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57 ABSTRACT

Three dimensional integrated circuits with double sided
power, coolant, and data features and methods of constructing
same are provided. According to some embodiments, an inte-
grated circuit package can generally comprise one or more
semiconductor wafers and opposing end substrates. The
semiconductor wafers can each have a top exterior surface
and a bottom exterior surface. The plurality of semiconductor
wafers can form a multi-dimensional wafer stack of die
wafers such that adjacent wafers have facing surfaces. Each
of'the semiconductor wafers can comprise one or more chan-
nels formed through the wafers. A portion of the channels can
extend generally between the top and bottom exterior sur-
faces of the semiconductor wafers. A portion of the channels
can carry conductors for coupling the wafers and/or coolant
for cooling the wafers. The opposing end substrates can be
disposed proximate opposing ends of the multi-dimensional
stack. The opposing end substrates can be configured to sup-
ply power, coolant, and data signals to opposing ends of the
multi-dimensional wafer stack. Other embodiments are also
claimed and described.

20 Claims, 9 Drawing Sheets
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3-D ICS EQUIPPED WITH DOUBLE SIDED
POWER, COOLANT, AND DATA FEATURES

CROSS REFERENCE TO RELATED
APPLICATION & PRIORITY CLAIM

This patent application claims priority to and is a continu-
ation-in-part of U.S. patent application Ser. No. 12/128,542,
filed 28 May 2008, which is hereby incorporated by reference
as if fully set forth below.

TECHNICAL FIELD

Embodiments of the present invention relate generally to
integrated circuits and associated manufacturing methods,
and more particularly to, three dimensional integrated circuits
and methods of constructing same including double sided
power, coolant, and data signal features.

BACKGROUND

As transistor technology continues to scale and integration
density increases, one performance limiter of an IC chip will
be heat management and/or removal. Not only does heat
affect device operation but it may also affect end user usage
patterns. Because transistors and interconnects reliability and
performance depend on operating temperatures, cooling elec-
tronics and diminishing device hot spots has never been
greater. With the continued scaling of device features and
increased power density, chip cooling has become increas-
ingly difficult and costly.

One method of continued scaling includes three-dimen-
sional stacking of chips used to form a stacked integrated
circuit package. Three-dimensional (3-D) die (e.g., silicon
chip die) stacking increases transistor density and chip func-
tionality by vertically integrating two or more dice. 3-D inte-
gration also improves interconnect speed by decreasing inter-
connect wire length, enables smaller system form factor, and
reduces power dissipation and crosstalk.

Motivations for three-dimensional (3D) integration
include reduction in system size, interconnect delay, power
dissipation, and enabling hyper-integration of chips fabri-
cated using disparate process technologies. Although various
low-power commercial products implement improved per-
formance and increased device packing density realized by
3D stacking of chips (e.g., using wire bonds), such technolo-
gies are not suitable for high-performance chips due to inef-
fective power delivery and heat removal. For example, high
performance chips are projected to dissipate more than 100
W/em2 and require more than 100 A of supply current. Con-
sequently, when such chips are stacked, challenges in power
delivery and cooling become greatly exacerbated.

There exists a need for three dimensional integrated cir-
cuits and methods of constructing same including microflu-
idic interconnects for managing thermal energy created dur-
ing operation of integrated circuits and also managing power
supply noise. It is to the provision of such three dimensional
integrated circuits and fabrication methods that the various
embodiments of the present invention are directed.

BRIEF SUMMARY

Various embodiments of the present invention are directed
to three dimensional integrated circuits and methods of con-
structing same including microfluidic interconnects for man-
aging thermal energy created during operation of integrated
circuits. According to some embodiments, such devices are
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2

configured to operate in a manner to control and/or manage
heat dissipation provided from an IC.

Generally described, an integrated circuit package accord-
ing to some embodiments can generally comprise a plurality
of semiconductor wafers each having a top exterior surface
and a bottom exterior surface. The plurality of semiconductor
wafers can form a multi-dimensional wafer stack of die
wafers. Adjacent wafers can have facing surfaces. Each of the
semiconductor wafers can comprise one or more channels
formed through the wafers. A portion of the channels can
extend generally between the top and bottom exterior sur-
faces of the semiconductor wafers. A portion of the channels
can carry conductors for electronically or optically coupling
the semiconductor wafers. In some embodiments, opposing
end substrates can be disposed proximate opposing ends of
the multi-dimensional stack. The opposing end substrates can
be configured to supply power to the opposing end substrates
of the multi-dimensional wafer stack.

Integrated circuit packages according to some embodi-
ments can also include additional features. For example,
opposing end substrates can be configured to supply a coolant
liquid to the opposing end substrates of the multi-dimensional
wafer stack. Also some embodiments can comprise at least
one micro-pipe. A micro-pipe can be disposed between adja-
cent or proximately situated semiconductor wafers in a stack.
Micro-pipes can have opposed ends, and the ends can be
coupled to adjacent semiconductor wafers. Micro-pipes can
be configured to enable at least a portion of one or more of the
semiconductor wafers to be in fluid communication with each
other for cooling. As another example, opposing end sub-
strates can comprise internal electrical conductors. And a
conductive material can couple internal electrical conductors
from the substrate together so that the internal electrical con-
ductors are electrically coupled.

Integrated circuit packages according to some embodi-
ments may also include additional features. For example,
conductive material for use with a semiconductor wafer can
be one of a substrate-to-substrate interconnect and a power
cord. Some embodiments may also include at least one
capacitor disposed on or integrated with one of the opposing
end substrates. Also some embodiments can comprise at least
one capacitor disposed on or integrated with at least one of the
semiconductor wafers. Still yet some embodiments can com-
prise micro-pipes disposed between adjacent semiconductor
wafer surfaces. Micro-pipes can be disposed in at least one of
horizontal, vertical, or diagonal arrangement between semi-
conductor die wafers. Some embodiments can also comprise
a plurality of micro-pin heat sinks disposed between adjacent
wafers in the multi-dimensional wafer stack. Micro-pin heat
sinks can comprise an inner electrically conductive material
arranged in a coaxial arrangement with an outer heat dissi-
pating material. Also embodiments can include a plurality of
carbon nanotube bundles. Such bundles can be disposed
between and electrically couple adjacent wafers in the multi-
dimensional wafer stack.

Other system embodiments of the present invention can be
utilized in a three dimensional integrated circuit package
comprising multiple wafers stacked upon each other to form
athree dimensional wafer stack. For example, a system can be
used to provide power, coolant, and signals from multiple
sides of three dimensional circuit packages. Exemplary sys-
tem embodiments can generally comprise a plurality of semi-
conductor wafers, and plurality of interconnects, a plurality
of channels, and opposing end substrates. Semiconductor
wafers can be stacked upon each other in a vertical arrange-
ment to form a vertical stack of wafers. The interconnects can
be a plurality of electronic or optical interconnects. Intercon-
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nects can be disposed within vias disposed within the semi-
conductor wafers. The interconnects can correspond to inter-
connects in an adjacent semiconductor wafer. In this
arrangement, adjacent semiconductor wafers can be opera-
tively configured to communicate with each other. The chan-
nels can be a plurality of coolant fluidic channels. The chan-
nels can be disposed within the plurality of semiconductor
wafers and can form a coolant loop through the three dimen-
sional stack. Such an arrangement of channels can be used to
remove heat emitted from within the vertical stack of wafers.
The opposing end substrates can be disposed proximate
opposing ends of the vertical stack of wafers. The opposing
end substrates can be configured to supply power and coolant
to the opposing end substrates of the multi-dimensional wafer
stack.

System embodiments of the present invention can also
include additional features. For example a system can include
a plurality of micro-pipes. Micro-pipes can be disposed gen-
erally between semiconductor wafers. Micro-pipes can trans-
port coolant between adjacent semiconductor wafers. Insome
embodiments, each of the micro-pipes can have approxi-
mately the same diameter and be formed on opposing sides of
the semiconductor wafers. In addition some systems can
include one or more capacitors and/or other passive devices.
These components can be disposed proximate one of the
opposing end substrates and proximate at least one of the
plurality of semiconductor wafers.

Embodiments of the present invention can also include
additional features. For example, interconnects used in sys-
tems covered herein can be arranged so that at least some
interconnects are configured as heat sinks to dissipate heat
from the interconnects. In addition, interconnects can com-
prise a heat dissipating material arranged around the inter-
connects for heat dissipation. Also some of the interconnects
can comprise a first conductive material disposed within a
second material that is a heat dissipation material. In addition,
some embodiments can have at least one of a plurality of
semiconductor wafers that defines through silicon vias. Car-
bon nanotubes or carbon nanotube bundles can be disposed
within the through silicon vias. Still yet, embodiments can
include opposing end sources that are coupled to electrical
and coolant sources to provide double sided power, coolant,
and electrical/optical data signals to the wafer stack. In other
exemplary embodiments at least one of the opposing end
substrates can be an interposer. The interposer can comprise
silicon, glass, organic, or a combination thereof. In still yet
other embodiments, the interposer can be configured to con-
tact to an array of 3D stacks of substantially the same height.

Other aspects and features of embodiments of the present
invention will become apparent to those of ordinary skill in
the art, upon reviewing the following description of specific,
exemplary embodiments of the present invention in concert
with the figures. While features of the present invention may
be discussed relative to certain embodiments and figures, all
embodiments of the present invention can include one or
more of the features discussed herein. While one or more
embodiments may be discussed as having certain advanta-
geous features, one or more of such features may also be used
with the various embodiments of the invention discussed
herein. In similar fashion, while exemplary embodiments
may be discussed below as system or method embodiments it
is to be understood that such exemplary embodiments can be
implemented in various systems, and methods. Embodiments
of the present invention can be implemented with hardware
components, software logic, or a combination of both.
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BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates a block diagram of an exploded, exem-
plary 3-D integrated circuit package that includes a microf-
luidic cooling system in accordance with some embodiments
of the present invention.

FIG. 2 illustrates a block diagram of an exploded, exem-
plary 3-D integrated circuit package that includes a microf-
luidic cooling system with micropipe interconnects and heat
sinks in accordance with some embodiments of the present
invention.

FIG. 3 illustrates a block diagram of an exemplary 3-D
integrated circuit package with microfluidic channels in
accordance with some embodiments of the present invention.

FIG. 4 illustrates a block diagram of another exemplary
3-D integrated circuit package with microfluidic channels in
accordance with some embodiments of the present invention.

FIG. 5 illustrates a fabrication process to fabricate a 3-D
integrated circuit package with microfluidic channels in
accordance with some embodiments of the present invention.

FIG. 6 illustrates another fabrication process to fabricate a
3-D integrated circuit package with microfluidic channels in
accordance with some embodiments of the present invention.

FIG. 7 illustrates a block diagram of an exemplary 3-D
integrated circuit package with coolant provided from a cir-
cuit board in accordance with some embodiments of the
present invention.

FIG. 8 illustrates a block diagram of another exemplary
3-D integrated circuit package with coolant provided from
one or more external supplies in accordance with some
embodiments of the present invention.

FIG. 9 illustrates a block diagram of another exemplary
3-D integrated circuit package with fluidic seals in accor-
dance with some embodiments of the present invention.

FIG. 10 illustrates a block diagram of another exemplary
3-D integrated circuit package with a carrier microchannel
heat sink wafer in accordance with some embodiments of the
present invention.

FIG. 11 illustrates a mesh seeding layer process to fabricate
through silicon vias for 3-D integrated circuit packages in
accordance with some embodiments of the present invention.

FIG. 12 illustrates a block diagram of yet another exem-
plary 3-D integrated circuit package having double sided
delivery of power, cooling fluids, and signals in accordance
with some embodiments of the present invention.

FIG. 13 illustrates a block diagram of yet another exem-
plary 3-D integrated circuit package having double sided
delivery of power, cooling fluids, and signals in accordance
with some embodiments of the present invention.

FIG. 14 illustrates a block diagram of yet another exem-
plary 3-D integrated circuit package having double sided
delivery of power, cooling fluids, and signals in accordance
with some embodiments of the present invention.

FIG. 15 illustrates a block diagram of yet another exem-
plary 3-D integrated circuit package having integrated decou-
pling capacitors in accordance with some embodiments of the
present invention.

FIG. 16 illustrates a block diagram of a micro-pin heat sink
for interlevel cooling in a 3-D integrated circuit package in
accordance with some embodiments of the present invention.

FIG. 17 illustrates a schematic diagram and an image of
carbon nanotubes within a wafer and silicon heat sink for use
with 3-D integrated circuit packages in accordance with some
embodiments of the present invention.

DETAILED DESCRIPTION OF PREFERRED &
ALTERNATIVE EMBODIMENTS

The International Technology Roadmap for Semiconduc-
tors (ITRS) projects that power dissipation will reach 151 W
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and 198 W for cost performance and high-performance appli-
cations, respectively, by 2018 at the 18 nm technology node.
Consequently, it is not likely that conventional heat removal
techniques will meet the power density, heat flux, and thermal
resistance needs of future high performance microprocessors.

Liquid cooling using microchannels, as discussed herein,
can meet the thermal management requirements of high-
performance microprocessors due to high heat transfer coef-
ficient. Although a number of researchers have explored
advantages of using liquid cooling to mitigate future thermal
management problems, heretofore many unknowns existed
for implementation, especially for 3-D integrated systems.
These unknowns include fabrication of an on-chip microflu-
idic heat sink and integration of electrical through-silicon
vias (TSVs), where to place fluidic I/O interconnects for 3D
chips, how to supply fluid to and extract fluid from micro-
channels embedded in a 3D stack, and how to assemble 3D
ICs with microfluidic functionality. As mentioned above,
embodiments of the present invention enables and provides
process integration and assembly technologies for a proposed
microfiuidic liquid cooling configuration to cool three-di-
mensional ICs.

Referring now to the figures, wherein like reference numer-
als represent like parts throughout the several views, exem-
plary embodiments of the present invention will be described
in detail. Throughout this description, various components
may be identified as having specific values or parameters,
however, these items are provided as exemplary embodi-
ments. Indeed, the exemplary embodiments do not limit the
various aspects and concepts of the present invention as many
comparable parameters, sizes, ranges, and/or values may be
implemented.

FIG. 1 illustrates a block diagram of an exploded, exem-
plary three dimensional integrated circuit package 100 that
includes a microfluidic cooling system 125 in accordance
with some embodiments of the present invention. As shown,
the IC package generally includes a microchannel heat sink
integration into each stratum of'a 3D stack. Such an arrange-
ment can enables cooling of about >100 W/cm2. The arrange-
ment can also be used to providing microchannel cooling of
up to ~800 W/cm2. In addition, the IC package 100 generally
includes a substrate 105 for carrying multiple die wafers 110,
115, 120. The cooling system 125 includes electrical and
fluidic connections disposed between adjacent surfaces of the
multiple die wafers 110, 115, 120.

In the embodiments disclosed herein, the embodiments
generally include a stack of wafers with electrical and fluidic
interconnections connecting the wafers in the stack. The elec-
trical interconnections can be of many different conductors
and can be implemented as through wafer vias. The fluidic
interconnections enable coolant to be routed through a wafer
stack. The fluidic interconnections can include pipes (e.g.,
polymer micro pipes) disposed between wafers and channels
formed through the wafers. The pipes can be aligned with the
channels in coaxial arrangement to ensure fluid flow there-
through. In some embodiments, a barrier layer can be dis-
posed or provided within the interior surfaces of the pipes and
channels. Use of such a barrier layer may be desired to pre-
vent coolant from being absorbed by the pipes and channels.

Coolant can be provided from one or more external sources
in accordance with embodiments of the present invention. As
coolant is provided to the IC package 100, it is routed through
the IC package by virtue of channels and pipes. Coolant
flowing through the channels and pipes absorbs heat from the
1C package 100 and due to this heat exchange system, coolant
can control and/or manage heat dissipated by the IC package
100. It should be understood that embodiments of the present
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invention can also include embodiments where a cooling
network of channels and pipes can be disposed within an IC
package. Such a cooling network can include horizontal,
diagonal, vertical, or a combination thereof of coolant chan-
nels to route coolant through an IC package. The channels can
be routed through or on substrates and/or wafers of an IC
package.

As illustrated, the IC package 100 includes multiple elec-
trical and fluidic connections between watfers. The fluidic
connections are generally disposed on opposing ends of the
wafers and provide fluid channels for delivery of a coolant.
Such coolant can be any material to absorb heat from the IC
package such that heat is moved from the IC package. While
illustrated as vertical interconnections, the fluidic channels
can be horizontal or diagonal channels for coolant. In addi-
tion, the microfluidic channels can enable horizontal coolant
flow through a wafer for cooling purposes. As further shown
in FIG. 1, coolant can be routed through the IC package’s
substrate. Such an arrangement provides a coolant inlet and
outlet through the substrate.

Utilization of microfluidic channels enables management
of heat produced during operation of the IC package 100.
Indeed, heat is managed and redirected from the 3D IC pack-
age 100 by integrating microchannel heat sinks within each
stratum (chip) in the 3D stack. In addition, a liquid coolant is
delivered to the microchannel heat sinks within the 3D stack
using a thermofluidic interconnect network that is composed
of'polymeric microfluidic chip I/Os (micropipes) and microf-
luidic through silicon vias. The thermofluidic interconnect
network within the IC package 100 can be integrated with
conventional solder bumps and electrical TSVs. Integration
in this arrangement enables power delivery and communica-
tion between the different chips within the 3D stack of the IC
package 100.

Other embodiments and methods are also contemplated in
accordance with the present invention. For example, other
methods of electrical bonding are compatible with the
micropipes (for example, compliant leads, Cu—Cu bonding,
etc). Unlike prior work on microfluidic cooling of ICs that
require millimeter-sized and bulky fluidic inlets/outlets to the
microchannel heat sink, micropipe I/Os according to embodi-
ments of the present invention are microscale, wafer-level
batch fabricated, area-array distributed, flip-chip compatible,
and mechanically compliant. Electrical TSVs can be, for
example fabricated with an aspect ratio of 8:1; other greater
ratios (e.g., 49:1) are also possible in accordance with
embodiments of the present invention. An exemplary process
used to fabricate the microchannel heat sink, electrical and
microfiuidic TSVs, and the solder bumps (e.g., C4 bumps)
and microfludic 1/Os is explained below. Temperatures used
during fabrication can be maintained below 260 Celsius. Fab-
rication of the 3D thermofluidic interconnect network 100,
which only requires four minimally demanding masking
steps, is compatible with CMOS process technology and
flip-chip assembly.

FIG. 2 illustrates a block diagram of an exploded, exem-
plary three dimensional integrated circuit package 200 that
includes a microfluidic cooling system 205 with micropipe
interconnects and heat sinks in accordance with some
embodiments of the present invention. As shown, the IC
package 200 includes a microfluidic network cooling scheme
that can cool three-dimensionally stacked ICs. Each silicon
die of the 3D stack contains a monolithically integrated
microchannel heat sink; through-silicon electrical (copper)
vias (TSEV); through-silicon fluidic (hollow) vias (TSFV)
for fluidic routing in the 3D stack; and solder bumps (electri-
cal I/Os) and microscale polymer pipes (fluidic [/Os) on the
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side of the chip opposite to the microchannel heat sink.
Microscale fluidic interconnection between strata is enabled
by through-wafer fluidic vias and polymer pipe 1/O intercon-
nects. The chips are designed such that when they are stacked,
each chip makes electrical and fluidic interconnection to the
dice above and below. As a result, power delivery and signal-
ing can be supported by the electrical interconnects (solder
bumps and copper TSVs), and heat removal for each stratum
can be supported by the fluidic [/Os and microchannel heat
sinks.

FIGS. 3 and 4 illustrate a block diagram of an exemplary
three dimensional integrated circuit package 300 with
microfluidic channels in accordance with some embodiments
of the present invention. As shown, the IC package includes
micropipes extending between silicon wafers. Such an
arrangement enables small form factor and easy fabrication of
thermally interconnected wafers in slim fabrication pack-
ages. Indeed, as show, fluidic I/Os can be assembled substan-
tially simultaneously with electrical I/Os. Such fabrication
arrangement enables thermally isolated layers due to cooling
on each layers and multiple fluidic I/Os (inlets/outlets) due to
wafer-level batch fabrication.

1/0 and assembly technology for microchannel cooled 3D
integrated circuits is illustrated in FIGS. 3 and 4, and dis-
cussed below. After solder bumping, fluidic pipes are fabri-
cated with a polymer such as Avatrel for the top chip in a two
chip 3D stack. The bottom chip in the two chip 3D stack is first
assembled onto the substrate with a flip-chip bonder. Follow-
ing this, the top chip in the 3D stack is assembled onto the
bottom chip as shown. Underfill is dispensed to seal fluidic
pipes and control co-efficient of thermal expansion mis-
matches between the chip and the substrate as demonstrated
for single chips previously. FIGS. 3 and 4 thus demonstrate
chip-level fabrication technology and assembly technology
required for a microchannel cooled 3D integrated circuit.

FIG. 5 illustrates a fabrication process 500 to fabricate a
three dimensional integrated circuit package with microflu-
idic channels in accordance with some embodiments of the
present invention. As shown, a schematic of wafer-level inte-
gration of microchannels, through-silicon fluidic vias, and
electrical through-silicon vias to enable 3D system integra-
tion using liquid cooling is enabled. Indeed, such a fabrication
process can include: deposition of oxide on front-side of
wafer; patterning and etching through-silicon vias; copper
seed layer evaporation and electroplating; fluidic TSVs and
microchannel trenches are etched into the back side of the
wafer; spin coating and polishing of Unity sacrificial poly-
mer; spin coating and patterning Avatrel polymer sockets; and
simultaneous curing of Avatrel polymer and thermally
decomposition of sacrificial polymer.

The process can begins by depositing a 3 um thick layer of
silicon-oxide on the front side of the wafer as a through-
silicon via etch-stop layer (FIG. 3a). TSV are patterned and
anisotropically etched into the back side of the silicon wafer
in an inductive coupled plasma (ICP) etching tool (FIG. 55).
After thermally growing a 1 um layer of oxide on the TSV
sidewalls, a Ti/Cu seed layer is evaporated on the front-side of
the wafer. After which, copper is electroplated in the TSVs
(FIG. 5¢). Next, using two lithography steps, fluidic TSVs
and microchannel trenches are etched into the back side of the
wafer (FIG. 5d). Subsequently, Unity sacrificial polymer
(Promerus, L.L.C) is spin-coated on the wafer, filling the flu-
idic TSVs and microchannels. Afterwards, mechanical pol-
ishing is performed to planarize the surface (FIG. 5¢). Next,
15 um of Avatrel 2090P polymer (Promerus, LLC) is spin-
coated onto the wafer and polymer sockets are patterned
(FIG. 5f). Finally, the Avatrel polymer is cured, and the Unity
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sacrificial polymer is thermally decomposed simultaneously,
making the process CMOS-compatible (FIG. 5g). Micro-
channels can be formed to 200 pm tall and 100 pm wide, and
the copper TSVs can have a 50 pm diameter. Platinum resis-
tors can also be fabricated on a wafer to facilitate heating and
temperature sensing. The fabrication process 500 illustrated
in FIG. 5 can also be modified to yield other fabrication
processes to fabricate 3-D IC packages in accordance with the
present invention. For example, a fabrication process may
include bonding of wafers to provide microfluidic channels.
In this fabrication method, microfluidic pipes may not be
utilized since channels formed in the wafers can be directly
aligned in fluid communication with a need or desire for
intermediate interconnects such as micropipes.

FIG. 6 illustrates another fabrication process to fabricate a
three dimensional integrated circuit package with microflu-
idic channels in accordance with some embodiments of the
present invention. To address the unknowns of where to place
fluidic I/O interconnects for 3D chips, how to supply fluid to
each die in the 3D stack, how to assemble 3D ICs with
microfluidic functionality and to demonstrate the capability
of supplying fluid to each die in the 3D stack, a prototype 3D
stack is demonstrated in which chips with electrical and flu-
idic I/Os are stacked and a coolant is circulated from the top
chip, through the 3D stack, and out of the bottom of the
substrate. Fabrication, as shown in FIG. 6, is a process flow
for a silicon die with integrated polymer sockets, through-
wafer fluidic interconnects, thermofluidic I/O interconnects,
and electrical I/O interconnects.

The process 600 includes several steps. For example, the
process 600 begins by sputtering a 300/10000/300 A tita-
niuny/copper/titanium (Ti/Cu/Ti) metal layer, where Ti serves
as an adhesion promoter between Cu and silicon (FIG. 6a).
The metal is patterned using a wet etch process (FIG. 65).
Next, 1 um of oxide is deposited on the back side of the wafer
as a polymer adhesion layer (FIG. 6c¢), and 3 um of oxide is
deposited on the front side as a through-silicon via etch-stop
layer (FIG. 6d). Next, 15 um of Avatrel 2090P polymer is spin
coated onto the wafer (FIG. 6¢). Afterwards, polymer sockets
are patterned on top of the metal (FIG. 6f). The firstlayer of Ti
is removed using a wet-etching process. Through-wafer flu-
idic vias are patterned and anisotropically etched into the
back side of the silicon wafer in an ICP etching tool (FIG. 6g);
the etching stops at the etch-stop layer on the front side of the
wafer. Next, a 12 um layer of Avatrel polymer is spin coated
and patterned on the front side of the wafer and used as a
passivation layer (FIG. 6/4). After sputtering a 300/2000/300
A Ti/Cu/Ti seed layer and electroplating a FIG. 2 um nickel
under-bump metallurgy layer, 50 um C4 solder bumps are
electroplated for area-array electrical interconnects (FIG. 6i).
Afterwards, a 60 um layer of Avatrel polymer is spin coated
onto the front side of the wafer and used to pattern polymer
pipes, which serve as thermofluidic 1/O interconnects (FIG.
6/). Finally, an oxide layer covering the through-wafer fluidic
vias on the front side of the wafer is removed using a wet etch
process to allow fluidic circulation.

FIGS. 7-10 illustrate block diagrams of other three dimen-
sional integrated circuit package with coolant provided from
a circuit board in accordance with some embodiments of the
present invention. FIG. 7 illustrates a coolant provided from a
printed circuit board carrying multiple silicon wafers and
FIG. 8 illustrates how an external coolant supply can provide
a coolant fluid in accordance with some embodiments of the
present invention. FIG. 9 illustrates additional features of an
embodiment wherein fluid coolant is provided from an exter-
nal source and routed through a passageway exiting from a
substrate carrying multiple silicon wafers.
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And FIG. 10 illustrates another embodiment of the present
invention providing a process for assembling a silicon CMOS
dice into a carrier microchannel heat sink wafer. FIG. 10 also
illustrates subsequent steps to fabricate electrical, optical, and
fluidic 1/0s. A key feature of this embodiment enables inte-
gration of a microchannel heat sink on a CMOS die without
the need for a thermal interface material (TIM) and using
low-cost assembly and fabrication processes. For example,
there is no need to reconcile the fabrication of the microchan-
nel heat sink with CMOS wafer. In addition, two different
wafers can be fabricated in two different foundries.

FIG. 11 illustrates a mesh seeding layer process 1100 to
fabricate through silicon vias for 3-D integrated circuit pack-
ages in accordance with some embodiments of the present
invention. As shown in FIG. 11, the process 1100 can be used
for fabricating electrical through silicon vias (or TSVs). The
process 1100 essentially enables filling a through-silicon via
with a sacrificial material after etching. Then a seed layer can
be deposed over the sacrificial layer (e.g., a seed layer of
copper) (1100A). The seed layer can be performed in a mesh
arrangement leaving material pillars (e.g., copper pillars
placed in gaps) (1100B, 1100C). Removal of the sacrificial
layer can the be performed (1100D). Next, material elec-
trodeposition (e.g., copper deposition) can then be used to fill
vias created when seeding material (1100E, 1100F) to yield a
through silicon via. Advantageously, the process 1100 can
greatly reduce the time it takes for horizontal pitch-offused in
some fabrication processes.

FIG. 12 illustrates a block diagram of yet another exem-
plary 3-D integrated circuit package 1200 having double
sided delivery of power, cooling fluids, and signals in accor-
dance with some embodiments of the present invention. In
general, the package 1200 can comprise multiple dies or
wafers 1205, 1210, 1215 disposed between two substrates
1220, 1225. As shown, the package is shown in a slightly
exploded view. Features can be provided to enable power
delivery, cooling, and signaling from both of the wafers 1220,
1225. This advantageously enables provision power, cooling,
and signaling from opposing sides (e.g., opposing top and
bottom sides) of a 3-D integrated chip package.

Power and signals can be provided to the wafers 1205,
1210, 1215 via electrical conductors from the substrates
1220, 1225. Power and signals can also be dispersed through
the package 1200 via interconnects coupling the wafers 1205,
1210, 1215 and the substrates 1220, 1225 and via intercon-
nects coupling adjacent wafers 1205, 1210, 1215. By utilizing
double side power and signal distribution, embodiments of
the present invention can provide low noise packages. In
some embodiments, some or all of the interconnects can be
optical interconnect to enable the transmission of optical
signals.

Fluidic cooling can be provided in various manners as
discussed herein. As shown, in FIG. 12, coolant fluid can be
provided via microfluidic pipes or interconnects. These
microfluidic pipes can be similar to those discussed above and
for brevity the same features will not be discussed here. What
is shown in FIG. 12 to be is that the top substrate 1220 can also
include one or more microfluidic pipe couplers 1230, 1235.
This enables a continuous cooling network to be configured
for passing through the package at varying wafer levels.

FIGS. 13-14 illustrates block diagrams of yet additional
exemplary 3-D integrated circuit packages 1300, 1400 having
double sided delivery of power, cooling fluids, and signals in
accordance with some embodiments of the present invention.
In FIG. 13, the top substrate 1305 can be coupled to a bottom
substrate 1310 with a conductive interconnect 1315. This
conductive coupling enables power to be provided to the top
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substrate 1305 for provision to the top side of the package. In
FIG. 14, the conductive interconnect 1315 can be replaced
with a flexible power cord 1415.

The packages 1300, 1400 also show additional features of
some embodiments of the present invention. Capacitors 1320
can be provided for use with the top substrate 1305. In some
embodiments the capacitors 1320 can be surface mounted
and in other integrated with the substrate. Capacitors 1320
can be used for filtering or many other uses as desired. When
used as filters, capacitors 1320 can be effective components
for reducing power supply noise.

FIG. 15 illustrates a block diagram of yet another exem-
plary 3-D integrated circuit package 1500 having integrated
decoupling capacitors in accordance with some embodiments
of the present invention. This figure does not illustrate two
sided power, coolant, and signal features (although it could be
used in such components) as it highlights integration of
decoupling capacitors with each layer of an integrated circuit
package. As shown, capacitors can be integrated on each layer
of'silicon (or other material) within an integrated circuit pack-
age. Providing integrated capacitors in this fashion can help to
reduce noise associated with power supplies.

FIG. 16 illustrates a block diagram of a micro-pin heat sink
1600 for interlevel cooling in a 3-D integrated circuit package
in accordance with some embodiments of the present inven-
tion. As shown, the heat sink 1600 can include a die 1605, a
plurality of electrical/optical interconnects 1610, a plurality
of fluidic/coolant interconnects 1615, and a plurality of pins
1620. The pins 1620 can be used to interconnect the die 1605
to another die or substrate.

The pins 1620 can be configured to help address heat
concerns. In this fashion, the pins 1620 can constitute a
micro-pin heat sink for interlevel cooling in a 3-D integrated
circuit package. As illustrated, each of the pins 1620 can be
fabricated from an inner material 1625 and an outer material
1630. The inner material 1625 can be an electrically conduc-
tive material, such as a through silicon pin or via electrical
interconnect. The outer material 1630 can be heat sink mate-
rial to help move heat away from the inner material 1625
and/or proximately situated circuitry. In some embodiments,
the outer material 1630 can be silicon. Fin heat sinks have low
resistance and low power consumption and/or pressure drop
yet are ideal for high density and area-array distributed
through silicon vias.

FIG. 17 illustrates a schematic diagram and an image of
carbon nanotubes (CNTs) within a wafer and silicon heat sink
1700 for use with 3-D integrated circuit packages in accor-
dance with some embodiments of the present invention. The
heat sink 1700 is yet another heat sink embodiment capable of
being used in 3-D integrated heat sink packages as feature to
control heat. The heat sink 1700 is shown in a slightly
exploded arrangement with spaced apart die layers. The heat
sink 1700 can include a plurality of spaced apart carbon
nanotube bundles 1705 and multiple layers 1710, 1715 of a
die material (e.g., silicon).

The bundles 1705 can be disposed within silicon vias and
serve as interconnects. In some embodiments, ends of the
bundles 1705 can be capped with a metal. The CNT image
illustrates a CNT bundle having an exposed end and raised
higher than the surrounding die material layer. The exposed
end can be capped with a metal to bond and connect the
exposed end (and the bundles 1705) to the surrounding die
material layer.

The embodiments of the present invention are not limited
to the particular formulations, process steps, and materials
disclosed herein as such formulations, process steps, and
materials may vary somewhat. Moreover, the terminology
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employed herein is used for the purpose of describing exem-
plary embodiments only and the terminology is not intended
to be limiting since the scope of the various embodiments of
the present invention will be limited only by the appended
claims and equivalents thereof.

Therefore, while embodiments of the invention are
described with reference to exemplary embodiments, those
skilled in the art will understand that variations and modifi-
cations can be effected within the scope of the invention as
defined in the appended claims. Accordingly, the scope of the
various embodiments of the present invention should not be
limited to the above discussed embodiments, and should only
be defined by the following claims and all equivalents.

We claim:

1. An integrated circuit package comprising:

a plurality of semiconductor wafers each having a top
exterior surface and a bottom exterior surface, the plu-
rality of semiconductor wafers forming a multi-dimen-
sional wafer stack of die wafers such that adjacent
wafers have facing surfaces;

each of the semiconductor wafers comprising one or more
channels formed through the wafers, wherein a portion
of the channels extend generally between the top and
bottom exterior surfaces of the semiconductor wafers
and wherein a portion of the channels carry conductors
for electronically or optically coupling the semiconduc-
tor wafers; and

opposing end substrates disposed proximate opposing
ends of the multi-dimensional stack, the opposing end
substrates configured to supply power between the
opposing end substrates of the multi-dimensional wafer
stack.

2. The integrated circuit package of claim 1, wherein the
opposing end substrates are configured to supply a coolant
liquid to the opposing end substrates of the multi-dimensional
wafer stack.

3. The integrated circuit package of claim 1, further com-
prising at least one micro-pipe disposed between adjacent
semiconductor wafers in the stack, the micro-pipes having
opposed ends coupled to adjacent semiconductor wafers, the
micro-pipes enabling at least a portion of one or more of the
semiconductor wafers to be in fluid communication with each
other for cooling.

4. The integrated circuit package of claim 1, wherein the
opposing end substrates comprise internal electrical conduc-
tors and wherein a conductive material couples internal elec-
trical conductors from the substrate together so that the inter-
nal electrical conductors are electrically coupled.

5. The integrated circuit package of claim 1, wherein the
conductive material is one of a substrate-to-substrate inter-
connect and a power cord.

6. The integrated circuit package of claim 1, further com-
prising at least one capacitor disposed on or integrated with
one of the opposing end substrates.

7. The integrated circuit package of claim 1, further com-
prising at least one capacitor disposed on or integrated with at
least one of the semiconductor wafers.

8. The integrated circuit package of claim 1, further com-
prising micro-pipes disposed between adjacent semiconduc-
tor wafer surfaces, the micro-pipes being disposed in at least
one of horizontal, vertical, or diagonal arrangement between
semiconductor die wafers.

9. The integrated circuit package of claim 1, further com-
prising a plurality of micro-pin heat sinks disposed between
adjacent wafers in the multi-dimensional wafer stack, the
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plurality of micro-pin heat sinks comprising an inner electri-
cally conductive material arranged in a coaxial arrangement
with a outer heat dissipating material.

10. The integrated circuit package of claim 1, further com-
prising a plurality of carbon nanotubes bundles that are dis-
posed between and electrically couple adjacent wafers in the
multi-dimensional wafer stack.

11. In a three dimensional integrated circuit package com-
prising multiple wafers stacked upon each other to form a
three dimensional wafer stack, a system to provide power,
coolant, and signals from multiple sides of the three dimen-
sional circuit package, the system comprising:

a plurality of semiconductor wafers stacked upon each
other in a vertical arrangement to form a vertical stack of
wafers;

a plurality of electronic or optical interconnects disposed
within vias disposed within the semiconductor wafers,
the interconnects corresponding to interconnects in an
adjacent semiconductor wafer such that adjacent semi-
conductor wafers are operatively configured to commu-
nicate with each other;

a plurality of coolant fluidic channels disposed within the
plurality of semiconductor wafers forming a coolant
loop through the three dimensional stack to remove heat
emitted from within the vertical stack of wafers; and

opposing end substrates disposed proximate opposing
ends of the vertical stack of wafers, the opposing end
substrates configured to supply power and coolant
between the opposing end substrates of the multi-dimen-
sional wafer stack.

12. The system of claim 11, further comprising a plurality
of micro-pipes disposed generally between semiconductor
wafers to transport coolant between adjacent semiconductor
wafers, each of the micro-pipes having approximately the
same diameter and formed on opposing sides of the semicon-
ductor wafers.

13. The system of claim 11, further comprising one or more
capacitors and/or other passive devices disposed proximate
one of the opposing end substrates and proximate at least one
of' the plurality of semiconductor wafers.

14. The system of claim 11, wherein at least some of the
plurality of interconnects are configured as heat sinks to dis-
sipate heat from the interconnects.

15. The system of claim 11, wherein at least some of
plurality of interconnects comprise a heat dissipating material
arranged around the interconnects for heat dissipation.

16. The system of claim 11, wherein at least some of the
interconnects a first conductive material disposed within a
second material that is a heat dissipation material.

17. The system of claim 11, wherein at least one of the
plurality of semiconductor wafers defines through silicon
vias and wherein carbon nanotubes bundles are disposed
within the through silicon vias.

18. The system of claim 11, wherein the opposing end
sources are coupled to electrical and coolant sources to pro-
vide double sided power, coolant, and electrical/optical data
signals to the wafer stack.

19. The system of claim 11, wherein at least one of the
opposing end substrates is an interposer that comprises sili-
con, glass, organic, or a combination thereof.

20. The system of claim 11, wherein at least one of the
opposing end substrates is an interposer that is configured to
contact to an array of 3D stacks of substantially the same

height.



