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(57) Abrégée/Abstract:
A cooling device (10) Includes a ceramic substrate (16) with a metal layer (22) bonded to an outer planar surface (18). The cooling
device (10) also includes a channel layer (24) bonded to an opposite side of the ceramic substrate (16) and a manifold layer (26)
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(57) Abrege(suite)/Abstract(continued):
bonded to an outer surface (28) of the channel layer (24). The substrate layers (16), (22), (24), (26) are bonded together using a
high temperature process such as brazing to form a single substrate assembly (14). A plenum housing (30) Is bonded to the single

substrate assembly (14) via a low temperature bonding process such as adhesive bonding and Is configured to provide extended
manifold layer Inlet and outlet ports (32), (34).
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LOW COST MANUFACTURING OF MICRO-CHANNEL HEATSINK

ABSTRACT OF THE DISCLOSURE

A cooling device (10) includes a ceramic substrate (16) with a metal layer (22)
bonded to an outer planar surface (18). The cooling device (10) also includes a
channel layer (24) bonded to an opposite side of the ceramic substrate (16) and a
manifold layer (26) bonded to an outer surface (28) of the channel layer (24). The
substrate layers (16), (22), (24), (26) are bonded together using a high temperature
process such as brazing to form a single substrate assembly (14). A plenum housing
(30) 1s bonded to the single substrate assembly (14) via a low temperature bonding
process such as adhesive bonding and is configured to provide extended manifold

layer 1nlet and outlet ports (32), (34).
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LOW COST MANUFACTURING OF MICRO-CHANNEL HEATSINK

BACKGROUND

The invention relates generally to an apparatus for cooling a heated surface and, more

particularly, to a heat sink with channel-type cooling for semiconductor power

devices.

The development of higher-density power electronics has made it increasingly more
difficult to cool power semiconductor devices. With modern silicon-based power
devices capable of dissipating up to 500 W/cm®, there is a need for improved thermal
management solutions. When device temperatures are limited to 50 K increases,
natural and forced air cooling schemes can only handle heat fluxes up to about one (1)

W/cm®”. Conventional liquid cooling plates can achieve heat fluxes on the order of a

twenty (20) W/cm®

. Heat pipes, impingement sprays, and liquid boiling are capable
of larger heat fluxes, but these techniques can lead to manufacturing difficulties and

high cost.

An additional problem encountered in conventional cooling of high heat flux power
devices is non-uniform temperature distribution across the heated surface. This is due
to the non-uniform cooling channel structure, as well as the temperature rise of the

cooling fluid as 1t flows through long channels parallel to the heated surface.

One promising technology for high performance thermal management is micro-
channel cooling. In the 1980's, it was demonstrated as an effective means of cooling
silicon integrated circuits, with designs demonstrating heat fluxes of up to 1000
W/cm” and surface temperature rise below 100° C. Known micro-channel designs
require soldering a substrate (with micro-channels fabricated in the bottom copper
layer) to a metal-composite heat sink that incorporates a manifold to distribute cooling
fluid to the micro-channels. Further, these known micro-channel designs employ very
complicated backside micro-channel structures and heat sinks that are extremely

complicated to build and therefore very costly to manufacture.
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In view of the foregoing, it would be desirable to provide a channel-type heat sink
cooling structure that is relatively simple to assemble and that does not compromise

cooling-channel features in subsequent processing operations following construction

of substrate cooling-channels.
BRIEF DESCRIPTION

Briefly, in accordance with one embodiment, a cooling device comprises:

a substrate assembly comprising:

a ceramic layer comprising a first planar surface and a second planar surface

substantially parallel to the first planar surface;
a metal layer bonded to the first planar surface;
a channel layer bonded to the second planar surface; and

a manifold layer bonded to a surface of the channel layer opposite the second planar

surface, the substrate layers configured together as a single unitary substrate; and

a plenum housing bonded to the substrate assembly and configured to provide

manifold layer inlet and outlet ports.

According to another embodiment, a method of manufacturing a cooling device

COmprises:
providing a first ceramic substrate;
bonding a first metal layer to one side of the first ceramic substrate:

bonding a first side of a first channel layer to an opposite side of the

first ceramic substrate: and

bonding a first manifold layer to a second side of the first channel layer
opposite the first side of the first channel layer, such that the first ceramic substrate,

first metal layer, first channel layer and the first manifold layer bonded together form

a first substrate assembly.
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DRAWINGS

These and other features, aspects, and advantages of the present invention will
become better understood when the following detailed description 1s read with

reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:

Figure 1 illustrates an apparatus for cooling a power device in side view according to

one embodiment of the invention;

Figure 2 1s a plan view of the top copper layer depicted in Figure 1 according to one

embodiment;

Figure 3 1s a plan view of the top copper layer depicted in Figure 1 deposited on a

substrate according to one embodiment;

Figure 4 is a plan view of the channel layer depicted in Figure 1 according to one

embodiment;

Figure 5 1s a plan view of the manifold layer depicted in Figure 1 according to one

embodiment:;

Figure 6 is a plan view of the base plate depicted in Figure 1 according to one

embodiment;

Figure 7 illustrates a unitary substrate assembly that includes a top copper layer, a

channel layer and a manifold layer according to one embodiment;

Figure 8 illustrates a unitary base plate that is suitable for use with the unitary

substrate assembly depicted in Figure 7 according to one embodiment:;

Figure 9 illustrates a cooling module that includes the unitary substrate assembly
depicted 1n Figure 7, the unitary base plate depicted in Figure 8 and at least one

semiconductor power device according to one embodiment; and

Figure 10 illustrates a pair of tiled cooling modules according to one embodiment.
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While the above-identified drawing figures set forth alternative embodiments, other
embodiments of the present invention are also contemplated, as noted in the
discussion. In all cases, this disclosure presents illustrated embodiments of the
present invention by way of representation and not limitation. Numerous other
modifications and embodiments can be devised by those skilled in the art which fall

within the scope and spirit of the principles of this invention.

DETAILED DESCRIPTION

Figure 1 illustrates a heat sink assembly 10 for cooling at least one power device 12 in
side view according to one embodiment of the invention. Heat sink assembly 10
includes a substrate 14 that comprises a ceramic layer 16 having a first planar surface
18 and a second planar surface 20 substantially parallel to the first planar surface 18.
Substrate 14 further comprises a metal layer 22 that is metallurgically bonded to the
first planar surface 18, a channel layer 24 that 1s metallurgically bonded to the second
planar surface 20 and a manifold layer 26 that i1s metallurgically bonded to a surface
28 of the channel layer 24 opposite the second planar surface 20. A base
plate/plenum housing 30 that includes at least one inlet port 32 and at least one outlet
port 34 1s bonded to a surface 36 of the manifold layer 26 opposite the channel layer

surface 26 and 1s configured to provide extended manifold layer inlet and outlet ports.

Heat sink assembly 10, according to one embodiment, comprises a metal layer 22
having a thickness of about 0.3 mm, a channel layer 24 thickness of about 0.3 mm and
a manifold layer 26 thickness of about 0.3 mm. According to another embodiment,
heat sink assembly 10 includes metal layer 22 having a thickness of about 0.3 mm, a
channel layer 24 thickness of about 0.15 mm and a manifold layer 26 thickness of
about 0.15 mm. According to yet another embodiment, heat sink assembly 10
includes metal layer 22 having a thickness of about 0.6 mm, a channel layer 24

thickness of about 0.3 mm and a manifold layer 26 thickness of about 0.3 mm.

A plan view of manifold layer 26 shown in Figure 5, defines a number of inlet
manifolds 38 and a number of outlet manifolds 40. The inlet manifolds 38 are

configured to recerve a coolant, and the outlet manifolds 40 are configured to exhaust
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the coolant. In one embodiment the inlet and outlet manifolds 38, 40 are interleaved

as indicated in Figure 5.

A plan view of channel layer 24 shown in Figure 4 features a number of channels 42
configured to receive a coolant from inlet manifolds 38 and to deliver the coolant to
outlet manifolds 40. Channels 42 are oriented substantially perpendicular to inlet and

outlet manifolds 38, 40 according to one aspect of the invention.

With continued reference to Figure 1, the outer surface 44 of substrate 14 is in thermal
contact with at least one power device 12. Heat sink assembly 10 further includes an
inlet plenum 32 configured to supply a coolant 33 to inlet manifolds 38 and an outlet

plenum 34 configured to exhaust the coolant 33 from outlet manifolds 40.

The ceramic layer 16 may be formed of, for example, aluminum-oxide (AL;03),
aluminum nitride (AIN), beryllium oxide (BeO) and silicon nitride (Si3N4). Other
similar ceramic materials may also be employed so long as the ceramic material can

be metallurgically bonded with the top metal layer 22 and the channel layer 24.

Figure 2 1s a plan view of the metal layer 22 depicted in Figure 1 according to one
embodiment. Metal layer 22 may be, for example, a direct bond copper (DBC) or
active metal braze (AMB) layer that is bonded to the ceramic layer 16.

Figure 3 1s a plan view of the top copper layer 22 depicted in Figure 1 bonded to a

layer of ceramic 16 according to one embodiment.

Figure 4 is a plan view of the channel layer 24 depicted in Figure 1 illustrating a
plurality of channels 42 according to one embodiment. The channel layer 24 may
comprise channel geometries that encompass micro-channel dimensions to milli-
channel dimensions. Channels 42 may have, for example, a feature size of about
0.05mm to about 5.0mm according to some aspects of the invention. Exemplary
channel 42 configurations may be formed of continuous micro-channels extending
along the substrate 14. According to another embodiment, channels 42 are about 0.1
mm wide and are separated by a number of gaps of about 0.2 mm. According to yet

another embodiment, channels 42 are about 0.3 mm wide and are separated by a
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number of gaps of about 0.5 mm. According to still another embodiment, channels 42

are about 0.6 mm wide and are separated by a number of gaps of about 0.8 mm.

Figure 5 is a plan view of the manifold layer 26 depicted in Figure 1 according to one
embodiment. The manifolds 38, 40 are configured to run perpendicular to the

channels 42 depicted in Figure 4 according to one aspect of the invention.

Figure 6 1s a plan view of the base plate 30 depicted in Figure 1 according to one
embodiment. According to particular embodiments, base plate/ plenum housing 30
comprises a castable metal and/or, for example, a moldable plastic, ceramic,
machinable ceramic, or machinable glass-ceramic structure. The embodiments
described herein are not limited to specific base plate/housing materials. The base
plate 30 1s bonded to the manifold layer 26 via an adhesive bond according to one

aspect of the invention.

Figure 7 illustrates a unitary substrate assembly 14 that includes a top metal layer 22,
a ceramic layer 16, a channel layer 24 and a manifold layer 26 according to one
embodiment. According to particular embodiments, substrate 14 includes either a
direct bonded copper (DBC), or an active metal braze (AMB) structure to implement
the metal layer 22. DBC and AMB refer to processes by which copper layers are
directly bonded to a ceramic substrate. Exemplary ceramic materials include
aluminum-oxide (AL,03), aluminum nitride (AIN), beryllium oxide (BeQ) and silicon
nitride (S13N4). Both DBC and AMB are convenient structures for substrate 14, and
the use ot the same conductive material (in this case, copper) on both sides of the
ceramic layer 16 provides thermal and mechanical stability. Of course substrate 14
can be constructed from other materials, such as gold or silver. Beneficially, the
substrate 14 can be attached to base plate/housing 30 illustrated in Figure 8 using
anyone of a number of solderless techniques, including bonding, diffusion bonding, or
pressure contact such as clamping. This provides a simple assembly process, which
reduces the overall cost of the heat sink apparatus 10. Moreover, by attaching the
substrate 14 to base plate/housing 30, fluid passages are formed under the power
device 12 surfaces depicted in Figure 1, enabling practical and cost effective

implementation of the channel cooling technology.
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With continued reference to Figure 7, substrate assembly 14 that includes a top metal
layer 22, a ceramic layer 16, a channel layer 24 and a mamfold layer 26 1s
implemented according to one aspect of the invention by using a high temperature
brazing process that avoids contamination or damage to the channel layer channels 42
generally associated with soldering techniques. Further, the materials and thicknesses
of the substrate layers 16, 22, 24, 26 can be closely controlled to prevent undesired
interactions between the layers during heating and cooling processing steps. In this
manner, the finer features associated with the channel layer 24 can be protected from
damage during the manufacturing process; and the substrate assembly 14 features can

be formed with a high degree of certainty.

Figure 8 illustrates a unitary base plate 30 that is suitable for use with the unitary
substrate assembly 14 depicted in Figure 7 according to one embodiment. Base plate
30 includes fluidic passages that mirror the manifold passages 38, 40 associated with
the manifold layer 26 according to one embodiment. Base plate/housing 30 further
includes at least one 1nlet port 32 and at least one outlet port 34 and is bonded to a
surface 36 of the manifold layer 26 opposite the channel layer surface 28 to provide
extended manifold layer 26 inlet and outlet ports, as stated above. Since base plate 30
is only required to provide a means to transfer cooling fluid, base plate 30 need not be
constructed from a metal that 1s suitable to provide a means of heat transfer. The
actual heat transter process is instead achieved from the metallurgical bonds between

the substrate layers.

Manitold passages 38, 40 are larger in cross-section than that associated with the
channels 42 according to one aspect of the invention in order to provide a desired high
level of cooling capacity for the substrate assembly 14. Many coolants can be
employed for cooling assembly 10, and the embodiments are not limited to a
particular coolant 33. Exemplary coolants 33 include water, ethylene-glycol, oil,
aircraft fuel and combinations thereof. According to a particular embodiment, the
coolant 33 1s a single phase liquid. In operation, the coolant 33 enters the manifolds
38 via base plate inlet port 32 and flows through channels 42 before returning via base

plate outlet port 34 through exhaust manifolds 40.
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As shown in Figure 1, the channels 42 do not extend through channel layer 24, in
order to isolate the coolant from the heated surface of the power device 12, according
to one embodiment. More particularly, the ceramic layer 16 acts as a dielectric barrier

between power devices 12 atop substrate 14 and the coolant 33.

Figure 9 illustrates a cooling module 50 that includes the unitary substrate assembly
14 depicted in Figure 7, the unitary base plate 30 depicted 1n Figure 8 and at least one
semiconductor power device 52 according to one embodiment. The inlet port 32 and
outlet port 34 are each configured such that a plurality of cooling modules 50 can be
tiled together such as 1illustrated for one embodiment in Figure 10. The resultant tiled
cooling apparatus 60 1s suitable for cooling a plurality of semiconductor power
devices 52, 54. Each of the outer surfaces 44 is in thermal contact with a respective
one of the semiconductor power devices 52, 54. In this manner, the use of several
smaller substrates 14 reduces stresses due to coetficient of thermal expansion (CTE)

mismatches.

In summary explanation, channel-type cooling assembly embodiments and methods
of manufacturing the embodiments have been described with reference to Figures 1-
10. These embodiments use a high temperature brazing process that avoids
contamination or damage to the channels 42 generally associated with soldering
techniques. Further, the materials and thicknesses of the substrate layers 16, 22, 24,
26 can be closely controlled to prevent undesired interactions between the layers
during heating and cooling processing steps. In this manner, the finer features
associated with the corresponding channel layer 24 can be protected from damage
during the manufacturing process; and the substrate assembly 14 features can be

formed with a high degree of certainty.

The substrate structure 14 is constructed as a single unitary device during a sub-
assembly process that includes a ceramic layer 16, a metal layer 22 that is
metallurgically bonded to the ceramic layer 16, a channel layer 24 that is
metallurgically bonded to the ceramic layer 16, and a manifold layer 26 that is
metallurgically bonded to a surface of the channel layer 24. A separate base

plate/housing 30 that includes at least one inlet port 32 and at least one outlet port 34
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is bonded to a surface 36 of the substrate structure during a final assembly process

subsequent to the substrate structure sub-assembly process, and is configured to

provide extended mantfold layer inlet and outlet ports.

Combining the unitary substrate structure 14 and the unitary base plate 30 during a
final assembly stage advantageously avoids contamination or damage to the channels
42 generally associated with soldering techniques as stated above. Since the base
plate 30 only functions as a cooling fluid flow means, and does not serve as a heat
sink device, the base plate 30 can be formulated from plastic or other non-metallic
compounds suitable for bonding the base plate 30 to the substrate structure 14 without

the use of solder.

While only certain features of the invention have been illustrated and described
herein, many modifications and changes will occur to those skilled in the art. It is,
therefore, to be understood that the appended claims are intended to cover all such

modifications and changes as fall within the true spirit of the invention.
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CLAIMS:

]. A cooling device (10) comprising:

a substrate assembly (14) comprising:

a ceramic layer (16) comprising a first planar surface (18) and a second
planar surface (20) substantially parallel to the first planar surface (18);

a metal layer (22) bonded to the first planar surface (18);

a channel layer (24) bonded to the second planar surface (20); and

a manifold layer (26) bonded to a surface (28) of the channel layer (24)
opposite the second planar surface (20), the substrate layers configured together as a
single unitary substrate (14); and

a plenum housing (30) bonded to the substrate assembly (14) and
configured to provide manifold layer inlet and outlet ports (32), (34).

2. The cooling device (10) according to claim 1, wherein the manitold
layer (24) comprises a plurality of inlet mantfolds and a plurality of outlet manifolds,
wherein the plurality of inlet manifolds are configured to receive a coolant (33) and
the plurality of outlet manifolds are configured to exhaust the coolant (33), and further
wherein the plurality of inlet and outlet manifolds are interleaved and are oriented

substantially parallel to the first and second planar surfaces (18), (20).

3. The cooling device (10) according to claim 1, wherein the plenum

housing (30) comprises a moldable or castable material.

4, The cooling device (10) according to claim 1, wherein the substrate
layers (16), (22), (24), (26) are bonded together via a high temperature bonding
process between about 980°C and about 1000°C.

5. The cooling device (10) according to claim 1, wherein the substrate
layers (16), (22), (24), (26) comprise thermally conductive materials, each having a
corresponding thickness and thermal coefficient of expansion configured to prevent

structural degradation of the substrate during high temperature bonding between about

9080°C and about 1000°C.
10
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6. The cooling device (10) according to claim 1, wherein the top metal

layer (22) comprises a direct bonded copper or an active metal braze structure.

7. The cooling device (10) according to claim 1, wherein the bond

between the plenum housing (30) and the substrate assembly (14) is a solderless bond.

8. The cooling device (10) according to claim 1, wherein the ceramic
layer (16) is selected from aluminum-oxide (AL;03), aluminum nitride (AIN),
beryllium oxide (B¢O) and silicon nitride (Si13N4).

9. The cooling device (10) according to claim 1, further comprising at
least one semiconductor power device (12) bonded to an outer surface (44) of the

metal layer (22) opposite the metal layer surface (18) bonded to the ceramic layer

(16).

10.  The cooling device (10) according to claim 1, wherein the substrate
assembly (14) and the plenum housing (30) are together configured to be joined
together with at least one other like substrate assembly and one other like plenum

housing to form a tiled cooling device structure (60).

11



CA 02687936 2009-12-10

— 12
19 —— —— 44 »
22 —
16
24 -
20V 0000000000000 0n0a00nnnnnn
28 Y -

\ \

ﬁ 32 30 %
5 FIG. 1 5




CA 02687936 2009-12-10

~22

FIG.3




CA 02687936 2009-12-10

40 40

33




CA 02687936 2009-12-10

r

.. /_u L\/w J/ z\/_u 1
om\ 09 i om

0%

14

Ve

( ) S . — r

pls

I g —

0%

143

/
5
0O
<,
o

87~ (9% 92
LIM_ E— — l\*&

™
L

91/ . ———




— 12
\ 44
12 — — 8
22\_I —
16~
240 - 14
0+ N0OQO00QOOO000NNOONONA0NARNR
28 47
e/ L. .
36

SR e

33



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - drawings
	Page 16 - drawings
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - abstract drawing

