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Fluid Routing Devices And Methods For Cooling Integrated Circuit
Packages

CROSS REFERENCE TO RELATED APPLICATION

[0001] This patent application claims priority to U.S. patent application 15/274,335,

filed September 23, 2016, which is incorporated by reference herein in its entirety.
FIELD OF THE DISCLOSURE

[0002] The present disclosure relates to fluidic cooling, and more particularly, to

fluid routing devices and methods for cooling integrated circuit packages.
BACKGROUND

[0003] In a semiconductor device assembly, an integrated circuit (IC) die (also
referred to as a semiconductor chip or device) may be mounted on a packaging
substrate. As logic and power density of IC dies increase, device cooling has become
a more significant concern. Conventional cooling techniques, which depend on heat
sinks on the backs of IC dies to transfer heat into streams of forced air, will not be
able to meet the needs of power-hungry devices, especially in packages that pack
more processing power into less space within IC dies. The power generated during
high volume operation by such devices may reduce the overall cooling efficiency, and
create localized regions of high temperature (i.e., hot spots), which may adversely

affect the overall performance and reliability of the devices.
BRIEF SUMMARY

[0004] Embodiments of the present invention can be implemented in numerous
ways, such as a process, an apparatus, a system, or a device. Several embodiments of

the present invention are described below.

[0005] According to an embodiment, a fluid routing device includes a fluid inlet,
first vertical channels, a horizontal channel, a second vertical channel, and a fluid
outlet. The first vertical channels are open to the fluid inlet. The horizontal channel
is open to each of the first vertical channels. The first vertical channels are oriented to
provide fluid coolant received from the fluid inlet vertically down to the horizontal
channel. The horizontal channel is open on one side such that fluid coolant in the

horizontal channel directly contacts an apparatus attached to a bottom of the fluid
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routing device. The second vertical channel is open to the horizontal channel. The
second vertical channel is oriented to provide fluid coolant vertically up away from
the horizontal channel. The fluid outlet is open to the second vertical channel such
that fluid coolant received from the second vertical channel exits the fluid routing

device through the fluid outlet.

[0006] Various objects, features, and advantages of the present invention will
become apparent upon consideration of the following detailed description and the

accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Figure 1 shows a cross section view of an example of a fluidic cooling
system for an integrated circuit package, in accordance with one embodiment of the

present invention.

[0008] Figure 2 shows a cross section view of another example of a fluidic cooling
system for an integrated circuit package, in accordance with another embodiment of

the present invention.

[0009] Figure 3 is a downward or upward view of a groove in a fluid routing device

or in a heat spreader, according to an embodiment of the present invention.

[0010] Figure 4A illustrates an example of a connection between a fluid routing
device and a heat spreader, in which a groove for receiving an O-ring is located in the

fluid routing device, according to an embodiment of the present invention.

[0011] Figure 4B illustrates an example of a connection between a fluid routing
device and a heat spreader, in which a groove for receiving an O-ring is located in the

heat spreader, according to an embodiment of the present invention.

[0012] Figure 4C illustrates an example of a connection between a fluid routing
device and a heat spreader, in which grooves for receiving an O-ring are located in the
fluid routing device and in the heat spreader, according to an embodiment of the

present invention.

[0013] Figure 5 shows a cross section view of an example of a fluidic cooling

system for an integrated circuit package that lacks a heat spreader or thermal interface
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material between the IC die and the fluid routing device, in accordance with yet

another embodiment of the present invention.

[0014] Figure 6 shows a bottom up view of examples of rectangular vertical fluidic
channels in a fluid routing device, according to an embodiment of the present

invention.

[0015] Figure 7 shows a bottom up view of examples of circular vertical fluidic
channels in a fluid routing device, according to an embodiment of the present

invention.

[0016] Figure 8 shows a cross section view of an example of a fluidic cooling
system for an integrated circuit package that has a fluid inlet for fluid coolant on the
top of the fluid routing device, in accordance with yet another embodiment of the

present invention.

[0017] Figure 9 shows a bottom up view of additional examples of rectangular

vertical fluidic channels in a fluid routing device, according to an embodiment.

[0018] Figure 10 shows a bottom up view of other examples of vertical fluidic

channels in a fluid routing device, according to an embodiment.

[0019] Figure 11 shows a cross section view of an example of a fluidic cooling
system for an integrated circuit package that attaches a fluid routing device to a

motherboard and a back plate, according to an embodiment.

[0020] Figure 12 illustrates an example of a fluid routing device that is constructed

from multiple parts, according to a further embodiment.

[0021] Figure 13 illustrates another example of a fluid routing device that is

constructed from multiple parts, according to a further embodiment.

[0022] Figure 14 is a flow chart that illustrates operations that may be performed to
generate an optimized fluidic cooling system for an integrated circuit package,

according to an embodiment.
DETAILED DESCRIPTION

[0023] Some fluid cooling systems include cold plates that are attached to a heat

spreader in an integrated circuit package with thermal interface material (TIM)
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between the cold plate and the heat spreader. The path of the fluid coolant through
the cold plate is separate from the heat spreader. The fluid coolant does not directly
contact the heat spreader. Any additional materials and/or material interfaces
between the fluid coolant and the source of heat increase thermal resistance, limiting
the effectiveness of heat transfer to the coolant. According to some embodiments
disclosed herein, fluidic cooling systems and methods are provided in which a fluid
routing device is directly connected to a heat spreader in an integrated circuit package
without a thermal interface material (TIM) there between. Fluid coolant flowing
through the fluid routing device directly contacts the heat spreader. Examples of

these embodiments are shown and described herein with respect to Figures 1-2.

[0024] Figure (FIG.) 1 shows a cross section view of an example of a fluidic
cooling system for an integrated circuit package, in accordance with one embodiment
of the present invention. The fluidic cooling system of FIG. 1 includes an integrated
circuit (IC) package 100 and a fluid routing device 102. IC package 100 includes IC
die 114, solder bumps 116, and package substrate 118. IC die 114 may be, for
example, a field-programmable gate array (FPGA) die, a processor IC die, a memory
IC die, an analog IC die, or another type of IC die. As shown in FIG. 1, IC die 114
may be coupled to package substrate 118 through solder bumps 116. It should be
appreciated that even though one IC die is shown in the embodiment of FIG. 1,
depending on the required functionality of the integrated circuit package, two or more

IC dies may be included within integrated circuit package 100.

[0025] IC package 100 also includes heat spreader 110 and thermal interface
material (TIM) 112. As shown in FIG. 1, heat spreader 110 is mounted on package
substrate 118. TIM 112 is located between heat spreader 110 and IC die 114. FIG. 1
also illustrates a fluid routing device 102. Fluid routing device 102 is mounted on top
of the IC package 100 directly on the heat spreader 110. Fluid routing device 102
may be made of any sturdy material, such as metal or a suitable plastic. Fluid routing
device 102 is connected to heat spreader 110 through connection 106. Examples of

connection 106 are shown and described herein with respect to Figures 3 and 4A-4C.

[0026] Fluid routing device 102 includes a fluid inlet 122, a fluid outlet 124,
vertical fluidic channels 11A-11E, vertical fluidic channels 21A-21D, and horizontal

fluidic channel 25. A fluid coolant is delivered to fluid routing device 102 through
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the fluid inlet 122 to remove heat from the IC package 100. The fluid coolant can be
one or more of many materials capable of absorbing heat from IC package 100, such
that heat is removed from IC package 100. For example, the fluid coolant may be
deionized water, a mixture of water and anti-freezing solution such as propylene

glycol, or refrigerant.

[0027] The fluid coolant flows into the fluid routing device 102 through the fluid
inlet 122. The fluid coolant then flows from fluid inlet 122 through fluidic channels
(not shown) in device 102 to fluidic channels 21A-21D. Thus, channels 21A-21D are
open to the fluid inlet 122. The fluid coolant then flows vertically down through
vertical fluidic channels 21A-21D to channel 25, as shown by the dotted down arrows
in FIG. 1. Each of the vertical channels 21A-21D has a constricted opening directly
above horizontal channel 25. For example, channel 21A has a constricted opening 23
above channel 25. The fluid coolant flows through the constricted openings in
channels 21A-21D to channel 25. These constricted openings in channels 21A-21D
may function as nozzles that accelerate the coolant towards the surface of heat
spreader 110. The fluid coolant then flows horizontally in channel 25 from vertical
channels 21A-21D to vertical channels 11A-11E, as shown by the horizontal arrows
in FIG. 1. Horizontal channel 25 is perpendicular to channels 21A-21D and 11A-
11E.

[0028] During the operation of integrated circuit (IC) 114, IC 114 generates heat.
Some of the heat generated by IC 114 is transferred to heat spreader 110 through TIM
112. Thus, the heat spreader 110 receives heat from the integrated circuit (IC) 114
through the TIM 112 during the operation of the IC 114. Horizontal channel 25 is
open on the bottom of device 102 such that fluid coolant in channel 25 directly
contacts heat spreader 110. As the fluid coolant flows through channel 25, the fluid
coolant directly contacts the upper surface of heat spreader 110, and as a result, heat
from heat spreader 110 is more efficiently transferred to the fluid coolant in channel
25. Thus, the fluid coolant in channel 25 receives heat directly from the heat spreader
110 during the operation of the IC die 114, causing the fluid coolant to increase in

temperature.

[0029] The warmed fluid coolant then flows upwards from channel 25 into vertical

channels 11A-11E. The warmed fluid coolant from channel 25 flows vertically
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upwards through vertical channels 11A-11E, as shown by the solid up arrows in FIG.
1. The warmed fluid coolant then flows from channels 11A-11E through additional
fluidic channels (not shown) in device 102 to fluid outlet 124. The warmed fluid
coolant then exits the fluid routing device 102 through fluid outlet 124. Channels
11A-11E are open to the fluid outlet 124. Thus, the vertical channels 21A-21D and
11A-11E allow for the flow of fluid coolant downwards to and upwards from,
respectively, channel 25 and the upper surface of heat spreader 110 in order to remove
heat from IC package 100. The fluid coolant typically increases in temperature as it
flows through fluid routing device 102 from inlet 122 to outlet 124, thereby removing
heat from the IC package 100.

[0030] Because the fluid coolant is provided vertically down to channel 25 through
vertical channels 21A-21D that are spread across the portion of the upper surface of
the heat spreader 110 that is directly above IC die 114, cool fluid coolant coming
directly from inlet 122 is provided more uniformly across the upper surface of the
heat spreader 110, compared to a fluidic cooling system that only provides the coolant
in a horizontal direction from inlet to outlet. As a result, the fluid routing device 102
provides a more uniform means of heat transfer away from IC package 100 across the

upper surface of heat spreader 110.

[0031] In the fluid routing device 102, the vertical channels 21A-21D through
which coolant flows down to channel 25 are interleaved between the vertical channels
11A-11E through which coolant flows up away from channel 25. Alternating up and
down flowing vertical channels as in fluid routing device 102 may reduce the pressure

drop in the channels and improve the efficacy of the fluidic cooling system of FIG. 1.

[0032] Because there is no thermal interface material (TIM) between the fluid
coolant in channel 25 and heat spreader 110, the thermal resistance of the fluidic
cooling system of FIG. 1 is reduced. As a result, the heat transfer provided by the
fluid coolant as it flows through fluid routing device 102 is more efficient than the
heat transfer in a fluidic cooling system that has a TIM, a portion of the fluid routing

device, and/or other material between the heat spreader and the fluid coolant.

[0033] Figure 2 shows a cross section view of another example of a fluidic cooling
system for an integrated circuit package, in accordance with another embodiment of

the present invention. The fluidic cooling system of FIG. 2 includes a fluid routing
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device 202 and integrated circuit (IC) package 100, which is described above with
respect to FIG. 1. Fluid routing device 202 is mounted on top of the IC package 100
directly on the heat spreader 110, as with the previous embodiment. Fluid routing
device 202 is connected to heat spreader 110 through connection 206. Examples of

connection 206 are shown and described herein with respect to Figures 3 and 4A-4C.

[0034] Fluid routing device 202 includes a fluid inlet 222, a fluid outlet 224,
vertical fluidic channels 31A-31E, vertical fluidic channels 41A-41D, and horizontal
fluidic channel 45. A fluid coolant is delivered to fluid routing device 202 through
the fluid inlet 222 to remove heat from the IC package 100. The fluid coolant flows
from fluid inlet 222 through fluidic channels (not shown) in device 202 to vertical
fluidic channels 41A-41D. Thus, channels 41A-41D are open to the fluid inlet 222.
The fluid coolant then flows vertically downwards through vertical fluidic channels
41A-41D to channel 45, as shown by the dotted down arrows in FIG. 2. Horizontal
channel 45 is open to channels 31A-31E and 41A-41D. The fluid coolant then flows
horizontally through channel 45 from vertical channels 41A-41D to vertical channels
31A-31E, as shown by the horizontal arrows in FIG. 2. Horizontal channel 45 is
perpendicular to channels 31A-31E and 41A-41D.

[0035] Horizontal channel 45 is open on the bottom of device 202 such that fluid
coolant in channel 45 directly contacts heat spreader 110. As the fluid coolant flows
through channel 45, the fluid coolant directly contacts the upper surface of heat
spreader 110. As a result, heat from heat spreader 110 is transferred to the fluid
coolant in channel 45, and the fluid coolant increases in temperature. The warmed
fluid coolant then flows upwards from channel 45 into vertical channels 31A-31E.
The warmed fluid coolant from channel 45 flows vertically upwards through vertical
channels 31A-31E, as shown by the solid up arrows in FIG. 2. The warmed fluid
coolant then flows from channels 31A-31E through additional fluidic channels (not
shown) in device 202 to fluid outlet 224. Channels 31A-31E are open to fluid outlet
224. The warmed fluid coolant then exits the fluid routing device 202 through fluid
outlet 224, removing heat from IC package 100. In the example of FIG. 2, channels
31A-31E and channels 41A-41D are the same or about the same width.

[0036] As with the embodiment of FIG. 1, fluid routing device 202 provides cool

fluid coolant from inlet 222 more uniformly across the upper surface of heat spreader
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110, because cool fluid coolant is provided vertically down to channel 45 through
vertical channels 41A-41D that are spread across the portion of the upper surface of
heat spreader 110 that is directly above IC die 114. As a result, the fluid routing
device 202 provides a means of heat transfer away from IC package 100 that is
uniform across the upper surface of heat spreader 110. In addition, the thermal
resistance of the fluidic cooling system of FIG. 2 is reduced, because there is no TIM

or other material between the fluid coolant in channel 45 and heat spreader 110.

[0037] Figures 3 and 4A-4C illustrate examples of connections between a fluid
routing device and an integrated circuit (IC) package, according to various
embodiments of the present invention. Figure 3 is a downward or upward view of a
groove 302 in a device 300, according to an embodiment. Groove 302 is a continuous
rectangular groove that is adjacent to all four sides of device 300. The groove 302
surrounds the vertical channels 11 and 21 in device 102 or vertical channels 31 and 41
in device 202. The device 300 of FIG. 3 may, for example, be the heat spreader 110
of FIGS. 1-2, the fluid routing device 102 of FIG. 1, or the fluid routing device 202 of
FIG. 2. If device 300 is heat spreader 110, then FIG. 3 illustrates the top surface of
the heat spreader 110, and the groove 302 is in the top surface of the heat spreader
110. If device 300 is fluid routing device 102 or 202, then FIG. 3 illustrates the
bottom of the device 102 or 202, and the groove 302 is in the bottom surface of
device 102 or 202, respectively.

[0038] Figures 4A-4C are cross section views of examples of connection 106 of
FIG. 1 and connection 206 of FIG. 2, according to various embodiments. Figure 4A
illustrates an example of a connection between a fluid routing device 402 and a heat
spreader 408, in which a groove 404 for receiving an O-ring 406 is located in the fluid
routing device 402, according to an embodiment. The groove 404 of FIG. 4A may be
a cross section view of groove 302 in FIG. 3. O-ring 406 is attached to heat spreader
408. The O-ring 406 may be rectangular from a top view perspective, such that O-
ring 406 is located around the upper surface of heat spreader 408 directly below the
entire length of groove 404/302. The fluid routing device 402 is connected to the heat
spreader 408 by fitting the O-ring 406 into the groove 404. O-ring 406 may fit
snuggly into groove 404 as shown in FIG. 4A to facilitate attachment of fluid routing
device 402 to the heat spreader 408.
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[0039] Figure 4B illustrates an example of a connection between a fluid routing
device 412 and a heat spreader 418, in which a groove 414 for receiving an O-ring
416 is located in the heat spreader 418, according to an embodiment. The groove 414
of FIG. 4B may be a cross section view of groove 302 in FIG. 3. O-ring 416 is
attached to fluid routing device 412. The O-ring 416 may be rectangular from a
bottom view perspective of device 412, such that O-ring 416 is located around the
bottom surface of fluid routing device 412 directly above the entire length of groove
414/302. The fluid routing device 412 is connected to the heat spreader 418 by fitting
the O-ring 416 into the groove 414, as shown in FIG. 4B.

[0040] Figure 4C illustrates an example of a connection between a fluid routing
device 422 and a heat spreader 428, in which grooves 424 and 430 for receiving an O-
ring 426 are located in the fluid routing device 422 and in the heat spreader 428,
respectively, according to an embodiment. Each of the grooves 424 and 430 may be a
cross section view of groove 302 in FIG. 3. O-ring 426 is attached to fluid routing
device 422 in groove 424 or to heat spreader 428 in groove 430. The O-ring 426 may
be rectangular from a top or bottom view perspective, such that O-ring 426 is in the
entire length of each of the grooves 424 and 430. The fluid routing device 422 is
connected to the heat spreader 428 by fitting the O-ring 426 into the other groove 424
or 430 that the O-ring 426 is not attached to, as shown in FIG. 4C.

[0041] Figure 5 shows a cross section view of yet another example of a fluidic
cooling system for an integrated circuit package, in accordance with yet another
embodiment of the present invention. The fluidic cooling system of FIG. 5 includes
an integrated circuit (IC) package 500 and a fluid routing device 102, which is
described above with respect to FIG. 1. IC package 500 includes an IC die 514,
solder bumps 516, a package substrate 518, and mounting support 505. The fluid
routing device 102 is mounted directly on top of the mounting support 505 as shown
in FIG. 5. Mounting support 505 may enclose IC die 514 on all four of its sides.
Mounting support 505 may support fluid routing device 102 on all four of its sides.
IC die 514 is coupled to package substrate 518 through solder bumps 516.

[0042] The fluidic cooling system of FIG. 5 does not include a heat spreader or
thermal interface material (TIM) between IC die 514 and fluid routing device 102. In
the embodiment of FIG. 5, the horizontal channel 25 of fluid routing device 102 is
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directly above and open to the upper surface of the IC die 514. Thus, as fluid coolant
flows through channel 25 in the fluid routing device 102, the fluid coolant in channel
25 comes into direct contact with the upper surface of the IC die 514. Because the
fluid coolant in channel 25 comes into direct contact with IC die 514 in the fluidic
cooling system of FIG. 5, the thermal resistance of the fluidic cooling system of FIG.
51s reduced. As aresult, the fluidic cooling system of FIG. 5 provides a more
efficient means of heat transfer away from IC package 500 as the coolant flows
through fluid routing device 102, compared to the heat transfer in the fluidic cooling

systems of FIGS. 1-2.

[0043] Figure 6 shows a bottom up view of examples of rectangular vertical fluidic
channels in a fluid routing device 600, according to an embodiment. In the example
of FIG. 6, the fluid routing device 600 includes 5 wide rectangular vertical channels
602A-602E and 4 narrow rectangular vertical channels 604A-604D. Fluid routing
device 600 of FIG. 6 is an example of fluid routing device 102 shown in FIGS. 1 and
5. In this example, wide rectangular vertical channels 602A-602E are examples of
vertical channels 11A-11E, respectively. Also in this example, narrow rectangular
vertical channels 604A-604D are examples of vertical channels 21A-21D,
respectively, which have narrow openings directly above horizontal channel 25, as

shown in FIGS. 1 and 5.

[0044] Figure 7 shows a bottom up view of examples of circular vertical fluidic
channels in a fluid routing device 700, according to an embodiment. In the example
of FIG. 7, the fluid routing device 700 includes 32 circular vertical channels 702 and
31 circular vertical channels 704. Channels 702 have larger circular openings, and
channels 704 have smaller circular openings. One row of circular channels 702 and
704 in FIG. 7 are identified as channels 702A-702E and channels 704-704D,

respectively, as an example.

[0045] Fluid routing device 700 of FIG. 7 is another example of fluid routing device
102 shown in FIGS. 1 and 5. In this example, circular vertical channels 702A-702E
are examples of vertical channels 11A-11E, respectively. Also in this example,
circular vertical channels 704A-704D are examples of vertical channels 21A-21D,

respectively.

10
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[0046] Figure 8 shows a cross section view of an example of a fluidic cooling
system for an integrated circuit package that has a fluid inlet for fluid coolant on the
top of the fluid routing device, in accordance with yet another embodiment of the
present invention. The fluidic cooling system of FIG. 8 includes a fluid routing
device 802 and an integrated circuit (IC) package 100, which is described above with
respect to FIG. 1. Fluid routing device 802 is mounted on top of the IC package 100
directly on the heat spreader 110, as with the embodiment of FIG. 1. Fluid routing
device 802 is connected to heat spreader 110 through connection 806. Examples of

connection 806 are shown and described herein with respect to Figures 3 and 4A-4C.

[0047] Fluid routing device 802 includes a fluid inlet 803 on the top of the device
802, two fluid outlets 805 on the sides of the device 802, an interior chamber 808,
vertical fluidic channels 810, vertical fluidic channels 812, and horizontal fluidic
channel 825. A fluid coolant is delivered to fluid routing device 802 through the fluid
inlet 803 to remove heat from the IC package 100. The fluid coolant flows down
from fluid inlet 803 through chamber 808 to vertical channels 810, as shown by the
down arrows in FIG. 8. The fluid coolant then flows vertically downwards through
vertical channels 810 to horizontal channel 825. The fluid coolant then flows
horizontally through channel 825 from vertical channels 810 to vertical channels 812,
as shown by the arrows in FIG. 8. Horizontal channel 825 is open to and

perpendicular to channels 810 and 812.

[0048] As the fluid coolant flows through channel 825, the fluid coolant directly
contacts the upper surface of heat spreader 110, which causes the fluid coolant in
channel 825 to receive heat from heat spreader 110 and to increase in temperature.
The warmed fluid coolant then flows upwards from channel 825 into vertical channels
812, as shown by the arrows in FIG. 8. The warmed fluid coolant from channel 825
flows vertically upwards through vertical channels 812. The warmed fluid coolant
then flows horizontally from channels 812 through fluid outlets 805. The fluid
outlets 805 include horizontal channels that connect channels 812 with exterior
openings of device 802. The warmed fluid coolant then exits fluid routing device 802
through the exterior openings at the ends of the fluid outlets 805, removing heat from

IC package 100.

11
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[0049] The fluid routing device 802 of FIG. 8 provides cool fluid coolant vertically
downwards from inlet 803 directly to the upper surface of heat spreader 110 to
provide an effective means of heat transfer away from IC package 100. The thermal
resistance of the fluidic cooling system of FIG. 8 is reduced, because there is no TIM
or other material between the fluid coolant in channel 825 and heat spreader 110, as

with previous embodiments.

[0050] Figure 9 shows a bottom up view of examples of rectangular vertical fluidic
channels in a fluid routing device 900, according to an embodiment. In the example
of FIG. 9, the fluid routing device 900 includes 2 wide rectangular vertical channels
912 and 7 narrow rectangular vertical channels 910. Fluid coolant flows downwards
from an inlet of fluid routing device 900 through channels 910 to a horizontal
channel, and the warmed coolant flows upwards from the horizontal channel through
channels 912 to an outlet of device 900. Fluid routing device 900 of FIG. 9 is an
example of fluid routing device 802 shown in FIG. 8. In this example, vertical
channels 910 are examples of vertical channels 810 in FIG. 8, and vertical channels

912 are examples of vertical channels 812 in FIG. 8.

[0051] Figure 10 shows a bottom up view of other examples of vertical fluidic
channels in a fluid routing device 1000, according to an embodiment. In the example
of FIG. 10, the fluid routing device 1000 includes 49 circular vertical channels 1010
and a vertical channel 1012. Channel 1012 is the space between the rectangular edges
1021 and 1022 of device 1000. Channel 1012 surrounds the region of device 1000
that contains channels 1010. Fluid coolant flows downwards from an inlet of fluid
routing device 1000 through vertical channels 1010 to a horizontal channel, and the
warmed coolant flows upwards from the horizontal channel through vertical channel
1012 to an outlet of device 1000. Fluid routing device 1000 of FIG. 10 is an example
of fluid routing device 802 shown in FIG. 8. In this example, vertical channels 1010
are examples of vertical channels 810 in FIG. 8, and vertical channel 1012 is an

example of vertical channels 812 in FIG. 8.

[0052] Figure 11 shows a cross section view of an example of a fluidic cooling
system 1100 for an integrated circuit package that attaches a fluid routing device to a
motherboard and a back plate, according to an embodiment. Fluidic cooling system

1100 includes fluid routing device 1102, heat spreader 1110, TIM 1112, IC die 1114,
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and solder bumps 1116. Fluid routing device 1102 may be, for example, fluid routing
device 102, fluid routing device 202, or fluid routing device 802. Fluidic cooling
system 1100 also includes an attachment system that includes connectors 1104A-
1104B, extensions 1103A-1103B, springs 1106A-1106B, and nuts 1108A-1108B.
The attachment system is used to attach fluid routing device 1102 to a motherboard
1118 and a back plate 1120. An insulation layer 1122 is located between
motherboard 1118 and back plate 1120.

[0053] Extensions 1103A-1103B are either attached to the sides of fluid routing
device 1102 or are integral side extensions of fluid routing device 1102. Each of
extensions 1103A-1103B has a circular hole for receiving a respective one of
connectors 1104A-1104B. Connectors 1104A-1104B may be, for example, screws or
clamps that are used to secure fluid routing device 1102 to motherboard 1118 and
back plate 1120. Connectors 1104A-1104B are placed through the holes in the
respective extensions 1103A-1103B, through the respective ones of springs 1100A-
1106B, and through corresponding holes in motherboard 1118 and back plate 1120.
Connectors 1104A-1104B are thus surrounded by springs 1106A-1106B between
extensions 1103A-1103B, respectively, and holes in motherboard 1118 and back plate
1120. Springs 1106A-1106B provide some flexibility to the fluidic cooling system
1100. Nuts 1108A-1108B are then secured around the bottoms of connectors 1104A-
1104B, respectively, to securely attach fluid routing device 1102 to motherboard 1118
and back plate 1120, as shown in FIG. 11.

[0054] The attachment system of FIG. 11 may be used in conjunction with the
grooves and O-rings that are shown in and described herein with respect to FIGS. 3
and 4A-4C to connect the fluid routing device 1102 to the heat spreader 1110. The
connectors 1104A-1104B can apply downward force on the fluid routing device 1102
to make a secure seal between the fluid routing device 1102 and the heat spreader
1110 using the groove(s) and O-ring of one of FIGS. 4A-4C. The downward force
applied by the connectors 1104A-1104B ensures that the O-ring stays within the
groove, as shown in FIGS. 4A-4C, so that the fluid routing device 1102 stays attached
to the heat spreader 1110.

[0055] Fluidic cooling system 1100 may also include quick connects that are used

to connect fluid routing device 1102 to a fluid-to-air heat exchanger, a fluid-to-fluid
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heat exchanger, or directly to facility fluid coolant. A port can be added before the
quick connects to add or remove fluid coolant that is provided to or from fluid routing

device 1102.

[0056] Figure 12 illustrates another example of a fluid routing device 1200,
according to a further embodiment. Fluid routing device 1200 may be attached to the
top of an integrated circuit package in a fluidic cooling system, such as the fluid
routing devices disclosed herein with respect to the previous embodiments. Fluid
routing device 1200 is an example of a fluid routing device that is constructed from
multiple monolithic parts. The parts can be held together with glue, direct bonding,
screws, or a clamping mechanism. The parts may be machined, stamped, cast,

molded, extruded, or 3D printed.

[0057] FIG. 12 shows details of the internal structure of fluid routing device 1200.
Fluid routing device 1200 includes a top part 1202, an interior part 1204, and a
bottom part 1206. The top part 1202 has a cylindrical fluid inlet 1210 and a
cylindrical fluid outlet. The interior part 1204 includes two horizontal channels 1221
through which fluid coolant flows horizontally into device 1200 from the inlet 1210,
as shown by arrows in FIG. 12. The bottom part 1206 includes two narrow vertical
channels 1214. The fluid coolant flows in through inlet 1210, horizontally through
channels 1221, and then vertically down through vertical channels 1214 into a
horizontal channel below part 1206 where the coolant directly contacts the heat

spreader or the IC die.

[0058] The warmed fluid coolant then flows vertically up from the horizontal
channel below bottom part 1206 through three wide vertical channels 1212 in bottom
part 1206 into three horizontal channels 1223 in interior part 1204. The warmed fluid
coolant then flows horizontally through channels 1223 and through the fluid outlet to

exit device 1200, as shown by arrows in FIG. 12.

[0059] Figure 13 illustrates another example of a fluid routing device 1300,
according to a further embodiment. Fluid routing device 1300 may be attached to the
top of an integrated circuit package in a fluidic cooling system, such as the fluid
routing devices disclosed herein with respect to the previous embodiments. Fluid
routing device 1300 is another example of a fluid routing device that is constructed

from monolithic parts. The parts can be held together with glue, direct bonding,
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screws, or a clamping mechanism. The parts may be machined, stamped, cast,

molded, extruded, or 3D printed.

[0060] FIG. 13 shows details of the internal structure of fluid routing device 1300.
Fluid routing device 1300 includes a top part 1301 or 1304, interior parts 1311-1314,
and a bottom part 1315. Top parts 1301 and 1304 are alternative top parts of device
1300. The top part 1301 has a cylindrical fluid inlet 1302 and a cylindrical fluid
outlet 1303 on its top surface. The top part 1304 has a cylindrical fluid inlet 1305 and
a cylindrical fluid outlet 1306 on one of its sides. Each of the interior parts 1311-
1314 includes two or more openings that allow the flow of fluid coolant from the fluid
inlet and back to the fluid outlet. The bottom part 1315 includes 7 rectangular vertical
channels. The parts 1301 or 1304 and 1311-1315 are secured together to form device
1300.

[0061] The fluid coolant flows into device 1300 through the fluid inlet, down
through a first subset of the openings in parts 1311-1314, and then vertically down
through a first subset of the vertical channels in part 1315 into a horizontal channel
below part 1315 where the coolant contacts the heat spreader or the IC die. The
warmed coolant then flows vertically up from the horizontal channel below part 1315
through a second subset of the vertical channels in part 1315, up through a second
subset of the openings in parts 1311-1314, and then out through the fluid outlet to exit
device 1300.

[0062] Figure 14 is a flow chart that illustrates operations that may be performed to
generate an optimized fluidic cooling system for an integrated circuit package,
according to an embodiment. In operation 1401, a design specification for an
integrated circuit (IC), such as a programmable logic IC, is generated. In operation
1402, synthesis, placement, and routing are performed for the design specification of
the IC. In operation 1403, an IC floor plan is created for the design specification that
includes a heat/temperature map. The heat/temperature map may indicate relative
heat generation or temperature ranges in the design specification. For example, the
heat/temperature map may indicate which areas of the design specification are likely

to generate more heat and higher temperatures than other areas.

[0063] If some areas of the design specification generate significantly more heat

than other areas, one or two optimizations may be performed to the design
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specification in operations 1404 or 1405 to reduce uneven heat generation in the
design specification. Synthesis, placement, and routing are then performed again for
the optimized design specification in operation 1402, and a new IC floor plan is
generated in operation 1403. If the IC floor plan generated in operation 1403 is
optimized, then a final IC floor plan containing a heat/temperature map is generated

in operation 1406.

[0064] Subsequently, multiple application optimized fluidic cooling designs can be
generated after performing multiple place and route experiments. As an example,
three application optimized designs for fluid routing devices in fluidic cooling
systems are generated in operations 1407, 1408, and 1409 for applications 1, 2, and 3,
respectively. In this embodiment, the user of the IC can make very minimal changes
to the reference IC design to generate the application optimized designs for the fluid

routing devices.

[0065] Subsequently, a fluid routing device is selected that is optimized for the
design specification and for the particular application. For example, the fluid routing
device for one of applications 1, 2, or 3 that is generated in the respective operation
1407, 1408, or 1409 is selected for the design specification. The fluid routing device
generated in any one of operations 1407-1409 may be, for example, one of devices

102, 202, or 802.

[0066] In an alternative embodiment, a general purpose fluid routing device for a
fluidic cooling system is used for the IC. In this embodiment, a place and route tool is
used to optimize the IC design for the general purpose fluid routing device in
operation 1415, taking into consideration thermal/hot spots in the IC. This
embodiment uses a fluidic cooling aware placement, routing, and timing optimization

step in operation 1415,

[0067] Manufacturing design files are then generated in operation 1410 for the
design specification and the selected fluid routing device generated in one of
operations 1407-1409. If a general purpose fluid routing device is used, and an
optimized IC design is generated in operation 1415, then manufacturing design files
are generated for the optimized IC design in operation 1410. An integrated fluidic
cooling system is then generated in operation 1411 that includes the fluid routing

device selected in one of operations 1407-1409 or a general purpose fluid routing
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device and an IC die that implements the design specification or the optimized IC

design, respectively.

[0068] The following examples pertain to further embodiments. Example 1 is a
fluid routing device comprising: a fluid inlet; first vertical channels that are open to
the fluid inlet; a horizontal channel that is open to each of the first vertical channels,
wherein the first vertical channels are oriented to provide fluid coolant from the fluid
inlet vertically down to the horizontal channel, and wherein the horizontal channel is
open on one side such that fluid coolant in the horizontal channel directly contacts an
apparatus attached to a bottom of the fluid routing device; a second vertical channel
that is open to the horizontal channel, wherein the second vertical channel is oriented
to provide fluid coolant vertically up away from the horizontal channel; and a fluid
outlet that is open to the second vertical channel such that fluid coolant from the

second vertical channel exits the fluid routing device through the fluid outlet.

[0069] In Example 2, the subject matter of Example 1 can optionally include
wherein the first vertical channels have constricted openings to the horizontal channel
directly above the horizontal channel, and wherein a width of each of the constricted
openings is narrower than a width of each respective one of the first vertical channels

above the constricted opening.

[0070] In Example 3, the subject matter of any one of Examples 1-2 can optionally
include wherein each of the first and second vertical channels are rectangular in shape

from a bottom up perspective of the fluid routing device.

[0071] In Example 4, the subject matter of any one of Examples 1-2 can optionally
include wherein each of the first and second vertical channels are circular in shape

from a bottom up perspective of the fluid routing device.

[0072] In Example 5, the subject matter of Example 1 can optionally include
wherein each of the first vertical channels is circular in shape from a bottom up
perspective of the fluid routing device, and wherein the second vertical channel

surrounds the first vertical channels.

[0073] In Example 6, the subject matter of any one of Examples 1-4 can optionally
include third vertical channels that are open to the horizontal channel, wherein the

second and third vertical channel are oriented to provide fluid coolant vertically up
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away from the horizontal channel, and wherein the fluid outlet is open to the second
and third vertical channels such that fluid coolant from the second and third vertical

channels exits the fluid routing device through the fluid outlet.

[0074] In Example 7, the subject matter of Example 6 can optionally include
wherein the first vertical channels are interleaved between the second and third

vertical channels.

[0075] In Example 8, the subject matter of Example 7 can optionally include
wherein the first, second, and third vertical channels are circular in shape and are
arranged in multiple rows in the fluid routing device from a bottom up perspective of

the fluid routing device.

[0076] In Example 9, the subject matter of any one of Examples 1-8 can optionally
include a groove in the bottom of the fluid routing device, wherein the groove
surrounds the first and second vertical channels, and wherein the groove is sized to

receive an O-ring in an apparatus attached to the bottom of the fluid routing device.

[0077] In Example 10, the subject matter of any one of Examples 1-8 can optionally
include an O-ring attached to the bottom of the fluid routing device, wherein the O-
ring surrounds the first and second vertical channels, and wherein the O-ring is sized

to fit into a groove in an apparatus attached to the bottom of the fluid routing device.

[0078] Example 11 is a fluidic cooling system comprising: an integrated circuit
package; and a fluid routing device attached to the integrated circuit package, wherein
the fluid routing device comprises: first vertical channels, a horizontal channel that
opens to each of the first vertical channels, and a second vertical channel that is open
to the horizontal channel, wherein the first vertical channels are oriented to provide
fluid coolant vertically down to the horizontal channel, wherein the horizontal
channel is open on one side of the fluid routing device such that fluid coolant in the
horizontal channel directly contacts a surface of the integrated circuit package, and
wherein the second vertical channel is oriented to provide fluid coolant vertically up

away from the horizontal channel.

[0079] In Example 12, the subject matter of Example 11 can optionally include
wherein the integrated circuit package comprises a heat spreader, wherein the fluid

routing device is attached to the heat spreader, and wherein the horizontal channel is
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open on one side such that fluid coolant in the horizontal channel directly contacts a

surface of the heat spreader.

[0080] In Example 13, the subject matter of Example 11 can optionally include
wherein the integrated circuit package comprises an integrated circuit die, and
wherein the horizontal channel is open on one side such that fluid coolant in the

horizontal channel directly contacts a surface of the integrated circuit die.

[0081] In Example 14, the subject matter of any one of Examples 11-12 can
optionally include wherein the fluid routing device comprises a groove in its bottom
surface that surrounds the first and second vertical channels, and wherein the
integrated circuit package comprises an O-ring that is inside an entire length of the
groove causing the fluid routing device to be connected to the integrated circuit

package.

[0082] In Example 15, the subject matter of any one of Examples 11-12 can
optionally include wherein the integrated circuit package comprises a groove in its top
surface, wherein the fluid routing device comprises an O-ring attached to its bottom
surface that surrounds the first and second vertical channels, and wherein the O-ring
is inside an entire length of the groove causing the fluid routing device to be

connected to the integrated circuit package.

[0083] In Example 16, the subject matter of any one of Examples 11-15 can
optionally include wherein the fluid routing device further comprises: third vertical
channels that are open to the horizontal channel, wherein the second and third vertical
channels are oriented to provide fluid coolant vertically up away from the horizontal
channel, and wherein the first vertical channels are interleaved between the second

and third vertical channels.

[0084] Example 17 is a method for cooling an integrated circuit package, the
method comprising: providing fluid coolant from a fluid inlet in a fluid routing device
to first vertical channels in the fluid routing device; providing the fluid coolant
vertically down through the first vertical channels to a horizontal channel in the fluid
routing device, wherein the horizontal channel is open to each of the first vertical
channels; providing the fluid coolant horizontally through the horizontal channel such
that the fluid coolant in the horizontal channel directly contacts the integrated circuit

package, wherein the integrated circuit package is attached to the fluid routing device;
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providing the fluid coolant vertically up through a second vertical channel in the fluid
routing device away from the horizontal channel, wherein the second vertical channel
is open to the horizontal channel; and providing the fluid coolant from the second

vertical channel out through a fluid outlet in the fluid routing device.

[0085] In Example 18, the subject matter of Example 17 can optionally include
providing the fluid coolant vertically up away from the horizontal channel through
third vertical channels that are open to the horizontal channel, wherein the first

vertical channels are interleaved between the second and third vertical channels.

[0086] In Example 19, the subject matter of any one of Examples 17-18 can
optionally include wherein the integrated circuit package comprises an integrated
circuit die, and wherein the fluid coolant in the horizontal channel directly contacts a

surface of the integrated circuit die.

[0087] In Example 20, the subject matter of any one of Examples 17-19 can
optionally include wherein providing the fluid coolant vertically down through the
first vertical channels further comprises providing the fluid coolant vertically down
through constricted openings in the first vertical channels to the horizontal channel,
wherein the constricted openings are directly above the horizontal channel, and
wherein a width of each of the constricted openings is narrower than a width of each

respective one of the first vertical channels above the constricted opening.

[0088] Example 21 is a method for generating a fluidic cooling system comprising:
reducing uneven heat generation in a design specification for an integrated circuit;
generating a floor plan for circuits within the integrated circuit comprising a heat map
for the design specification; generating multiple application optimized designs for
fluid routing devices in response to performing place and route experiments using the
design specification including the heat map; selecting one of the multiple application
optimized designs for the fluid routing devices that is optimized for the design
specification; generating manufacturing design files for the design specification; and
generating the fluidic cooling system comprising a selected one of the fluid routing
devices and an integrated circuit die that implements the design specification using

the manufacturing designs files.

[0089] The foregoing description of the exemplary embodiments of the present

invention has been presented for the purpose of illustration. The foregoing
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description is not intended to be exhaustive or to limit the present invention to the
examples disclosed herein. In some instances, features of the present invention can be
employed without a corresponding use of other features as set forth. Many
modifications, substitutions, and variations are possible in light of the above

teachings, without departing from the scope of the present invention.
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What is claimed is:

1. A fluid routing device comprising:

a fluid inlet;

first vertical channels that are open to the fluid inlet;

a horizontal channel that is open to each of the first vertical channels,
wherein the first vertical channels are oriented to provide fluid coolant from the fluid
inlet vertically down to the horizontal channel, and wherein the horizontal channel is
open on one side such that fluid coolant in the horizontal channel directly contacts an
apparatus attached to a bottom of the fluid routing device;

a second vertical channel that is open to the horizontal channel,
wherein the second vertical channel is oriented to provide fluid coolant vertically up
away from the horizontal channel; and

a fluid outlet that is open to the second vertical channel such that fluid
coolant from the second vertical channel exits the fluid routing device through the

fluid outlet.

2. The fluid routing device of claim 1, wherein the first vertical
channels have constricted openings to the horizontal channel directly above the
horizontal channel, and wherein a width of each of the constricted openings is
narrower than a width of each respective one of the first vertical channels above the

constricted opening.

3. The fluid routing device of claim 1, wherein each of the first
and second vertical channels are rectangular in shape from a bottom up perspective of

the fluid routing device.

4. The fluid routing device of claim 1, wherein each of the first
and second vertical channels are circular in shape from a bottom up perspective of the

fluid routing device.

5. The fluid routing device of claim 1, wherein each of the first
vertical channels is circular in shape from a bottom up perspective of the fluid routing

device, and wherein the second vertical channel surrounds the first vertical channels.

6. The fluid routing device of claim 1 further comprising:
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third vertical channels that are open to the horizontal channel, wherein
the second and third vertical channel are oriented to provide fluid coolant vertically
up away from the horizontal channel, and wherein the fluid outlet is open to the
second and third vertical channels such that fluid coolant from the second and third

vertical channels exits the fluid routing device through the fluid outlet.

7. The fluid routing device of claim 6, wherein the first vertical

channels are interleaved between the second and third vertical channels.

8. The fluid routing device of claim 7, wherein the first, second,
and third vertical channels are circular in shape and are arranged in multiple rows in

the fluid routing device from a bottom up perspective of the fluid routing device.

9. The fluid routing device of claim 1 further comprising:
a groove in the bottom of the fluid routing device, wherein the groove
surrounds the first and second vertical channels, and wherein the groove is sized to

receive an O-ring in an apparatus attached to the bottom of the fluid routing device.

10. The fluid routing device of claim 1 further comprising:

an O-ring attached to the bottom of the fluid routing device, wherein
the O-ring surrounds the first and second vertical channels, and wherein the O-ring is
sized to fit into a groove in an apparatus attached to the bottom of the fluid routing

device.

11. A fluidic cooling system comprising:
an integrated circuit package; and
a fluid routing device attached to the integrated circuit package,
wherein the fluid routing device comprises:
first vertical channels,
a horizontal channel that opens to each of the first vertical
channels, and
a second vertical channel that is open to the horizontal channel,
wherein the first vertical channels are oriented to provide fluid coolant
vertically down to the horizontal channel, wherein the horizontal channel is open on
one side of the fluid routing device such that fluid coolant in the horizontal channel

directly contacts a surface of the integrated circuit package, and wherein the second
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vertical channel is oriented to provide fluid coolant vertically up away from the

horizontal channel.

12. The fluidic cooling system of claim 11, wherein the integrated
circuit package comprises a heat spreader, wherein the fluid routing device is attached
to the heat spreader, and wherein the horizontal channel is open on one side such that

fluid coolant in the horizontal channel directly contacts a surface of the heat spreader.

13.  The fluidic cooling system of claim 11, wherein the integrated
circuit package comprises an integrated circuit die, and wherein the horizontal
channel is open on one side such that fluid coolant in the horizontal channel directly

contacts a surface of the integrated circuit die.

14. The fluidic cooling system of claim 11, wherein the fluid
routing device comprises a groove in its bottom surface that surrounds the first and
second vertical channels, and

wherein the integrated circuit package comprises an O-ring that is
inside an entire length of the groove causing the fluid routing device to be connected

to the integrated circuit package.

15.  The fluidic cooling system of claim 11, wherein the integrated
circuit package comprises a groove in its top surface,

wherein the fluid routing device comprises an O-ring attached to its
bottom surface that surrounds the first and second vertical channels, and wherein the
O-ring is inside an entire length of the groove causing the fluid routing device to be

connected to the integrated circuit package.

16. The fluidic cooling system of claim 11, wherein the fluid
routing device further comprises:

third vertical channels that are open to the horizontal channel, wherein
the second and third vertical channels are oriented to provide fluid coolant vertically
up away from the horizontal channel, and wherein the first vertical channels are

interleaved between the second and third vertical channels.

17. A method for cooling an integrated circuit package, the method

comprising:
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providing fluid coolant from a fluid inlet in a fluid routing device to
first vertical channels in the fluid routing device;

providing the fluid coolant vertically down through the first vertical
channels to a horizontal channel in the fluid routing device, wherein the horizontal
channel is open to each of the first vertical channels;

providing the fluid coolant horizontally through the horizontal channel
such that the fluid coolant in the horizontal channel directly contacts the integrated
circuit package, wherein the integrated circuit package is attached to the fluid routing
device;

providing the fluid coolant vertically up through a second vertical
channel in the fluid routing device away from the horizontal channel, wherein the
second vertical channel is open to the horizontal channel; and

providing the fluid coolant from the second vertical channel out

through a fluid outlet in the fluid routing device.

18. The method of claim 17 further comprising:

providing the fluid coolant vertically up away from the horizontal
channel through third vertical channels that are open to the horizontal channel,
wherein the first vertical channels are interleaved between the second and third

vertical channels.

19. The method of claim 17, wherein the integrated circuit package
comprises an integrated circuit die, and wherein the fluid coolant in the horizontal

channel directly contacts a surface of the integrated circuit die.

20. The method of claim 17, wherein providing the fluid coolant
vertically down through the first vertical channels further comprises providing the
fluid coolant vertically down through constricted openings in the first vertical
channels to the horizontal channel, wherein the constricted openings are directly
above the horizontal channel, and wherein a width of each of the constricted openings
is narrower than a width of each respective one of the first vertical channels above the

constricted opening.

21. A method for generating a fluidic cooling system comprising:
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reducing uneven heat generation in a design specification for an
integrated circuit;

generating a floor plan for circuits within the integrated circuit
comprising a heat map for the design specification;

generating multiple application optimized designs for fluid routing
devices in response to performing place and route experiments using the design
specification including the heat map;

selecting one of the multiple application optimized designs for the
fluid routing devices that is optimized for the design specification;

generating manufacturing design files for the design specification; and

generating the fluidic cooling system comprising a selected one of the
fluid routing devices and an integrated circuit die that implements the design

specification using the manufacturing designs files.
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