, 
using the pillars does create a presumption that separate 
materials (an optical adhesive) are needed to mechanically 
hold the pillar. In addition, the intrinsic air-cladding of the 
pillars is preserved resulting in a large index of refraction 
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difference between the pillar (e.g., waveguide core) and the 
cladding. Using pillars simplifies the processing required on 
the board. 

In an embodiment not shown, a dielectric material may 
separate the metal layer and the pillar. Functions of the metal 5 

layer can include, but are not limited to, assembly advan­
tages, mechanical connection between chip and board, 
simultaneous electrical and optical interconnection, and 
combinations thereof. 

FIGS. lA through lC illustrate embodiments of a pillar 10 

having a metal cap disposed thereon. FIG. lA illustrates a 
surface-normal pillar 14 disposed on a substrate 12 (e.g., the 
pillar 14 is transverse to the substrate 12, and the length of 
the pillar 14 extends substantially perpendicular from the 
substrate 12). The pillar 14 has a metal cap 16 disposed on 15 

a portion of the tip of the pillar 14 opposite the substrate 12. 
The metal cap 16 can be formed on a portion of the top of 
the pillar 14. In embodiments not shown, the metal cap 16 
can be formed on portions of the pillar 14 down to the 
substrate 12 or on the entire pillar 14 down to the substrate 20 

12. FIG. lB is an illustration of an actual metal cap on a 
pillar. FIG. lC illustrates a solder material 18 disposed on 
the metal cap 16. The solder material 18 can be used to bond 
to another substrate. Functions of the metal cap 16 can 
include, but are not limited to, providing mechanical con- 25 

nection between chip and board, and combinations thereof. 
FIGS. 2A through 2C illustrate embodiments of a pillar 14 

having a metal layer 22 disposed on portions of the sidewalls 
of the pillar 14. FIG. 2Aillustrates a pillar 14 having a metal 
layer 22 disposed on the sidewalls of the pillar 14 from the 30 

top of the pillar 14 to a substrate 12 on which the pillar 14 
is formed. 

It should be noted that the metal layer 22 could be 
electrically conductive. In an embodiment, the pillar 14 

35 
(e.g., a surface-normal waveguide) and metal layer 22 can be 
used as a dual optical/electrical I/o interconnection to pro­
vide simultaneous electrical and optical interconnection. 

FIG. 2B is an illustration of actual pillars having a metal 
layer disposed on the sidewalls of the pillar. FIG. 2C 40 
illustrates a solder material 24 disposed on the metal layer 
22. The solder material 24 can be used to bond to another 
substrate and/or provide an electrical connection. 

6 
blocking layer 34 has a diameter greater than that of the 
metal layer 32 so that the solder material 36 does not flow 
off of the metal layer 32. 

The substrate 12 can include, but is not limited to, 
electronic and optoelectronic chips as well as a printed 
wiring board, a printed wiring/waveguide board, and appro­
priate mating substrates. The substrate 12 can include addi­
tional components such as, but not limited to, fluidic chan­
nels, a fluidic architecture, die pads, leads, input/output 
components, waveguides (e.g., optical and RF), air gaps, 
planar waveguides, polymer waveguides, optical 
waveguides having optical coupling elements such as dif­
fractive grating couplers and mirrors disposed adjacent or 
within the optical waveguide, photodetectors, and optical 
sources such as VCSELS and LEDs, and any combination 
thereof. 

The pillar 14 can be fabricated of one or more materials 
that enhance compliance in-plane and out-of-plane (i.e., x-, 
y-axis and z-axis directions, respectively). The fabrication of 
the pillar 14 with this material allows the components to be 
compliant in the x-, y- and/or z directions, which allows the 
components to be attached to a chip and/or printed board 
with a higher coefficient of thermal expansion without 
underfill, thus lowering costs and enhancing reliability. In 
addition, forming the pillar 14 enhances compliance in the 
z-axis direction. 

In general, materials that can serve as the pillar 14 
material are materials that exhibit one or more of the 
following: (a) process compatibility with standard micro­
electronic fabrication processes, (b) suitable mechanical 
strength, flexibility, and durability, ( c) sufficient lifetime 
and/or reliability characteristics, ( d) low loss, and ( e) pho­
todefinability. In another embodiment, the pillar material 
may not exhibit the previous characteristics, but could still 
be used as a pillar material. 

In another embodiment, the pillar material may have 
optical characteristics to guide optical energy such as trans­
parency to a particular optical wavelength of light and/or 
process compatibility with other materials such that a con­
trast in refractive index is achieved. A reference describing 
polymer materials suitable for optical waveguide applica­
tions can be found in A. R. Blythe and J. R. Vinson, Proc. 
5th International Symposium on Polymers for Advanced FIGS. 3A through 3C illustrate embodiments of a pillar 14 

having a metal layer 26 (metal ring) disposed on middle 
portions of the sidewalls of the pillar 14. FIG. 3A illustrates 
a metal layer 26 disposed on a middle portion of the sidewall 

45 
Technologies, Tokyo, Japan: pp. 601-11, August-December 
2000, which is incorporated herein by reference. 

In particular, the pillar 14 can be made of a low modulus 
material such as, but not limited to, polyimides, epoxides, 
polynorbomenes, polyarylene ethers, and parylenes. In par-

of the pillar 14. The pillar 14 is disposed on a substrate 12. 
FIG. 3B is an illustration of an actual metal ring around a 
pillar. FIG. 3C illustrates a solder material 28 disposed on 
the metal layer 26. The solder material 28 can bond to anther 
substrate, where the pillar 14 enters a cavity of the other 
substrate. For example, if the pillar 14 is a surface-normal 
optical waveguide, the optical component of the other sub­
strate may be disposed within the other substrate. Therefore, 
the solder material 28 can bond to the surface of the other 
substrate and not interfere with the transmission of the 
optical signal. It should be noted that the metal layer ring can 

50 ticular, the low modulus materials can include, but are not 
limited to, compounds such as Amoco Ultradel™ 7501, 
Promerus LLC's, Avatrel™ Dielectric Polymer, DuPont™ 
2611, DuPont 2734, DuPont 2771, DuPont 2555, and Micro­
Chem SU-8. The pillar 14 can be fabricated by photodefi-

55 nition and additional processes using the polymer material 
Avatrel 2000P from Promerus, LLC, or the like, which has 
shown high optical quality and high compliance. 

be fabricated anywhere along the length of the pillar. 
FIGS. 4A and 4B illustrate embodiments of a pillar 14 60 

having a metal layer 32 (metal ring) disposed on portions of 
the sidewalls of the pillar 14. FIG. 4Aillustrates the pillar 14 
disposed on a substrate 12 having a metal layer 32 disposed 
on a top portion of the pillar 14 and a blocking layer 34 
disposed on a portion of the pillar 14 adjacent the metal layer 65 

32. FIG. 4B illustrates a solder material 36 disposed on the 
metal layer 32 and adjacent the blocking layer 34. The 

Furthermore, the pillar 14 can be fabricated to have 
varying indices of refraction within different regions. For 
example, if a polymer pillar is 150 µm tall, the 50 µm closest 
to the first substrate 12 can have a first index of refraction, 
the next 50 µm can have a second index of refraction, and 
the last 50 µm (the end opposite the first substrate 12) can 
have a third index of refraction. In addition, the pillars may 
also be fabricated such that they have negative or positive 
sloped sidewalls and/or the sidewalls are slanted to the 
surface of the substrate (off-normal). 



US 7,266,267 B2 
7 

In another embodiment, the pillar 14 functions as a 
medium through which optical energy travels. As such, the 
pillar 14 can communicate optical energy from one substrate 
or device to another substrate or device using one or more 
waveguides that may include one or more coupling elements 
and/or one or more mirrors. The waveguides, coupling 
elements, and/or the mirrors can be included within and/or 
disposed upon the substrates 12 and/or the pillar 14. 

The coupling element can include mirrors, planar (or 
volume) grating couplers, evanescent couplers, surface- 10 

relief grating couplers, and total internal reflection couplers, 
for example. More specifically, when the coupling element 
is a volume grating coupler, the coupling material can be 
laminated or spin-coated onto the appropriate surface. In 
particular, a laminated volume grating coupler can be 15 

formed by holographic exposure of the grating region fol­
lowing lamination of the grating material. Alternatively, the 
laminated volume grating coupler can be formed by holo­
graphic exposure prior to lamination of the grating material. 

8 
150 micrometers, a width of about 5 to about 50 microme­
ters, and a length of about 5 to about 50 micrometers. 

In addition, the compliance of the pillar 14 is a function 
of the cure temperature (e.g., about 180 to 200° C.) and time 
duration (e.g., about 1 to 4 hours) of the cure temperature. 
Therefore, the value of compliance can be controlled by the 
cure conditions. In general, "stiff' compliant pillars can be 
fabricated under high cure temperature over long cure time 
conditions, while "soft" compliant pillars can be fabricated 
under low cure temperature over short (or no) cure time 
conditions. 

The metal of the metal layers 16, 22, 26, and 32 can 
include, but is not limited to, copper, gold, nickel, solder 
(e.g., leaded and lead free solder), chrome, aluminum, alloys 
thereof, and combinations thereof. As mentioned, the metal 
can cover a portion (in the direction extending from the 
substrate surface) of the sidewall of the pillar 14. In addition, 
the metal can cover a portion of the pillar 14 and can cover 
or leave open a portion of the top of the pillar 14 (e.g., the 
entire top or a designated portion is open), depending on the 
intended use of the pillar 14 and metal layers 16, 22, 26, and 
32. Further, the metal can cover the complete sidewall of the 
pillar. In addition, the complete metal sidewall can cover the 
top of the pillar (e.g., the entire top or a designated portion 

In the case where the coupling element is to be formed inside 20 

of the compliant pillar waveguide, the compliant pillar 
waveguide and coupler can be composed of separate mate­
rials. Additional details regarding grating couplers can be 
found in U.S. Pat. No. 6,285,813, which is incorporated 
herein by reference. 

If the coupling element is a grating coupler, then the 
grating coupler material includes materials such as, for 
example, polymer materials, silver halide photographic 
emulsions, photoresists such as dichromated gelatin, photo­
polymers such as polymethyl methacrylate (PMMA) or 30 

Dupont HRF photopolymer films such as, for example, 
thermoplastic materials, photochromic materials such as 
crystals, glasses or organic substrates, photodichroic mate­
rials, and photorefractive crystals such as for example, 
lithium niobate. These materials have the characteristics of 35 

25 is open). 
In other embodiments, the metal can cover less than the 

circumference of the pillar (e.g., a partial metal ring, partial 
metal cap, and a partial metal sidewall). In addition, the 
metal may also be fabricated as unconnected metal wires 
along the length of the pillar. This minimizes the effects of 
metal on the compliance of the pillar. 

The metal layers 16, 22, 26, and 32 can have a thickness 
of about 0.1 µm to 100 µm, 1 µm to 100 µm, 10 µm to 100 
µm, 1 µm to 50 µm, 10 µm to 50 µm, 50 µm to 100 µm, and 
10 µm to 75 µm. The height (from the bottom of the pillar 
to the top of the pillar) of the metal layers 16, 22, 26, and 32 
can be selected depending on the intended function. In 
addition, the height depends, in part, on the height of the 

creating a refractive index modulation through a variety of 
mechanisms, all of which result in the creation of a phase, 
absorption, or mixed grating. Other suitable materials are 
described in T. K. Gaylord and M. G. Moharam, Proc. IEEE, 
vol. 73, pp. 894-937, May 1985, which is herein incorpo­
rated by reference. Preferably, the fabrication of a grating 
coupler is done on the pillar, and thus at the wafer-level, 
where nano-lithography is readily available. To fabricate 
such a device on the printed wiring/waveguide board would 
potentially be expensive. 

40 
pillar 14. In general, the radius of the metal layers 16, 22, 26, 
and 32 depends on the radius of the pillar 14. 

The cross sections of the pillars 14 are not limited to the 
lateral circular cross section. In addition, the pillar 14 can 
have a cross section such as, but not limited to, a polygonal 
cross section, a circular cross section, and an elliptical cross 
section. 

The type, size, and shape of the pillar 14, the metal of the 
metal layers 16, 22, 26, and 32, and the dimensions of the 
metal layers 16, 22, 26, and 32, determine the compliancy of 

45 the pillar 14. Therefore, selecting the type, size, and shape 
of the pillar can, in part, control the amount of compliance. 

The solder material 18, 24, 28, and 36, can include, but is 
not limited to, lead and lead-free solder such as tin-lead and 
tin-copper-silver alloy solders. In addition, conductive adhe-

50 sives can also be used as the solder material. The amount of 
In addition, the pillar 14 can have a non-flat tip and can 

have various topographies such as, but not limited to, a 
rounded, pointed, or squared off portion of the tip. In 
addition, the non-flat tip can be partially slanted, have teeth 
cut on a portion of the tip, or be concave. In general, the 55 

various types of tip topography can facilitate two different 
functions. A tip topography may enhance and/or assistant in 
making a better mechanical interconnection between the 
socket and the pillar. In addition, a tip topography can be 
used for optical interconnection purposes. As such, the 60 

relative scale of the tip topography for each function can 
vary significantly and the tip topography can be designed 
accordingly. 

The pillar 14 can have a height from about 5 to about 500 
micrometers, a width of about 2 to about 5000 micrometers, 65 

and a length of about 2 to about 5000 micrometers. Prefer­
ably, the pillar 14 can have a height from about 15 to about 

solder material 18, 24, 28, and 36 used depends, at least in 
part, on the size of the pillar 14 and metal layers 16, 22, 26, 
and 32, and the application that the structure is used in. 

The blocking layer 34 can include materials such as, but 
not limited to, polymers (similar to those described in 
reference to the pillar), silicon dioxide, and combinations 
thereof. The height of the blocking layer 34 depends, at least 
in part, on the height of the pillar 14 and the position of the 
metal layer 32. The thickness of the blocking layer 34 
depends in part on the thickness of the metal layer 32, but 
the blocking layer 34 is thicker than the metal layer 32 in 
embodiments where the blocking layer 34 is substantially 
preventing or preventing the solder material 36 from flowing 
off of the metal layer 32. In another embodiment, the 
blocking layer 34 is tapered at the top of the blocking layer 
towards the metal layer 32 to prevent solder material from 
flowing over the sides of the blocking layer 34. 
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For the purposes of illustration only, and without limita­
tion, embodiments of the present disclosure will be 
described with particular reference to the below-described 
fabrication methods. Note that not every step in the process 

10 
metal cap 16 on the tip of the pillar 14. The metal layer S2 
can be removed using techniques such as, but not limited to, 
photo-definition, wet chemical etching, dry plasma etching, 
thermally-induced refractive index gradients, and ion 
implantation. 

FIG. SI illustrates the removal of the layer 62. The layer 
62 can be removed using techniques such as, but not limited 
to, photo-definition, wet chemical etching, dry plasma etch­
ing, thermally-induced refractive index gradients, and ion 

is described with reference to the process illustrated in the 
figures hereinafter. Therefore, the following fabrication pro­
cesses are not intended to be an exhaustive list that includes 
every step required to fabricate the embodiments of the 
illustrated components. In addition, the steps of the process 
can be performed in a different order to accomplish the same 
result. 

10 implantation. It should also be noted a metal layer ring could 
be formed by removing the top portion of the metal layer S2. 

FIGS. SA through SI illustrate a representative embodi­
ment of a method for fabricating the metal capped pillar of 
FIG. lA. FIG. SA illustrates a pillar 14 disposed on a 
substrate 12. The pillar 14 has a metal layer S2 disposed on 15 

the surface of the pillar 14. The metal layer S2 can be 
disposed on the pillar using techniques such as, but not 
limited to, photo-definition, wet chemical etching, and dry 
plasma etching. 

FIG. SB illustrates a polymer layer S4 disposed on the 20 

pillar 14, metal layer S2, and the substrate 12. The polymer 
layer S4 can include materials such as, but not limited to, 
polyimides, polynorbornenes, epoxides, polyarylenes, 
ethers, polyarylene ethers, parylenes, inorganic glasses, and 
combinations thereof. More specifically the polymer layer 25 

S4 includes compounds such as Amoco Ultradel™ 7501, BF 
Goodrich Avatrel™ Dielectric Polymer, DuPont 2611, 
DuPont 2734, DuPont 2771, DuPont 2555, silicon dioxide, 
silicon nitride, and aluminum oxide. The polymer layer S4 
can be deposited onto the substrate 12 using techniques such 30 

as, for example, spin coating, doctor-blading, sputtering, 
lamination, screen or stencil-printing, chemical vapor depo­
sition (CVD), and plasma based deposition systems. 

FIG. SC illustrates the removal of a portion of the polymer 
layer S4 to form a polymer layer S6 that exposes a portion 35 

of the pillar 14 and metal layer S2. The polymer layer S4 can 

Fluidic Micropipe Interconnects 
Fluidic micropipe interconnects can be used in systems 

and devices to remove heat using a flowing fluid (e.g., a 
liquid, gas, supercritical fluid, or the like). The Fluidic 
micropipe interconnects can be part of a fluidic architecture 
used to remove thermal energy form devices and systems as 
described herein. The fluidic architecture can run through 
multiple substrates that are initially separate structures. For 
example, a fluidic micropipe interconnect is in fluid com­
munication with micropipes within one or more substrates. 
The fluid can flow through and/or between the substrates 
through the micropipes and one or more fluidic micropipe 
interconnects. It should also be noted that the fluid can 
include, but is not limited to, biological agent, chemical 
agents, organic fluids, and the like. 

FIGS. 6A and 6B illustrate an embodiment of a therof­
luidic micropipe 72. The fluidic micropipe 72 includes 
micropipe walls 76 disposed on a substrate 74 having 
micropipes 7S. FIG. 6B illustrates an actual fluidic 
micropipe 72. The substrate 74 is similar to the substrates 12 
described above with the addition of the micropipes 7S. The 
micropipe walls 76 can be formed of one or more materials, 
such as, polymers, metals, and combinations thereof. The 
polymers include, but are not limited to, the polymers 
mentioned herein in regard to the pillars 14. The metals can 
include, but are not limited to, copper, gold, nickel, titanium, 
and combinations thereof. The micropipe walls 76 can have 

be removed using techniques such as, but not limited to, 
photo-definition, wet chemical etching, dry plasma etching, 
thermally-induced refractive index gradients, ion implanta­
tion, and combinations thereof. 40 a thickness of about 2 to 500 µm. The micropipe walls 76 

can have a height of about 2 to 500 µm. The micropipe 72 
can have a diameter of about 2 to 5000 µm. 

FIG. SD illustrates the formation of a layer 62 on the 
exposed portion of the metal layer S2. The layer 62 can be 
made of materials such as, but not limited to, silicon dioxide, 
and other similar materials. This layer is used as an etch 
mask layer. The layer 62 can be formed using techniques 45 

such as, but not limited to, photo-definition, wet chemical 
etching, dry plasma etching, thermally-induced refractive 
index gradients, ion implantation, and combinations thereof. 
The layer 62 can have a thickness of about 0.1 µm to 5 µm. 

FIG. 7 illustrates another embodiment of a fluidic 
micropipe S2 having a non-flat tip. The fluidic micropipe S2 
is disposed on a substrate 74. The fluidic micropipe S2 
includes micropipe walls S4, where the height of the 
micropipe walls S4 are not equivalent at all points around the 
top. The non-flat tip of the microfluidic micropipe S2 can be 
used to properly flow fluid thought the micropipes 7S. The 
dimensions of the microfluidic micropipe S2 and micropipe 
walls S4 are similar to those described in reference to FIG. 
6A. 

FIGS. SA and SB illustrate a microfluidic micropipe 92 
having a reflector 96. The microfluidic micropipe 92 is 

FIG. SE illustrates the formation of a pattern of a resist SS 50 

on the layer 62. The resist SS can include materials that are 
commercially available. The resist can be formed using 
techniques such as, but not limited to, photo-definition, wet 
chemical etching, dry plasma etching, thermally-induced 
refractive index gradients, and ion implantation. 55 disposed on a substrate 74. The microfluidic micropipe 92 

has micropipe walls 94 and the reflector 96. The reflector 96 
assists in guiding the fluid in the appropriate direction. For 
example, in an embodiment where the microfluidic 

FIG. SF illustrates the removal of the polymer layer S6. 
The polymer layer S6 can be removed using techniques such 
as, but not limited to, photo-definition, wet chemical etch­
ing, dry plasma etching, thermally-induced refractive index 
gradients, ion implantation, and combinations thereof. FIG. 60 

SG illustrates the removal of the resist SS. The resist SS can 
be removed using techniques such as, but not limited to, 
photo-definition, wet chemical etching, dry plasma etching, 
thermally-induced refractive index gradients, and ion 
implantation. 

FIG. SH illustrates the removal of the exposed metal layer 
S2 to expose the pillar 14. The remaining metal layer is a 

65 

micropipe 92 inserts into another receiving substrate, the 
reflector 96 can be used to guide the fluid in a particular 
direction or prevent the fluid from flowing in a particular 
direction. The reflector 96 may have many configurations, 
for example, the reflector 96 may be slanted as shown in 
FIG. SA and then become horizontal. 

FIG. 9 illustrates a microfluidic micropipe 102 having 
metal micropipe walls 106. The microfluidic micropipe 102 
includes metal micropipe walls 106 disposed on a substrate 
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104, where the substrate is similar to substrate 12 described 
herein. The metal micropipe walls 106 are in fluid commu­
nication with micropipes 108 within the substrate 104. The 
micropipe 108 is a planar microfluidic channel disposed 
within the substrate. 

12 
the fluidic micropipes. For example, the method described 
above can be modified to use micropipe walls made of 
polymers, polymers and a dielectric layer disposed on the 
sidewalls of the pillar, or polymer layers and metal layers. 

An alternate method involves making the sidewall met­
allized pillars and thermally decomposing the polymer to 
leave behind the hollow core metal pipe. Localized heating 
can also be used so that only selected pillars are decom-

For the purposes of illustration only, and without limita­
tion, embodiments of the present disclosure will be 
described with particular reference to the below-described 
fabrication methods. Note that not every step in the process 

10 posed. is described with reference to the process illustrated in the 
figures hereinafter. Therefore, the following fabrication pro­
cesses are not intended to be an exhaustive list that includes 
every step required to fabricate the embodiments of the 
illustrated components. In addition, the steps of the process 
can be performed in a different order to accomplish the same 15 

result. 
FIGS. lOA through lOE depict an illustrative method of 

forming a therofluidic micropipe. FIG. lOA illustrates a 
substrate 104 (similar to other substrates described herein) 
having a micropipe 108 therein. A protective layer 116 is 20 

disposed over an opening of the micropipe 108. A sacrificial 
layer 114 is disposed on a portion of the protective layer 116. 
A pillar is disposed on the sacrificial layer 114. The pillar can 
have dimensions similar to the other pillars 14 described 
herein. The protective layer 116 can include materials such 25 

as, but not limited to, silicon dioxide, nitrides, and polymers 
(as described herein in regard to the pillars 14). The pro­
tective layer 116 can have a thickness of about 0.1 µm to 5 
µm. The sacrificial layer 114 can include materials such as, 
but not limited to, thermally decomposable polymer, metals, 30 

and inorganic dielectrics. The sacrificial layer 114 can have 
a thickness of about 0.1 to 5 µm. The pillar can be made of 
materials such as those described above for pillars (e.g., 
pillar 14). 

FIG. lOB illustrates the formation of a sacrificial layer 118 35 

on the sidewalls of the pillar 112. The sacrificial material 118 
can include materials such as, but not limited to, thermally 
decomposable polymer, silicon dioxide, and metals (as 
described herein). The sacrificial material 118 can be formed 
using techniques such as, but not limited to, PECVD, PVD, 40 

evaporation, and the like. FIG. lOC illustrates the formation 
of a metal layer 106 (micropipe wall 106) on the pillar 112 
and sacrificial layer 118. The metal layer 106 can be formed 
using techniques such as, but not limited to, photo-defini­
tion, wet chemical etching, dry plasma etching, thermally- 45 

induced refractive index gradients, ion implantation, and 
combinations thereof. The metal of the metal layer 106 can 
include metals such as those described above for microflu-
idic micropipes. 

FIG. lOD illustrates the removal of the sacrificial layer 50 

118 using techniques such as, but not limited to, photo­
definition, wet chemical etching, dry plasma etching, ther­
mally-induced refractive index gradients, ion implantation, 
and combinations thereof. FIG. lOE illustrates the removal 

Electrical Interconnect, Optical Interconnect, and Fluidic 
Micropipe Interconnect, Systems 

Electrical, optical and fluidic micropipe I/O interconnects 
may enable a SoC to be constrained by the intrinsic limits of 
a particular generation of technology and not by ancillary or 
supporting technologies. In particular, electrical I/O inter­
connects provide chip DC power, the optical and electrical 
I/O interconnects address off-chip signaling, and the fluidic 
I/O interconnects facilitate heat removal. 

The fluidic cooling eliminates the need for thermal inter­
face materials (TIM) and massive heat sinks and will yield 
a chip-scale cooling technology. In this regard, the fluidic 
channels (micropipes) within a substrate can be included in 
the front and/or back side of the chip, and the fluidic I/O 
interconnects can be interfaced with the fluidic channels. 
The optical I/O interconnects minimize optical losses due to 
mechanical misalignment induced by chip-substrate coeffi­
cient of thermal expansion (CTE) mismatch and simplify 
optical alignment during assembly, which can account for a 
large fraction of the total cost in some applications. Another 
advantage of the electrical, optical and fluidic micropipe I/O 
interconnects is that they can use solder (or Cu-Cu bond­
ing) and standard flip-chip bonders during assembly. In 
addition, the electrical, optical and fluidic micropipe I/O 
interconnects are compatible with 2D chips and 3D chip 
stacks. 

FIGS. llA and llB illustrate a system (e.g., a first 
structure 200a and a second structure 300a) including elec­
trical, optical, and fluidic micropipe I/O interconnects. FIG. 
llA illustrates the system prior to bonding, while FIG. llB 
illustrates the system after bonding with a fluid 218 flowing 
through portions thereof. It should be noted that the figures 
do not show the bonding material between the various I/O 
interconnects and the second substrate 300a. It should be 
noted that both conductive and nonconductive materials can 
be used to bond the two substrates. 

FIG. llA illustrates a first structure 200a that includes a 
first substrate 202. The first structure 200a includes, but is 
not limited to, a fluidic micropipe interconnect 210, a 
surface-normal waveguide interconnect 220, and an electri-
cal lead interconnect 230, disposed on the substrate 202. 
Each of the fluidic micropipe interconnect 210, the surface­
normal waveguide interconnect 220, and the electrical lead 

of the sacrificial layer 114 using techniques such as, but not 
limited to, photo-definition, wet chemical etching, dry 
plasma etching, thermally-induced refractive index gradi­
ents, ion implantation, and combinations thereof. The 
removal of each of the sacrificial layers 114 and 118 allow 
the pillar 112 to be removed. It should be noted that the 
sacrificial layers 114 and 118 could be removed in a single 
step. It should also be noted that the protective layer 116 
could be removed at some time prior to use of the micropipe 
108 and fluidic micropipe 102. 

55 interconnect 230, are surface-normal to the substrate 202. In 
an embodiment, one or more of the fluidic micropipe inter­
connect 210, the surface-normal waveguide interconnect 
220, and the electrical lead interconnect 230, are substan­
tially perpendicular to the surface of the substrate 202. The 

It should also be noted that other methods for forming 
fluidic micropipes can be used, and appropriate modifica­
tions could be made depending on the materials used to form 

60 substrate 202 is similar to the substrates (e.g., substrate 12) 
described herein. It should be noted that the waveguide 
interconnect 220 and the electrical lead interconnect 230 
may have different heights. By having different heights, the 
waveguide interconnect 220 can be longer to extend and 

65 enter a portion of the second structure 300a. It should be 
noted that each of the fluidic micropipe interconnect 210, the 
waveguide interconnect 220, and the electrical lead inter-
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connect 230, can be the same or a different heights depend­
ing on the configuration and application of the structure 
200a. 

The fluidic micropipe interconnect 210 is substantially 
perpendicular to the first substrate 202. The fluidic 
micropipe interconnect 210 is adapted to flow a fluid 
through the surface-normal fluidic micropipe interconnect 
210. In particular, the fluidic micropipe interconnect 210 is 
in fluid communication with a micropipe 216 disposed 
within the substrate 202. The micropipe 216 can be part of 10 

a fluidic architecture used to remove thermal energy from 
the system in which it is used. 

14 
should be noted other electrical lead interconnects could be 
used in other embodiments not shown here. 

The first substrate 202 can include about 10 waveguide 
and electrical lead interconnects 220 and 230 to about 
500,000 waveguide and electrical lead interconnects 220 
and 230 per centimeter squared of the first substrate 202. The 
first substrate 202 can include about 10,000 waveguide and 
electrical lead interconnects 220 and 230 to about 500,000 
waveguide and electrical lead interconnects 220 and 230 per 
centimeter squared of the first substrate 202. The first 
substrate 202 can include about 100,000 waveguide and 
electrical lead interconnects 220 and 230 to about 500,000 
waveguide and electrical lead interconnects 220 and 230 per 
centimeter squared of the first substrate 202. It should also 

The fluidic micropipe interconnect 210 includes, but is 
not limited to, a micropipe wall 212 and optionally, a metal 
layer 214. It should be noted that other embodiments do not 
include the metal layer 214. It should also be noted that other 
embodiments include a dielectric layer in place of the metal 
layer 214. 

15 be noted that the first substrate 202 can include from about 
2 to 500,000 fluidic micropipe interconnects per centimeter 
squared of the first substrate 202, in addition to the 
waveguide and electrical lead interconnects. 

The micropipe wall 212 can have dimensions similar to 
the micropipe walls described herein. The micropipe wall 20 

212 can be made of materials similar to the materials used 

The second structure 300a includes the second substrate 
302, which is similar to other substrates (e.g., substrate 12) 
described herein. The second structure 300a includes, but is 
not limited to, a fluidic connector 310, a waveguide con­
nector 320, an electrical lead connector 330. 

The fluidic connector 310 is adapted to receive the fluidic 

to make the micropipes described herein. The metal layer 
214 can have a thickness of about 0.1 to 500 µm. The metal 
layer 214 can be made of a metal such as, but not limited to, 
copper, gold, nickel, solder, and combinations thereof. In 
another embodiment, the fluidic micropipe interconnect 210 
may only include a micropipe wall made of a metal or 
polymer material. 

25 micropipe interconnect 210. The fluidic micropipe intercon­
nect 210 is configured to flow a fluid 218 between the first 
structure 200a and the second structure 300a. In this regard, 
the first substrate 202 and the second substrate 302 are 
adapted to transfer thermal energy through the fluidic 

30 micropipe interconnect 210, the fluidic connector 310, and 
the micropipes 216 and 316. 

The waveguide interconnect 220 functions to communi­
cate optical energy between the first structure 200a and the 
second structure 300a. The waveguide interconnect 220 
includes, but is not limited to, a pillar 222 and a reflective 
component 224 disposed at the non-flat tip of the pillar 222. 
The pillar 222 is in optical communication with an optical 

35 
component 226 disposed within the substrate 202. The 
optical component can include optical components as 
described herein. In another embodiment, the pillar 222 
could have a flat tip, as opposed to a non-flat tip, or a non-flat 

The dimensions of the fluidic connector 310 are similar to 
that of the fluidic micropipe interconnect 210, so that it can 
receive the fluidic micropipe interconnect 210. A solder 
material (not shown) described herein can be used to bond 
the fluidic micropipe interconnect 210 to the fluidic connec-

tip with a different geometry. The reflective component can 
40 

be a mirror formed of mirror material such as, but not limited 

tor 310. It should be noted that other fluidic connector could 
be used in other embodiments not shown. It should also be 
noted that an underfill could be used herein. In should also 
be noted that localized heating can be used to partially melt 
and attach the pipes. 

to, a slanted polymer coated with a metal film, and unmet­
allized slants for total internal reflection mirrors. In another 
embodiment, the reflective component 224 can direct optical 
energy in two directions. 

The waveguide interconnect 220 can have a height of 
about 5 to 500 µm and a diameter of about 3 to 500 µm and 
3 to 5000 µm. The pillar 222 can be made of materials 
capable of optical transmission as described herein in ref­
erence to pillar 14. It should be noted that other surface­
normal waveguide interconnects can be used in other 
embodiments not shown here. 

The electrical lead interconnect 230 transversely extends 
from the first substrate 202. The electrical lead interconnect 

The waveguide connector 320 is adapted to receive the 
surface-normal waveguide interconnect 220. The waveguide 
interconnect 220 is adapted to communicate optical energy 

45 between the first structure 200a and the second structure 
300a. An optical energy can be reflected by the reflective 
component 224 into an optical component 326 within the 
second substrate 302. The dimensions of the waveguide 
connector 320 are similar to the waveguide interconnect 220 

50 to receive the waveguide interconnect 220. A solder material 
(not shown) described herein can be used to bond the 
waveguide interconnect 220 with the waveguide connector 
320. It should be noted that other waveguide connectors 
could be used in other embodiments not shown. 

The electrical lead connector 330 (e.g., a die pad) is 
adapted to receive the electrical lead interconnect 230. The 
electrical lead interconnect 230 and the electrical lead con­
nector 330 are adapted to communicate electrical energy 
between the first structure 200a and the second structure 

230 is adapted to communicate electrical energy. The elec- 55 

trical lead interconnect 230 includes, but is not limited to, a 
pillar 232, a lead 234 disposed on the pillar 232, and a die 
pad 236. It should be noted other types of electrical lead 
interconnect 230 can be used as well. The pillar 232 can be 
made of materials described herein. The lead 234 can be 
fabricated of one or more layers of metals, metal compos­
ites, conductive adhesives, or combinations thereof, appro­
priate for the electrical lead interconnect 230. The metals 
and metal composites include, but are not limited to, gold, 
gold alloys, copper, and copper alloys. 

60 300a. It should be noted that other electrical lead connectors 
330 can be used in other embodiments not shown. 

Embodiments of the disclosure include using the highly 
perpendicular interconnects of a first structure (e.g., first 
structure 200a) to transport electrical energy, optical energy, 

65 and fluids via the I/O interconnections. 
The electrical lead interconnect 230 can have a height of 

about 5 to 500 µm and a diameter of about 3 to 500 µm. It 
Embodiments of the disclosure include fabricating highly 

perpendicular electrical, optical, and fluidic I/O intercon-
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nects adjacent to each other on a first substrate (e.g., first 
structure 200a) and a second structure 300a. 

Embodiments of the disclosure include assembling elec­
trical, optical, and fluidic I/O interconnects simultaneously 
and using a flip-chip bonder. 

Embodiments of the disclosure include a method of 
connecting two parallel surfaces using highly perpendicular 
electrical, optical, and fluidic I/O interconnects. 

Embodiments of the disclosure include a method of using 
a micropipe to transport fluids into and out of substrate (or 
chip/die) where the micorpipe is located on the side of the 
chip where electrical die pads are located. 

Embodiments of the disclosure include a method of 
circulating a fluid over the surface of a substrate or chip by 
using planar fluidic channels that are connected to highly 
perpendicular micropipes. 

Embodiments of the disclosure include a method of using 
flip-chip bonders to assemble chips with micropipes. 

For the purposes of illustration only, and without limita­
tion, embodiments of the present disclosure will be 
described with particular reference to the below-described 
fabrication methods. Note that not every step in the process 

16 
similar to the micropipe walls described herein. The 
micropipe wall 412 can be made of materials similar to the 
materials used to make the micropipes and pillars described 
herein. The metal layer 414 can have a thickness of about 0.1 
µm to 500 µm. The metal layer 414 can be made of a metal 
such as, but not limited to, copper, gold, nickel, solder, and 
combinations thereof. In another embodiment, the fluidic 
micropipe interconnect 410 may only include a micropipe 
wall made of a metal or polymer material as described 

10 herein. 
A solder material 418 is disposed on the metal layer 414. 

The solder material 418 can be electroplated, evaporated, or 
printed on the surface. The solder forms into balls after 
reflow. Solder thickness must be sufficiently thick to allow 

15 balling. The thickness depends on the height, but can be 
from about 15-100 µm. 

The surface-normal waveguide interconnect 420 func­
tions to communicate optical energy. The surface-normal 
waveguide interconnect 420 includes, but is not limited to, 

20 a pillar 422. 

is described with reference to the process described in the 
figures hereinafter. Therefore, the following fabrication pro­
cesses are not intended to be an exhaustive list that includes 25 

A solder material 428 is disposed on the surface-normal 
waveguide interconnect 420. The solder material 428 can be 
electroplated, evaporated, or printed on the surface. The 
solder forms into balls after reflow. Solder thickness must be 
sufficiently thick to allow balling. The thickness depends on 
the height, but can be from about 15-100 µm. every step required to fabricate the embodiments of the 

illustrated components. In addition, the steps of the process 
can be performed in a different order to accomplish the same 
result. 

FIGS. 12A through 12D illustrate the fabrication of the 
first structure similar to the one shown in FIG. llA. FIG. 
12A illustrates a substrate 202 having a micropipe 216. In 
addition, the substrate 202 includes an optical component 
226 disposed within the substrate 202, while a die pad 236 
and a protective layer 216 are disposed on the substrate 202. 
The protective layer 216 is disposed on top of an opening of 
the micropipe 216. Furthermore, a polymer layer 240 is 
disposed on the substrate 202, optical component 226, die 
pad 236, and protective layer 216. 

The polymer layer 240 can include material such as, but 
not limited to, polymers described herein with regard to the 
pillar. 

The protective layer 216 can include materials such as, 
but not limited to, silicon dioxide, nitrides, and polymers (as 
described herein). The protective layer 216 can have a 
thickness of about 0.1 µm to 5 µm. 

FIG. 12B illustrates the molding of the polymer layer 240 
using heat and/or pressure and a molding structure. The 
molding forms two indentions (242 and 244) in the polymer 
layer 240. 

FIG. 12C illustrates the removal of portions of the poly­
mer layer 240. The removal forms structures 212, 232, and 
222, which are the precursor structures of the fluidic 
micropipe interconnect 210, the surface-normal waveguide 
interconnect 220, and the electrical lead interconnect 230. 
The polymer layer 240 can be removed by techniques such 
as, but not limited to, photoimaging and photolithography. 

FIG. 12D illustrates the removal of the portion of the 
protective layer 216 over the opening of the micropipe 216. 

FIG. 13 illustrates another embodiment of a first structure 
400 similar to the first structure 200a. The first structure 400 
includes, but is not limited to, a fluidic micropipe intercon­
nect 410, a surface-normal waveguide interconnect 420, and 
an electrical contact 430. 

The fluidic micropipe interconnect 410 includes, but is 
not limited to, a micropipe wall 412 and, optionally, a metal 
layer 414. The micropipe wall 412 can have dimensions 

The electrical contact 430 includes a die pad 436 and a 
solder material 438 disposed thereon. The solder materials 
are those used in industry. The solder material 438 can be 

30 about 10 µm to 500 µm wide. 

Metal Pad Electrical and Optical Interconnects 
Metal interconnect pads that can be used as electrical and 

optical interconnects are advantageous when using dual 

35 electrical/optical interconnects positioned on a separate sub­
strate. The metal interconnect pad (e.g., a copper I/O pad) 
includes an opening through the metal interconnect pad. 
When the metal interconnect pad is positioned on a sub­
strate, the substrate has an optical component positioned 

40 substantially under the opening of the metal interconnect 
pad. Once a dual optical/electrical I/O interconnect is posi­
tioned to contact the metal interconnect pad, the optical 
signal is communicated through the opening of the metal 
interconnect pad to the optical component in the substrate. 

45 In addition, the electrical signal is communicated through 
the metal portion of the metal interconnect pad. A solder 
material can be used to bond the metal interconnect pad to 
the dual optical/electrical I/O interconnect. It should be 
noted that an optical or an electrical I/O interconnect can be 

50 used as with the metal interconnect pads as well. 
FIGS. 14A through 14C illustrate the metal interconnect 

pad 500. FIG. 14A illustrates a top view of the metal 
interconnect pad 500, while FIG. 14B illustrates a cross 
section view of the metal interconnect pad 500. FIG. 14C 

55 illustrates a top view of an actual metal interconnect pad. 
The metal interconnect pad 500 includes, but is not 

limited to, a substrate 502 (similar to substrate 12 described 
herein) having a metal pad 504 having an opening therein 
and a solder material 506 disposed adjacent the opening and 

60 on the metal pad 504. A blocking layer 507 can be used to 
prevent the solder material 506 from flowing off of the metal 
pad 504. An optical component 508 is disposed, at least in 
part, under the opening of the metal pad 504. The optical 
component 508 can include, but is not limited to, 

65 waveguides, mirrors, lenses, grating couplers, optoelectron­
ics devices (e.g., detectors), emitters (e.g., VCSELs and 
LEDs). The metal pad 504 can be made of materials such as, 
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but not limited to, copper, nickel, solder, gold, and combi­
nations thereof. The metal pad 504 can be about 0.1 to 500 
µm across and 3 to 500 µm and 3 to 5000 µm in length. The 
metal pads 504 dimensions depend, at least in part, on the 
pillar diameter. The solder material 506 can be a solder 
material as described herein. 

18 
layer 614 can be made of a polymer selected from polymers 
such as, but not limited to, polymers similar to those 
described herein. 

FIG. 17C illustrates the molding of a portion 616 of the 
polymer layer 614 using heat and/or pressure. 

FIG. 17D illustrates the etching of the polymer layer 614 
to form the socket 604 using, for example, photoimaging, 
while FIG. 17E illustrates the removal of the sacrificial 
material 612 so that the inner portion 608 of the socket 604 

10 is not connected to the substrate 602. 

FIGS. 15A and 15B illustrate the coupling of the metal 
interconnect pad 500 with an optical I/O interconnect. FIG. 
15A illustrates the metal interconnect pad 500 as shown in 
FIGS. 14A and 14B. In addition, FIG. 15A illustrates a 
second substrate having an optical I/O interconnect 526. The 
optical I/O interconnect 526 is in optical communication 
with a waveguide 516 disposed within the substrate 512 
(similar to the substrate 12 described herein). A metal layer 15 

514 (similar to the metal layer 26 described herein) is 
disposed on the optical I/O interconnect 526. FIG. 15B 
illustrates the coupling of the metal interconnect pad 500 
with the optical I/O interconnect 526. The solder material 
506 can bond with the metal layer 514. An optical signal can 20 

be communicated between the optical component 508 and 
the waveguide 516 through the optical I/O interconnect 526. 

Gear-Teeth Patterned Pillar Interconnects 
FIG. 18A illustrates a polymer pin 704 with a patterned 

sidewall to resemble gear-teeth pattern using photoimaging 
or photolithography on a substrate 702 (the substrate is 
similar to substrates 12 described herein). FIG. 18B is an 
illustration of an actual polymer pin 704. It should be noted 
that each of the I/O interconnects described above can have 
similar sidewall pattern depending on the application. 

It should be emphasized that the above-described embodi-
ments of the present disclosure are merely possible 
examples of implementations, and are merely set forth for a 
clear understanding of the principles of the disclosure. 
Therefore, many variations and modifications may be made 

In order to provide index matching (remove air gap sepa­
ration) between the pillar and waveguide/device, an index 
matching material may be used. 

The above assembly technology can also be used to create 
an electrical/fluidic interconnetion instead of an electrical/ 
optical interconnection. In this embodiment, the substrate 
could include an appropriate micropipe architecture. 

25 to the above-described embodiment(s) of the disclsoure 
without departing substantially from the spirit and principles 
disclosed herein. All such modifications and variations are 
intended to be included herein within the scope of this 
disclosure and protected by the following claims. 

30 

Compliant Socket Interconnects 

FIGS. 16A and 16B illustrate a socket 604 that is adapted 
to receive a pillar or a pin. The socket 604 is disposed on a 
substrate 602 (similar to the substrates 12 described herein). 
The socket 604 includes a outer socket 606 and inner curved 35 

sidewalls 608. The socket 604 has a funnel-like opening to 
enhance pin-to-socket alignment. While the outer socket 606 
is one structure, the inner curved sidewalls 608 are designed 
to be compliant by having a distinct shape (e.g., the one 
shown in FIG. 16A) which is not adhered to the bottom of 40 

the substrate 602, thereby being more compliant than if 
attached at the bottom. The socket 604 can be made of a 
material such as, but not limited to, polymeric material, 
metallic material, or fabricated directly into a substrate such 
as Si, for example. In addition, the socket can be used to 45 

receive solder and be used as a probe device for wafer-level 
testing. 

The invention claimed is: 
1. An electrical, optical, and fluidic input/output (I/O) 

interconnect system, comprising: 
a first substrate comprising: 

a surface-normal waveguide interconnect, wherein the 
first substrate is adapted to communicate optical 
energy through the waveguide interconnect, 

a surface-normal electrical lead interconnect, wherein 
the first substrate is adapted to communicate electri­
cal energy through the electrical lead interconnect, 
and 

a surface-normal fluidic micropipe interconnect, 
wherein the fluidic micropipe interconnect is config­
ured to transport a fluid, and wherein the first sub­
strate is adapted to flow fluids through the fluidic 
micropipe interconnect. 

2. The I/O interconnect system of claim 1, further com-For the purposes of illustration only, and without limita­
tion, embodiments of the present disclosure will be 
described with particular reference to the below-described 
fabrication methods. Note that not every step in the process 

50 
prising: 

is described with reference to the process described in the 
figures hereinafter. Therefore, the following fabrication pro­
cesses are not intended to be an exhaustive list that includes 

55 
every step required to fabricate the embodiments of the 
illustrated components. In addition, the steps of the process 
can be performed in a different order to accomplish the same 
result. 

FIGS. 17 A through 17E illustrate the fabrication of the 60 
socket 604 shown in FIGS. 16A and 16B. FIG. 17A illus­
trates a sacrificial material 612 disposed on a portion of the 
substrate 602. The sacrificial material 612 can include 
materials such as, but not limited to, resists, metal, organic 
dielectrics, inorganic dielectrics, and combinations thereof. 65 

FIG. 17B illustrates a polymer layer 614 disposed on the 
substrate 602 and the sacrificial material 612. The polymer 

a second substrate including: 
a waveguide connector adapted to receive the 

waveguide interconnect, wherein the waveguide 
interconnect is adapted to communicate optical 
energy between the first substrate and the second 
substrate, 

an electrical lead connector adapted to receive the 
electrical lead interconnect, wherein the electrical 
lead interconnect is adapted to communicate electri­
cal energy between the first substrate and the second 
substrate, and a fluidic connector adapted to receive 
the fluidic micropipe interconnect, wherein the flu­
idic micropipe interconnect is configured to flow a 
fluid between the first substrate and the second 
substrate, and wherein the first substrate and the 
second substrate are adapted to communicate the 
fluid through the fluidic micropipe interconnect. 



US 7,266,267 B2 
19 

3. The I/O interconnect system of claim 1, wherein two or 
more of the waveguide interconnect, the fluidic micropipe 
interconnect, and the electrical lead interconnect have dif­
ferent heights. 

4. The I/O interconnect system of claim 1, wherein the 
fluidic micropipe interconnect comprises walls made from a 
polymer material selected from one of the following: poly­
imides, epoxides, polynorbomenes, polyarylene ethers, and 
parylenes. 

5. The I/O interconnect system of claim 4, wherein the 10 

fluidic micropipe interconnect comprises a dielectric mate­
rial disposed on the outside of the walls of the polymer 
material. 

6. The I/O interconnect system of claim 4, wherein the 
fluidic micropipe interconnect comprises a metal layer dis- 15 

posed on a portion of the outside of the walls of the polymer 
material. 

7. The I/O interconnect system of claim 6, wherein a 
solder material is disposed on the metal layer. 

20 
8. The I/O interconnect system of claim 1, wherein the 

fluidic micropipe interconnect comprises walls made from a 
metal layer. 

9. The I/O interconnect system of claim 1, wherein the 
fluidic micropipe interconnect has a height of about 15 to 

25 
500 micrometers. 

10. The I/O interconnect system of claim 1, wherein the 
fluidic micropipe interconnect has a diameter of about 3 to 
5,000 micrometers. 

11. The I/O interconnect system of claim 1, wherein the 30 
one or more of the waveguide interconnect, the fluidic 
micropipe interconnect, and the electrical lead interconnect 
are substantially perpendicular to the first substrate. 

12. The I/O interconnect system of claim 1, wherein the 
first substrate has from about 10 waveguide interconnects 35 

and electrical lead interconnects to about 500,000 
waveguide interconnects and electrical lead interconnects 
per centimeter squared of the first substrate. 

13. The I/O interconnect system of claim 1, wherein the 
first substrate has from about 100,000 waveguide intercon- 40 

nects and electrical lead interconnects to about 500,000 
waveguide interconnects and electrical lead interconnects 
per centimeter squared of the first substrate. 

14. The I/O interconnect system of claim 1, wherein the 
fluidic micropipe interconnect includes a non-flat tip at an 45 

end opposite the first substrate. 

20 
20. The I/O interconnect system of claim 1, wherein the 

fluidic micropipe interconnect comprises walls made of 
metal. 

21. The I/O interconnect system of claim 1, wherein the 
fluidic micropipe interconnect has a height of about 5 to 500 
micrometers. 

22. A method for forming a device comprising: 
providing a first substrate, wherein the first substrate 

comprises: 
a surface-normal waveguide interconnect, wherein the 

first substrate is adapted to communicate optical 
energy through the waveguide interconnect, 

a surface-normal electrical lead interconnect, wherein 
the first substrate is adapted to communicate electri­
cal energy through the electrical lead interconnect, 
and 

a surface-normal fluidic micropipe interconnect, 
wherein the fluidic micropipe interconnect is config­
ured to transport a fluid, and wherein the first sub­
strate is adapted to flow fluids through the fluidic 
micropipe interconnect; 

providing the second substrate, wherein the second sub­
strate comprises: 
a waveguide connector adapted to receive the 

waveguide interconnect, wherein the waveguide 
interconnect is adapted to communicate optical 
energy between the first substrate and the second 
substrate 

an electrical lead connector adapted to receive the 
electrical lead interconnect, wherein the electrical 
lead interconnect is adapted to communicate electri­
cal energy between the first substrate and the second 
substrate, and 

a fluidic connector adapted to receive the fluidic 
micropipe interconnect, wherein the fluidic 
micropipe interconnect is configured to flow a fluid 
between the first substrate and the second substrate, 
and wherein the first substrate and the second sub­
strate are adapted to communicate the fluid through 
the fluidic micropipe interconnect; 

causing the waveguide connector to receive a portion of 
the waveguide interconnect; 

causing the electrical lead connector to receive a portion 
of the electrical lead interconnect; and 

causing the fludic connector to receive a portion of the 
fluidic micropipe interconnect. 

23. The method of claim 22, wherein the first substrate 
and the second substrate are caused to contact one another 
using a flip chip bonder. 15. The I/O interconnect system of claim 1, wherein the 

waveguide interconnect comprises a low modulus material 
selected from polyimides, epoxides, polynorbomenes, pol­
yarylene ethers, and parylenes. 

24. A method of directing fluids, optical energy, and 

50 
electrical energy, comprising: 

providing a first substrate, wherein the first substrate 
comprises: 16. The I/O interconnect system of claim 15, wherein the 

fludic connector includes a material that secures the fludic 
micropipe interconnect to the fludic connector. 

17. The I/O interconnect system of claim 1, further 55 
comprising an element selected from one of the following: 
a diffractive grating coupler disposed on the surface-normal 
waveguide interconnect at an end opposite the first substrate 
and a mirror disposed on the surface-normal waveguide 
interconnect at an end opposite the first substrate. 

18. The I/O interconnect system of claim 17, wherein the 
coupling element is selected from a volume grating coupling 
element and a surface relief grating coupling element. 

60 

19. The I/O interconnect system of claim 2, further 
comprising an element selected from one of the following: 65 

a diffractive grating coupler disposed within the second 
substrate and a mirror disposed within the second substrate. 

a surface-normal waveguide interconnect, wherein the 
first substrate is adapted to communicate optical 
energy through the waveguide interconnect, 

a surface-normal electrical lead interconnect, wherein 
the first substrate is adapted to communicate electri­
cal energy through the electrical lead interconnect, 
and 

a surface-normal fluidic micropipe interconnect, 
wherein the fluidic micropipe interconnect is config­
ured to transport a fluid, and wherein the first sub­
strate is adapted to flow fluids through the fluidic 
micropipe interconnect; 

providing a second substrate, wherein the second sub­
strate comprises: 
a waveguide connector adapted to receive the 

waveguide interconnect, wherein the waveguide 
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interconnect is adapted to connnunicate optical 
energy between the first substrate and the second 
substrate, 

an electrical lead connector adapted to receive the 
electrical lead interconnect, wherein the electrical 
lead interconnect is adapted to connnunicate electri­
cal energy between the first substrate and the second 
substrate, and 

a fluidic connector adapted to receive the fluidic 
micropipe interconnect, wherein the fluidic 10 

micropipe interconnect is configured to flow a fluid 
between the first substrate and the second substrate, 
and wherein the first substrate and the second sub­
strate are adapted to connnunicate the fluid through 
the fluidic micropipe interconnect; 15 

connnunicating optical energy between the waveguide 
interconnect of the first substrate and the second sub-
strate; 

connnunicating electrical energy between the electrical 
lead interconnect of the first substrate and the second 20 

substrate; and 

22 
33. The fluidic I/O interconnect system of claim 26, 

wherein the fluidic micropipe interconnect has a diameter of 
about 3 to 5,000 micrometers. 

34. A method of circulating a fluid, comprising: 
providing the first substrate of claim 26, wherein the first 

substrate includes a micropipe within the first substrate, 
and 

flowing the fluid through the micropipe and the fluidic 
micropipe interconnect. 

35. An input/output (I/O) interconnect, comprising: 
a first substrate comprising a surface-normal compliant 

pillar extending from the first substrate, wherein the 
compliant pillar has a length of about 5 to 500 
micrometers, and a width of about 2 to 5000 microme-
ters, wherein the compliant pillar has a metal layer 
disposed on a portion of the compliant pillar, wherein 
a dielectric material separates the compliant pillar and 
the metal layer, wherein the metal layer has a thickness 
of about 0.1 to 100 micrometers, and wherein the 
compliant pillar is a polymer material selected from 
one of the following: polyimides, epoxides, polynor­
bornenes, polyarylene ethers, and parylenes. flowing a fluid between the first substrate and the second 

substrate through the fluidic micropipe interconnect. 
25. A method of forming an electrical, optical, and fluidic 

input/output (I/O) interconnect system, comprising: 
providing a first substrate; 

36. The I/O interconnect of claim 35, wherein the metal 
layer is disposed on the top of the compliant pillar and 

25 around the side walls of the compliant pillar, forming a metal 
cap on the compliant pillar. 

37. The I/O interconnect of claim 36, further comprising 
a solder material disposed on the metal cap. 

simultaneously forming a surface-normal waveguide 
interconnect, a surface-normal electrical lead intercon­
nect, and a surface-normal fluidic micropipe intercon­
nect, adjacent one another on the first substrate. 

26. A fluidic input/output (I/O) interconnect system, com­
prising: 

a first substrate comprising a surface-normal fluidic 
micropipe interconnect, wherein the fluidic micropipe 
interconnect is configured to transport a fluid, wherein 
the first substrate is incorporated into a structure 
selected from one of the following: microprocessor, 
microelectronic chip, Application Specific Integrated 
Circuit (ASICs) chip, System-on-a-Chip (SoC), archi­
tecture chip, optoelectronic chip, hybrid optoelectronic/ 
microelectronic chip, bioengineering, and combina­
tions thereof, and wherein the first substrate comprises 
a second interconnect selected from: an electrical inter-

38. The I/O interconnect of claim 35, wherein the metal 
30 layer is disposed on a portion of the side walls of the 

compliant pillar, wherein the metal layer is not disposed on 
the top of the compliant pillar, and wherein the metal layer 
forms a metal ring. 

35 
39. The I/O interconnect of claim 38, further comprising 

a solder material disposed on the metal layer. 
40. The I/O interconnect of claim 39, further comprising 

a blocking layer disposed on the side walls of the compliant 
pillar and on the first substrate, wherein the diameter of the 

40 
blocking layer is greater than the diameter of the metal layer, 
wherein the solder material is disposed on the top of the 
blocking layer. 

connect, an optical interconnect interfaced with a 
45 

waveguide, a dual electrical/optical interconnect inter­
faced with a waveguide, and combinations thereof. 

27. The fluidic I/O interconnect system of claim 26, 
wherein the fluidic micropipe interconnect comprises walls 
made from a polymer material selected from one of the 

50 
following: polyimides, epoxides, polynorbornenes, pol­
yarylene ethers, and parylenes. 

28. The fluidic I/O interconnect system of claim 27, 
wherein the fluidic micropipe interconnect comprises a 
metal layer disposed on the outside of the walls of the 

55 
polymer material. 

29. The fluidic I/O interconnect system of claim 28, 
wherein a solder material is disposed on the metal layer. 

30. The fluidic I/O interconnect system of claim 26, 
wherein the fluidic micropipe interconnect comprises walls 60 
made from a metal layer. 

31. The fluidic I/O interconnect system of claim 26, 
wherein a top of the fluidic micropipe interconnect is 
non-flat. 

32. The fluidic I/O interconnect system of claim 26, 65 

wherein the fluidic micropipe interconnect has a height of 
about 15 to 300 micrometers. 

41. The I/O interconnect of claim 35, wherein the com­
pliant pillar is a waveguide. 

42. An I/O interconnect system, comprising: 
a first substrate comprising a metal interconnect pad and 

a first optical component, wherein the metal intercon­
nect pad is positioned over the first optical component, 
wherein the metal interconnect pad has an opening 
through the metal interconnect pad, and wherein the 
opening in the metal interconnect pad exposes the first 
optical component; and a second substrate comprising 
a surface-normal waveguide extending from the second 
substrate and a second optical component in optical 
connnunication with the waveguide, wherein the 
waveguide is positioned adjacent the first optical com-
ponent of the first substrate through the opening, 
wherein the first optical component and the second 
optical component are in optical connnunication 
through the waveguide, wherein an electronic lead is 
disposed on a portion of the wall of the waveguide, 
wherein the electronic lead electronically contacts the 
metal interconnect pad so that the first substrate and the 
second substrate are in electrical connnunication. 

43. The I/O interconnect of claim 42, further comprising 
a solder material disposed on the metal interconnect pad 
adjacent the opening. 
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44. The I/O interconnect of claim 43, wherein the first 
optical component and the second optical component are 
each independently selected from one of the following: a 
waveguide, an optical energy source, a detector, and com­
binations thereof. 

45. An input/output (I/O) interconnect system, compris­
ing: 

a first substrate comprising at least two of the following 
types of interconnects: 
a surface-normal waveguide interconnect, wherein the 10 

first substrate is adapted to communicate optical 
energy through the waveguide interconnect, 

a surface-normal electrical lead interconnect, wherein 
the first substrate is adapted to communicate electri­
cal energy through the electrical lead interconnect, 15 

and 
a surface-normal fluidic micropipe interconnect, 

wherein the fluidic micropipe interconnect is config­
ured to transport a fluid, and wherein the first sub­
strate is adapted to flow fluids through the fluidic 20 

micropipe interconnect. 
46. The I/O interconnect system of claim 45, further 

comprising: 
a second substrate including at least two of the following 

types of connectors corresponding to the interconnects 25 

on the first substrate: 
a waveguide connector adapted to receive the 

waveguide interconnect, wherein the waveguide 
interconnect is adapted to communicate optical 
energy between the first substrate and the second 30 

substrate, 
an electrical lead connector adapted to receive the 

electrical lead interconnect, wherein the electrical 
lead interconnect is adapted to communicate electri­
cal energy between the first substrate and the second 35 

substrate, and 
a fluidic connector adapted to receive the fluidic 

micropipe interconnect, wherein the fluidic 
micropipe interconnect is configured to flow a fluid 
between the first substrate and the second substrate, 40 

and wherein the first substrate and the second sub­
strate are adapted to communicate the fluid through 
the fluidic micropipe interconnect. 

47. The I/O interconnect system of claim 46, wherein the 
first substrate includes the surface-normal electrical lead 45 

interconnect and the surface-normal fluidic micropipe inter­
connect; and the second substrate includes the electrical lead 
connector and the fluidic connector. 

48. The I/O interconnect system of claim 46, wherein the 
first substrate includes the surface-normal waveguide inter- 50 

connect and the surface-normal fluidic micropipe intercon­
nect; and the second substrate includes the waveguide 
connector and the fluidic connector. 

49. An input/output (I/O) interconnect system, compris-
ing: 55 

a first substrate and a second substrate, wherein one of the 
first substrate or the second substrate includes at least 
two types of interconnects and at least one type of 
connector selected from: a surface-normal waveguide 
interconnect, a surface-normal electrical lead intercon- 60 

nect, a surface-normal fluidic micropipe interconnect, a 
waveguide connector, an electrical lead connector, and 
a fluidic connector, wherein the other of the first 
substrate and the second substrate include at least two 
types of connectors and at least one type of intercon- 65 

nect, 

24 
wherein if the first substrate includes one type of inter­

connect, the second substrate includes a corresponding 
connector, wherein if the first substrate includes one 
type of connector, the second substrate includes a 
corresponding interconnect wherein the first substrate 
is adapted to communicate optical energy through the 
waveguide interconnect, 

wherein the first substrate is adapted to communicate 
electrical energy through the electrical lead intercon­
nect, wherein the fluidic micropipe interconnect is 
configured to transport a fluid, and wherein the first 
substrate is adapted to flow fluids through the fluidic 
micropipe interconnect, wherein the waveguide inter­
connect is adapted to communicate optical energy 
between the first substrate and the second substrate, 
wherein the electrical lead interconnect is adapted to 
communicate electrical energy between the first sub­
strate and the second substrate, and wherein the fluidic 
micropipe interconnect is configured to flow a fluid 
between the first substrate and the second substrate, and 
wherein the first substrate and the second substrate are 
adapted to communicate the fluid through the fluidic 
micropipe interconnect. 

50. An input/output (I/O) interconnect system, compris­
ing: 

a first substrate comprising at least two of the following 
types of interconnects: 
a surface-normal waveguide interconnect, wherein the 

first substrate is adapted to communicate optical 
energy through the waveguide interconnect, 

a solder bump lead interconnect, wherein the first 
substrate is adapted to communicate electrical 
energy through the solder bump interconnect, and 

a surface-normal fluidic micropipe interconnect, 
wherein the fluidic micropipe interconnect is config­
ured to transport a fluid, and wherein the first sub­
strate is adapted to flow fluids through the fluidic 
micropipe interconnect. 

51. The I/O interconnect system of claim 50, further 
comprising: 

a second substrate including at least two of the following 
types of connectors corresponding to the interconnects 
on the first substrate: 
a waveguide connector adapted to receive the 

waveguide interconnect, wherein the waveguide 
interconnect is adapted to communicate optical 
energy between the first substrate and the second 
substrate, 

an electrical lead connector adapted to receive the 
solder bump interconnect, wherein the solder bump 
interconnect is adapted to communicate electrical 
energy between the first substrate and the second 
substrate, and 

a fluidic connector adapted to receive the fluidic 
micropipe interconnect, wherein the fluidic 
micropipe interconnect is configured to flow a fluid 
between the first substrate and the second substrate, 
and wherein the first substrate and the second sub­
strate are adapted to communicate the fluid through 
the fluidic micropipe interconnect. 

52. The I/O interconnect system of claim of 51, wherein 
an optical adhesive glues the surface-normal waveguide 
interconnect to the waveguide connector. 

* * * * * 


