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HEAT SINKS AND METHODS FOR FABRICATING A HEAT SINK

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of Singapore Patent Application number
10201610609Q filed 19 December 2016, the entire contents of which are incorporated herein

by reference for all purposes.
TECHNICAL FIELD
[0002] Various embodiments relate to heat sinks and methods for fabricating a heat sink.
BACKGROUND

[0003] Electrical and electronic devices are becoming shrinking in feature sizes while
incorporating more functions and being capable of faster circuit speeds. This leads to the
devices being much more densely packed, and as a result, the heat flux generated by these
devices significantly increases. Temperature distribution uniformity is a big challenge for the
devices with high heat flux. To ensure that these devices can perform efficiently and reliably,
an effective thermal management solution is required. Existing thermal management
solutions include air cooling, as well as liquid cooling. However, these existing thermal
management solutions struggle to keep up with the increasing heat generation of high

performance chips and high power devices.
SUMMARY

[0004] According to various embodiments, there may be provided a heat sink including: a
heat conducting surface; a plurality of nozzle arrays arranged such that output ends of nozzles
of the plurality of nozzle arrays face the heat conducting surface; and a plurality of fins
configured to at least partially surround a respective portion of the heat conducting surface
facing a respective nozzle array of the plurality of nozzle arrays.

[0005] According to various embodiments, there may be provided a heat sink including: a
heat conducting surface; and a nozzle array arranged such that output ends of nozzles of the

nozzle array face the heat conducting surface, the nozzle array including a first nozzle and a
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second nozzle; wherein a distance between the output end of the first nozzle and the heat
conducting surface is shorter than a distance between the output end of the second nozzle and
the heat conducting surface.

[0006] According to various embodiments, there may be provided a method for fabricating a
heat sink, the method including: arranging a plurality of nozzle arrays such that output ends
of nozzles of the plurality of nozzle arrays face a heat conducting surface; and at least
partially surrounding a respective portion of the heat conducting surface facing a respective
nozzle array of the plurality of nozzle arrays with a plurality of fins.

[0007] According to various embodiments, there may be provided a method for fabricating a
heat sink, the method including: arranging a nozzle array such that output ends of nozzles of
the nozzle array face a heat conducting surface, the nozzle array including a first nozzle and a
second nozzle, wherein a distance between the output end of the first nozzle and the heat
conducting surface is shorter than a distance between the output end of the second nozzle and

the heat conducting surface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] In the drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. In the following description,
various embodiments are described with reference to the following drawings, in which:
[0009] FIG. 1 shows a cross-sectional view of a heat sink according to various embodiments.
[0010] FIG. 2 shows a top view of the heat sink of FIG.1.

[0011] FIG. 3 shows a cross-sectional view of a heat sink according to various embodiments.
[0012] FIG. 4 shows a cross-sectional view of a heat sink according to various embodiments.
[0013] FIG. 5 shows a cross-sectional view of a heat sink according to various embodiments.
[0014] FIG. 6 shows a cross-sectional view of a heat sink according to various embodiments.
[0015] FIG. 7A shows a cross-sectional representative view of a conventional heat sink.
[0016] FIG. 7B shows a simulated heat map of the local heat transfer distribution of the
conventional heat sink of FIG. 7A.

[0017] FIG. 7C shows a streamline and flow arrow distribution map of the conventional heat
sink of FIG. 7A.

[0018] FIG. 8A shows a cross-sectional representative view of a heat sink according to

various embodiments.
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[0019] FIG. 8B shows a simulated heat map of the local heat transfer distribution of the heat
sink of FIG. 8A.

[0020] FIG. 8C shows a streamline and flow arrow distribution of the heat sink of FIG. 8A.
[0021] FIG. 9A shows a transparent view of a 3D simulation model of a heat sink according
to various embodiments.

[0022] FIG. 9B shows a bottom view of the 3D simulation model of FIG. 9A.

[0023] FIG. 10A shows a heat map of a conventional heat sink.

[0024] FIG. 10B shows a heat map of the simulated heat sink of FIG. 9A.

[0025] FIG. 11 shows a graph of the thermal resistance of the simulated heat sink of FIG. 9A
as a function of pumping power.

[0026] FI1G. 12 shows a graph of the temperature profile comparison on the top surface of the
conventional heat sink and the simulated heat sink of FIG. 9A.

[0027] FIG. 13A shows the temperature distribution of the heat sink of FIG. 9A when the
fins are inactivated.

[0028] FIG. 13B shows the temperature distribution of the heat sink of FIG. 9A when the fins
are activated.

[0029] FIG. 14 shows a conceptual diagram of a heat sink according to various embodiments.
[0030] FIG. 15 shows a conceptual diagram of a heat sink according to various embodiments.
[0031] FIG. 16 shows a conceptual diagram of a heat sink according to various embodiments.
[0032] FIG. 17 shows a flow diagram of a method for fabricating a heat sink according to
various embodiments.

[0033] FIG. 18 shows a flow diagram of a method for fabricating a heat sink according to

various embodiments.

DESCRIPTION

[0034] Embodiments described below in context of the devices are analogously valid for the
respective methods, and vice versa. Furthermore, it will be understood that the embodiments
described below may be combined, for example, a part of one embodiment may be combined
with a part of another embodiment.

[0035] It will be understood that any property described herein for a specific device may also
hold for any device described herein. It will be understood that any property described herein
for a specific method may also hold for any method described herein. Furthermore, it will be

understood that for any device or method described herein, not necessarily all the components
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or steps described must be enclosed in the device or method, but only some (but not all)
components or steps may be enclosed.

[0036] In this context, the heat sink as described in this description may include a memory
which is for example used in the processing carried out in the heat sink. A memory used in
the embodiments may be a volatile memory, for example a DRAM (Dynamic Random
Access Memory) or a non-volatile memory, for example a PROM (Programmable Read Only
Memory), an EPROM (Erasable PROM), EEPROM (Electrically Erasable PROM), or a flash
memory, e.g., a floating gate memory, a charge trapping memory, an MRAM
(Magnetoresistive Random Access Memory) or a PCRAM (Phase Change Random Access
Memory).

[0037] In an embodiment, a "circuit” may be understood as any kind of a logic implementing
entity, which may be special purpose circuitry or a processor executing software stored in a
memory, firmware, or any combination thereof. Thus, in an embodiment, a "circuit" may be a
hard-wired logic circuit or a programmable logic circuit such as a programmable processor,
e.g. a microprocessor (e.g. a Complex Instruction Set Computer (CISC) processor or a
Reduced Instruction Set Computer (RISC) processor). A "circuit" may also be a processor
executing software, e.g. any kind of computer program, e.g. a computer program using a
virtual machine code such as e.g. Java. Any other kind of implementation of the respective
functions which will be described in more detail below may also be understood as a "circuit"
in accordance with an alternative embodiment.

[0038] It should be understood that the terms “on”, “over”, “top”, “bottom”, “down”, “side”,
“back”, “left”, “right”, “front”, “lateral”, “side”, “up”, “down” etc., when used in the
following description are used for convenience and to aid understanding of relative positions
or directions, and not intended to limit the orientation of any device, or structure or any part
of any device or structure. In addition, the singular terms “a”, “an”, and “the” include plural
references unless context clearly indicates otherwise. Similarly, the word “or” is intended to
include “and” unless the context clearly indicates otherwise.

[0039] In the specification the term “comprising” shall be understood to have a broad
meaning similar to the term “including” and will be understood to imply the inclusion of a
stated integer or step or group of integers or steps but not the exclusion of any other integer or
step or group of integers or steps. This definition also applies to variations on the term
“comprising” such as “comprise” and “comprises”.

[0040] The term “coupled” (or “connected”) herein may be understood as electrically

coupled or as mechanically coupled, for example attached or fixed, or just in contact without
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any fixation, and it will be understood that both direct coupling or indirect coupling (in other
words: coupling without direct contact) may be provided.

[0041] The reference to any conventional devices in this specification is not, and should not
be taken as an acknowledgement or any form of suggestion that the referenced conventional
devices form part of the common general knowledge in Australia (or any other country).
[0042] In the context of various embodiments, the phrase “cooling liquid” may be but is not
limited to being interchangeably referred to as a “cooling fluid” or a “coolant”. The cooling
liquid may have a high thermal capacity.

[0043] In order that the invention may be readily understood and put into practical effect,
various embodiments will now be described by way of examples and not limitations, and
with reference to the figures.

[0044] According to various embodiments, a heat sink may include micro-scale jet nozzles
configured to impinge cooling fluid onto a surface. The heat sink may be used for cooling
clectronic devices. The heat sink may achieve a high heat transfer rate and uniform cooling of
the electronic device. The heat sink may also require lower pumping power. The heat sink
may achieve a high Nusselt number. The heat sink may be capable of minimizing negative
cross-flow effect, by at least one of its unique arrangement of the jet nozzles (herein also
referred simply as “nozzles”) or the use of fins that at least partially surround the nozzles.
The unique arrangement of the nozzles may include nozzle arrays of different lengths,
integrated in raised structures. The nozzles may be provided in raised nozzle arrays. The fins
may surround the raised structures, or raised nozzle arrays. The fins may be fixed in position
or shape. Alternatively, the fins may also be thermally-activatable, i.e. changes in shape upon
an increase in temperature. The nozzles of the heat sink may be arranged in groups. Each
group of nozzles may be referred to as a nozzle array. Each nozzle array may be separately
controllable. For example, one nozzle array may be activated to remove heat from a localized
spot while the other nozzle arrays may remain inactive. With the raised nozzle structure and
the fins, the heat sink may eliminate negative cross flow and achieve fully developed
impingement for each nozzle. The uniform flow distribution and separately controllable
nozzle arrays may make the new heat sink an excellent candidate for extreme high heat flux
cooling. The heat sink may achieve more than 50% heat transfer coefficient increase, more
than 45% thermal resistance reduction, improvement in cooling uniformity by more than
60%, as compared to conventional heat sinks.

[0045] FIG. 1 shows a cross-sectional view of a heat sink 100 according to various

embodiments. The heat sink 100 may include an impinging wall 102. The impinging wall 102
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may be fabricated from a heat-conductive material. The impinging wall 102 may provide an
inner heat conducting surface 122 and an outer heat conducting surface 124. The impinging
wall 102 may be efficient at transferring heat energy between the inner heat conducting
surface 122 and the outer heat conducting surface 124. The heat sink 100 may include a
plurality of fins 10 formed under the impinging wall 102, coupled to the inner heat
conducting surface 122. The fins 104 may serve to prevent cross-flow, and thus, may also be
referred herein as “cross-flow preventing fins”, or simply “preventing fins”. The heat sink
100 may further include a nozzle wall 120. The nozzle wall 120 may include a plurality of
nozzles 108 formed therein. The nozzles 108 may extend through the thickness of the nozzle
wall 120. The heat sink 100 may further include a raised structure 106 arranged above the
nozzle wall 120, and some of the nozzles 108 may further extend through the thickness of the
raised structure 106. The raised structure 106 may provide a stepped-nozzle array formation,
such that the plurality of nozzles 108 may include nozzles 108 of different lengths. For
example, nozzle 108a that extends through the nozzle wall 120 may be shorter than nozzle
108b that extends through both the nozzle wall 120 and the raised structure 106. A first end
(also referred herein as an output end) of each nozzle 108 may face the inner heat conducting
surface 122, while an opposing second end (also referred herein as an input end) of the nozzle
108 may face a reservoir 114. The fins 104 may extend from the inner heat conducting
surface 122, towards the output end of the nozzles 108. The fins 104 may be arranged
between the impinging wall 102 and the nozzles 108. The reservoir 114 may serve to store
cooling fluid or liquid. The heat sink 100 may include at least one reservoir 114. Each
reservoir 114 may be in fluid communication with a different group of nozzles 108. Each
reservoir 114 may receive fluid from an inlet 110. In operation, the nozzles 108 may draw
cooling liquid from the reservoir 114, and may eject the cooling liquid onto the impinging
wall 102. The nozzles 108 may eject the cooling liquid with large pressures such that the
cooling liquid impinges the inner heat conducting surface 122 at high speeds. The fins 104
may help to direct the jets of cooling liquid ejected from a group of nozzles 108 to be
impinged on a corresponding portion of the inner heat conducting surface 122. The
corresponding portion of the inner heat conducting surface 122 may be at least substantially
directly facing the group of nozzles 108. In other words, each portion of the inner heat
conducting surface 122 may at least substantially directly face a respective nozzle array. This
ensures efficiency of the cooling mechanism, as the cooling liquid is used to cool a section of
the impinging wall 102 that is nearest to the nozzle opening. The cooling liquid that contacts

the impinging wall 102 is thus, still at the coldest possible temperature so that the cooling
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liquid may absorb as much heat energy as possible, from the impinging wall 102. The cooling
liquid that is ejected from the nozzles 108 may be collected through a drainage channel, and
then removed from the heat sink through an outlet 112. The outlet 112 and the inlet(s) 110
may be arranged at a bottom of the heat sink, or at a side of the heat sink.

[0046] The fins 104 may be made of shape memory materials. Alternatively, or in
combination, the fins 104 may have predefined, constant shapes. The fins 104 may enable
passively adjustable jet flow distribution, for reducing the pumping power for low heating
case and for improving the cooling capability for high heating case. When the impinging wall
temperature reaches an activation point, the fins 104 may be activated into extending out of
the impinging wall 102 towards the nozzles 108. As a result, the spent flow between adjacent
nozzle groups may be constrained. The impinging jets may be protected from both top and
bottom sides from the cross flow, so that each nozzle may fully impinge fluid on the
corresponding portion of the impinging wall 102,

[0047] The heat sink 100 may include a plurality of nozzle groups, also referred herein as
nozzle arrays. Each nozzle group may include at least one nozzle 108. The heat sink 100 may
include a controller configured to separately control operations of each nozzle group. By
controlling each nozzle group separately, the controller may selectively cool any section or
zone of the impinging wall 102 that directly faces the nozzle group. In other words, each
nozzle group of the heat sink 100 may be independently operated. This allows the heat sink
100 to effectively focus on cooling hot spots. Also, the heat sink 100 may consume less
energy while achieving the same level of heat transfer as conventional heat sinks, as the heat
sink 100 may selectively cool the hotter parts of the impinging wall 102. The heat sink 100
may cool a hot spot of the impinging wall 102 with a larger quantity of cooling liquid while
using a lesser quantity of cooling liquid on a less hot section of the impinging wall 102.
[0048] FIG. 2 shows a top view 200 of the heat sink 100. The heat sink 100 may include a
plurality of nozzle groups. The top view 200 shows each nozzle group as an approximately
square section demarcated by the dashed lines 220. Each nozzle group may include a raised
structure 106 and a plurality of nozzles 108. The nozzles 108 may extend through the raised
structure 106, as well as extend through the nozzle wall 120 where there is no raised structure
106. Each nozzle group may be at least partially surrounded by fins 104. The fins 104 may lie
adjacent to each side of the nozzle group. As an example, a first nozzle group 230 and a
second nozzle group 230a are indicated in the top view 200 by dashed lines.

[0049] FIG. 3 shows a cross-sectional view of a heat sink 300 according to various

embodiments. The heat sink 300 may be similar to the heat sink 100. In addition to the
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components of the heat sink 100, the heat sink 300 may further include a second raised
structure 306. The second raised structure 306 may Be overlaid on the raised structure 106
which in turn may be overlaid on the nozzle wall 120. As a result, the heat sink 300 may
include a multi-step structure. The nozzle wall 120 may form a lowest step, followed by the
raised structure 106 as an intermediate step, followed by the second raised structure 306 as
the highest step. The second raised structure 306 may extend into a region at least partially
surrounded by the fins 104. In other words, the distance between the second raised structure
306 and the inner heat conducting surface 122 may be shorter than a length of the fins 104.
Each multi-step structure may house a nozzle array. Each nozzle array may include a
plurality of nozzles 108. The plurality of nozzles 108 may include nozzle 108a, nozzle 108b
and nozzle 108c. The nozzle 108a may be the shortest and may extend through the nozzle
wall 120 only. The nozzle 108b may be longer than the nozzle 108a and may extend through
both the nozzle wall 120 and the raised structure 106. The nozzle 108¢ may be longer than
the nozzle 108b and may extend through all of the nozzle wall 120, the raised structure 106
and the second raised structure 306. Each of the nozzles 108a, 108b and 108¢ may have their
output ends exposed and facing the inner heat conducting surface 122. The distance between
the output end of the nozzle 108a from the inner heat conducting surface 122 may be larger
than the distance between the nozzle 108b from the inner heat conducting surface 122. The
distance between the output end of the nozzle 108b from the inner heat conducting surface
122 may be larger than the distance between the nozzle 108¢ from the inner heat conducting
surface 122. It would be understood by the person skilled in the art that each nozzle array
may include more steps by adding more raised structures. Each nozzle array may include
nozzles of more than three different lengths. The distance between the output ends of some
nozzles 108 from the inner heat conducting surface 122 may be shorter than the length of the
fins 104. The length of the fins 104 may be defined as the distance that the fins 104 extend
away from the inner heat conducting surface 122. As such, the output ends of some nozzles
108 may be at least partially surrounded by the fins 104. When these nozzles 108 eject
cooling liquid through their output ends, the fins 104 may retain the ejected cooling liquid
within an area surrounded by the fins 104. The fins 104 may prevent the ejected cooling
liquid from coming into contact with portions of the inner heat conducting surface that are
beyond the area surrounded by the fins 104. Each multi-step nozzle array may be at least
partially surrounded by a respective plurality of fins 104, The respective plurality of fins 104
may at least partially surround a corresponding portion of the inner heat conducting surface

that is at least substantially directly facing the multi-step nozzle array. By having multiple
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steps in each nozzle array, each nozzle array may be shaped to provide an even more targeted
jet impingement on the respective corresponding portion of the inner heat conducting surface
122. In other words, by having the multiple steps, the jet of cooling liquid exiting from the
nozzles 108 may be prevented from coming into contact with other portions of the inner heat
conducting surface 122 that is not directly facing the nozzle.

[0050] FIG. 4 shows a cross-sectional view of a heat sink 400 according to various
embodiments. The heat sink 400 may be similar to the heat sink 100. In the heat sink 400, the
fins 104 may be replaced by thermally-activated fins 304. The thermally-activated fins 304
may be activated to extend out towards the nozzle arrays, when the temperature of the
impinging wall 102 exceeds an activation temperature. Below the activation temperature, the
thermally-activated fins 304 may be at least substantially parallel, or may lie adjacent to the
impinging wall 102. The thermally-activated fins 304 may be made of shape memory
materials, and may achieve passive adjustable flow distribution inside the heat sink 400.
When the fins 104 are deactivated below the activation temperature, flow resistance in the
heat sink 400 may be decreased such that the heat sink 400 may require lower pumping
energy. This may be advantageous when the electronic device and the impinging wall are at a
low temperature, as the energy consumption of the heat sink 400 may be reduced.

[0051] FIG. 5 shows a cross-sectional view of a heat sink 500 according to various
embodiments. The heat sink 500 may be similar to the heat sink 100. Instead of a raised
structure 106 of a uniform height, the heat sink 500 may include a plurality of third raised
structures 506. The third raised structures 506 may be of different heights. The heat sink 500
may include nozzles 108 of different lengths. Each nozzle 108 may extend through the nozzle
wall 120 and a respective third raised structure 506. As a result, the nozzles 108 in the heat
sink 500 may be of different lengths. The heat sink 500 may include nozzle arrays that are of
various different heights. Each nozzle array may include just one nozzle 108. Each portion of
the inner heat conducting surface 122 at least substantially directly facing a respective nozzle
108 may be at least partially surrounded by fins 104. This may provide a high level of control
over the exact position of the impinging wall 102 to be cooled. Alternatively, each nozzle
array may include more than one nozzle 108, and each portion of the inner heat conducting
surface 122 at least substantially directly facing a respective nozzle array may be at least
partially surrounded by fins 104. The heat sink 500 may also include fins of different shapes
and lengths. For example, the heat sink 500 may include rectangular fins 504, as well as fins

104 that may be arcuate in shape.
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[0052] FIG. 6 shows a cross-sectional view of a heat sink 600 according to various
embodiments. The heat sink 600 may be similar to the heat sink 100. Instead of a flat and
level nozzle wall 120, the heat sink 600 may include a nozzle wall 606 that varies in
thickness such that the plurality of nozzle arrays may be arranged at different heights to
impinge at different target surfaces. The nozzle wall 606 may also be discontinuous at some
points, in other words, may include gaps. The heat sink may include a further nozzle wall 616
that may partially overlap the nozzle wall 606, for example, to bridge the gaps. The further
nozzle wall 616 may have a different thickness from the nozzle wall 606. The further nozzle
wall 616 may be nearer to the inner heat conducting surface 122, than the nozzle wall 606.
Some of the nozzles 108 may extend through the nozzle wall 606 only. Other nozzles 108
may extend through the further nozzle wall 616 only. Some nozzles 108 may extend through
both the nozzle wall 606 and the further nozzle wall 616. The combination of the nozzle wall
606 and the further nozzle wall 616 may create a stepped nozzle array structure.

[0053] According to various embodiments, the impinging wall 102 may be planar. The inner
heat conducting surface 122 may also be planar. Alternatively, the impinging wall 102 may
not be planar. For example, the impinging wall 102 may be shaped to fit onto an electronic
device, or a heat generating surface of the electronic device. The impinging wall 102 may be
shaped to adhere to the electronic device with minimal gap between the heat sink and the
electronic device, for effective heat transfer. The inner heat conducting surface 122 may also
not be planar. For example, the inner heat conducting surface 122 may be curved, or may
include steps, or may take on other shapes.

[0054] Simulations had been conducted to investigate the performances of the heat sink
according to various embodiments, as compared to conventional heat sinks. In the following,
the simulation results will be described.

[0055] FIG. 7A shows a cross-sectional representative view 700A of a conventional heat
sink. The conventional heat sink may include an impinging wall 702, and a plurality of
nozzles 708. The nozzles 708 are uniform in length. Also, the conventional heat sink does not
include any fins to prevent cross-flow.

[0056] FIG. 7B shows a simulated heat map 700B of the local heat transfer distribution of the
conventional heat sink of FIG. 7A. The heat map 700B shows that the local heat transfer
coefficient is not uniform across the heat sink. In other words, the heat transfer in the heat

sink is not efficient.
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[0057] FIG. 7C shows a streamline and flow arrow distribution map 700C of the
conventional heat sink of FIG. 7A. The streamline and flow arrow distribution map 700C
shows that there is extensive cross-flow under various sections of the impinging wall 702.
[0058] FIG. 8A shows a cross-sectional representative view 800A of the heat sink 100.
[0059] FIG. 8B shows a simulated heat map 800B of the local heat transfer distribution of the
heat sink 100. The heat map 800B shows that the local heat transfer coefficient is generally
uniform across the heat sink 100.

[0060] FIG. 8C shows a streamline and flow arrow distribution 800C of the heat sink 100. As
compared to FIG. 7C, it may be seen that the effects of cross-flow is reduced.

[0061] The simulation results show that in comparison to the conventional heat sink, each
nozzle in the heat sink 100 may achieve fully developed jet impingement. The heat sink 100
may achieve a substantially more aggressive cooling capability.

[0062] Further 3D simulation models were constructed to investigate the thermal
performances of the heat sink 100. A quarter of the structure of the heat sink 100 was built
with symmetry boundary conditions. The conventional heat sink is also simulated for
comparison with the heat sink 100.

[0063] FIG. 9A shows the transparent view 900A of the 3D simulation model.

[0064] FIG. 9B shows the bottom view 900B of the 3D simulation model.

[0065] FIG. 10A shows a heat map 1000A of a conventional heat sink. The heat map 1000A
shows the local heat transfer coefficient distribution of the conventional heat sink. In the
conventional heat sink, the impinging coolant may flow out in four directions. The influences
of the surrounding nozzles, including the cumulative accumulation of the cross-flows from
the sequential rows of jets, may cause the effectiveness of each individual jet to diminish by
increasing amounts with streamwise development. The accumulated cross-flow may cause
each jet impingement concentration to deflect and bend in the downstream direction.

[0066] FIG. 10B shows a heat map 1000B of the simulated heat sink 100. The heat map
1000B shows the local heat transfer coefficient distribution of the heat sink 100. In the heat
sink 100, the flow motion may be substantially different from in the conventional heat sink.
The spent flows may be constrained, and jets of cooling fluid near the outlets may be highly
enhanced. The change in the flow motion may also change the temperature distribution in the
heat sink. The simulation results shown in the heat maps 1000A and 1000B show that much
better cooling performance can be obtained in the heat sink 100. In the heat sink 100, each
individual jet may be protected by both the raised nozzle array structure and the fins such that

the accumulated flow may not directly affect the impinging flow. Without the cross-flow
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effect, the cooling capability of each impinging zone may be similar, such that the heat
convection transfer may be improved. The spatially averaged heat transfer coefficient of the
conventional heat sink and the heat sink 100 are about 10.9W/cm?K and 16.7W/cm’K,
respectively. In other words, the heat sink 100 may achieve more than 53% improvement in
heat transfer capability, over the conventional heat sink.

[0067] FIG. 11 shows a graph 1100 of the thermal resistance of the heat sink as a function of
pumping power. The graph 1100 has a vertical axis 1102 and a horizontal axis 1104. The
vertical axis 1102 indicates thermal resistance in units of °C cm®W. The horizontal axis 1104
indicates pumping power in units of Watts. The graph 1100 includes a first plot 1106
representing the thermal resistance of a conventional heat sink; and a second plot 1108
representing the thermal resistance of the heat sink 100. The thermal resistance of the
conventional heat sink and the heat sink 100 are about 0.11Kcm*W and 0.O6Kcm2/W,
respectively, suggesting more than 45% improvement in the thermal resistance performance
of the heat sink 100.

[0068] FIG. 12 shows a graph 1200 of the temperature profile comparison on the top surface
of the conventional heat sink and the heat sink 100. The graph 1200 has a vertical axis 1202
and a horizontal axis 1204. The vertical axis 1202 indicates temperature in °C. The horizontal
axis 1204 indicates position in units of millimeters. The graph 1200 includes a first plot 1206
representing the temperature of a conventional heat sink; and a second plot 1208 representing
the temperature of the heat sink 100. The graph 1200 shows that the heat sink 100 may
achieve a more uniform temperature distribution. The temperature variation rates of the
conventional heat sink and the heat sink 100 are 11.7% and 4.5% respectively. In other
words, the heat sink 100 achieves 61% enhanced cooling uniformity over the conventional
heat sink.

[0069] FIG. 13A shows the temperature distribution 1300A of the heat sink 100 when the
fins 104 are inactivated. There is a hot zone in the normal heat sink structure due to the
weakened jets near the outlets.

[0070] FIG. 13B shows the temperature distribution 1300A of the heat sink 100 when the
fins 104 are activated. With the fins activated, the average temperature of the heat sink 100 is
much reduced, and the temperature of the heat sink is generally uniform across different parts
of the heat sink 100.

[0071] According to various embodiments, the heat sink is capable of enhanced jet array
impingement. The heat sink includes nozzle arrays of different lengths integrated in multiple

raised structures. The heat sink also includes multiple cross-flow preventing fins surrounding
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the raised nozzle arrays. The stepped raised nozzle groups, raised nozzles of different layers
or the nozzles at different layers may be integrated into a single heat sink. The fins may be
thermally activated structures made of shape memory materials, to achieve passively
adjustable flow distribution. By having the fins deactivated below the predetermined
temperature, the heat sink may reduce flow resistance, thus decreasing the pumping energy
required. When the electronic device to be cooled is at a low temperature, the deactivated fins
may save pumping energy while maintain sufficient cooling capability.

[0072] FIG. 14 shows a conceptual diagram of a heat sink 1400 according to various
embodiments. The heat sink 1400 may include a heat conducting surface 1402, a plurality of
nozzle arrays 1408 arranged under the heat conducting surface 1402, and a plurality of fins
1404 configured to at least partially surround a respective portion of the heat conducting
surface facing a respective nozzle array 1408 of the plurality of nozzle arrays 1408. The
plurality of nozzle arrays 1408 may be arranged such that output ends of nozzles of the
plurality of nozzles arrays 1408 face the heat conducting surface 1402. The heat conducting
surface 1402, the plurality of nozzle arrays 1408, and the plurality of fins 1404 may be
coupled with each other, like indicated by lines 1440, for example thermally coupled,
mechanically coupled, and/or electrically coupled.

[0073] In other words, according to various embodiments, the heat sink 1400 may include a
heat conducting surface 1402, multiple nozzle arrays 1408 and multiple fins 1404. The heat
sink 1400 may include, or may be part of, any one of the heat sinks 100, 300, 400, 500 or
600. The heat conducting surface 1402 may be at least substantially identical to, or similar to,
the inner heat conducting surface 122. The nozzle array 1408 may be at least substantially
identical to, or similar to, the nozzle array 230. Each nozzle array 1408 may include a
plurality of nozzles, including at least a first nozzle and a second nozzle. The plurality of
nozzles may be configured to impinge a fluid onto the heat conducting surface 1402. The
distance between an output end of the first nozzle and the heat conducting surface 1402 may
be shorter than the distance between an output end of the second nozzle and the heat
conducting surface 1402. For example, the first nozzle may be the nozzle 108b and the
second nozzle may be the nozzle 108a. The first nozzle may be longer than the second
nozzle, or may be arranged to be closer to the heat conducting surface 1402. The fins 1404
may be at least substantially identical to, or similar to, the fins 104. The nozzle arrays 1408
may be arranged under the heat conducting surface 1402. The plurality of nozzle arrays 1408
may be arranged such that output ends of the plurality of nozzle arrays 1408 face the heat

conducting surface. The plurality of fins 1404 may be arranged to at least partially enclose
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each portion of the heat conducting surface 1402 facing a respective nozzle array 1408 of the
plurality of nozzle arrays 1408. The plurality of fins 1404 may include fins 1404 of different
lengths. For example, the fins 1404 surrounding portions of the heat conducting surface 1402
that are further away from their directly facing nozzle arrays 1408 may be longer than the fins
1404 surrounding portions of the heat conducting surface 1402 that are near to their directly
facing nozzle arrays 1408. The plurality of fins 1404 may extend from the heat conducting
surface 1402 past an output end of nozzles of the plurality of nozzle arrays 1408, wherein the
output end faces the heat conducting surface 1402. The plurality of nozzle arrays 1408 may
protrude from a substrate. The substrate may be for example, the nozzle wall 120. The
plurality of fins 1404 may be shorter than a distance between the heat conducting surface
1402 and the substrate. The fins 1404 may extend out of the heat conducting surface 1402,
" towards the substrate. In other words, the fins 1404 may not contact the substrate. The
plurality of fins 1404 may include at fins of various shapes, for example, triangular fins,
rectangular fins, or arcuate fins. The plurality of fins 1404 may also include thermally-
activatable fins configured to at least partially surround the respective portion of the heat
conducting surface 1402 when the respective portion of the heat conducting surface 1402
exceeds a predetermined temperature. The thermally-activatable fins may lie at least
substantially parallel, or adjacent, to the heat conducting surface 1402 when the temperature
of the heat conducting surface 1402 is below the predetermined temperature.

[0074] FIG. 15 shows a conceptual diagram of a heat sink 1500 according to various
embodiments. The heat sink 1500 may include, or may be part of, any one of the heat sinks
100, 300, 400, 500, 600 or 1400. The heat sink 1500 may include a heat conducting surface
1402 and a nozzle array 1408. The nozzle array 1408 may be arranged under the heat
conducting surface 1402. The nozzle array 1408 may be arranged such that output ends of at
least one nozzle of the nozzle array face the heat conducting surface. The nozzle array 1408
may include a first nozzle and a second nozzle. The distance between an output end of the
first nozzle and the heat conducting surface may be shorter than the distance between an
output end of the second nozzle and the heat conducting surface. For example, the first nozzle
may be the nozzle 108b and the second nozzle may be the nozzle 108a. The first nozzle may
be longer than the second nozzle. Each of the output end of the first nozzle and the output end
of the second nozzle may face the heat conducting surface 1402. The nozzle array 1408 may
further include a third nozzle. The first nozzle may be arranged between the second nozzle
and the third nozzle. The distance between the output end of the first nozzle and the heat

conducting surface 1402 may be longer than a distance between an output end of the third
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nozzle and the heat conducting surface 1402. The nozzle array 1408 may be formed through a
stepped substrate. A long nozzle of the nozzle array 1408 may be accommodated in a tall step
of the stepped substrate while a short nozzle of the nozzle array 1408 may be accommodated
in a short step of the stepped substrate.

[0075] FIG. 16 shows a conceptual diagram of a heat sink 1600 according to various
embodiments. The heat sink 1600 may include, or may be part of, any one of the heat sinks
100, 300, 400, 500, 600, 1400 or 1500. In addition to the components of the heat sink 1500,
the heat sink 1600 may further include at least one of a reservoir 1614, an inlet 1610, a
further nozzle array 1608 or a plurality of fins 1404. The reservoir 1614 may configured to
hold a fluid. The inlet 1610 may be configured to receive the fluid and further configured to
guide the fluid into the reservoir 1614. The reservoir 1614 may be at least substantially
identical to, or similar to, the reservoir 114. The inlet 1610 may be at least substantially
identical to, or similar to, the inlet 110. The further nozzle array 1608 may be controllable
separately from the nozzle array 1408. For example, the nozzle array 1408 and the further
nozzle array 1608 may be the nozzle arrays 230 and 230a respectively. The further nozzle
array 1608 may be at least substantially identical, or similar, to the nozzle array 1408, except
that it may be arranged in a different position within the heat sink 1600. The nozzle array
1408 may face a first portion of the heat conducting surface 1402. The nozzle array 1608 may
face a second portion of the heat conducting surface 1402. The plurality of fins 1404 may at
least partially surround each of the first portion and the second portion. The plurality of fins
1404 may separate the first portion from the second portion, to prevent cross-flow between
the first portion and the second portion. The nozzle array 1408 may receive the fluid from a
first reservoir 1614 via first inlet 1610 while the further nozzle array 1608 may receive the
fluid from a second reservoir 1614 via a second inlet 1610. The plurality of fins 1404 may be
configured to at least partially surround a portion of the heat conducting surface 1402 facing
the nozzle array 1408. The plurality of fins 1404 may extend from the heat conducting
surface 1402 to at least partially surround the first nozzle of the nozzle array 1408.

[0076] FIG. 17 shows a flow diagram 1700 of a method for fabricating a heat sink according
to various embodiments. The method may include processes 1702 and 1704. The process
1702 may include arranging a plurality of nozzle arrays such that output ends of nozzles of
the plurality of nozzle arrays face a heat conducting surface. The plurality of nozzle arrays
may be arranged under the heat conducting surface. The process 1704 may include at least
partially surrounding a respective portion of the heat conducting surface facing a respective

nozzle array of the plurality of nozzle arrays with a plurality of fins.
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[0077] FIG. 18 shows a flow diagram 1800 of a method for fabricating a heat sink according
to various embodiments. The method may include process 1802. The process 1802 may
include arranging a nozzle array such that output ends of nozzles of the nozzle array face a
heat conducting surface. The nozzle array may be arranged under the heat conducting
surface. The nozzle array may include a first nozzle and a second nozzle, wherein a distance
between an output end of the first nozzle and the heat conducting surface is shorter than a
distance between an output end of the second nozzle and the heat conducting surface

[0078] The following examples pertain to further embodiments.

[0079] Example 1 is a heat sink including: a heat conducting surface; a plurality of nozzle
arrays arranged such that output ends of nozzles of the plurality of nozzle arrays face the heat
conducting surface; and a plurality of fins configured to at least partially surround a
respective portion of the heat conducting surface facing a respective nozzle array of the
plurality of nozzle arrays.

[0080] In example 2, the subject-matter of example 1 can optionally include that each nozzle
array includes a first nozzle and a second nozzle, wherein a distance between the output end
of the first nozzle and the heat conducting surface is shorter than a distance between the
output end of the second nozzle and the heat conducting surface.

[0081] In example 3, the subject-matter of example 1 or example 2 can optionally include
that each nozzle array of the plurality of nozzle arrays is configured to impinge a fluid onto
the heat conducting surface.

[0082] In example 4, the subject-matter of any one of examples 1 to 3 can optionally include
that the plurality of fins includes fins of different lengths.

[0083] In example 5, the subject-matter of any one of examples 1 to 4 can optionally include
that the plurality of fins extend from the heat conducting surface past the output ends of
nozzles of the plurality of nozzle arrays. |
[0084] In example 6, the subject-matter of any one of examples 1 to 5 can optionally include
that the plurality of nozzle arrays protrude from a substrate.

[0085] In example 7, the subject-matter of example 6 can optionally include that the plurality
of fins are shorter than a distance between the heat conducting surface and the substrate.
[0086] In example 8, the subject-matter of any one of examples 1 to 7 can optionally include
that the plurality of fins includes at least one of triangular fins, rectangular fins or arcuate
fins.

[0087] In example 9, the subject-matter of any one of examples 1 to 8 can optionally include

that the plurality of fins includes thermally-activatable fins configured to at least partially
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surround the respective portion of the heat conducting surface when the respective portion of
the heat conducting surface exceeds a predetermined temperature.

[0088] In example 10, the subject-matter of example 9 can optionally include that the
thermally-activatable fins are at least substantially parallel to the heat conducting surface
when the heat conducting surface is below the predetermined temperature.

[0089] Example 11 is a heat sink including: a heat conducting surface; and a nozzle array
arranged such that output ends of nozzles of the nozzle array face the heat conducting
surface, the nozzle array including a first nozzle and a second nozzle; wherein a distance
between the output end of the first nozzle and the heat conducting surface is shorter than a
distance between the output end of the second nozzle and the heat conducting surface.

[0090] In example 12, the subject-matter of example 11 can optionally include that each of
the output end of the first nozzle and the output end of the second nozzle face the heat
conducting surface.

[0091] In example 13, the subject-matter of example 11 or example 12 can optionally include
that the first nozzle is longer than the second nozzle.

[0092] In example 14, the subject-matter of example 11 can optionally include: a reservoir
configured to hold a fluid; and an inlet configured to receive the fluid and further configured
to guide the fluid into the reservoir.

[0093] In example 15, the subject-matter of any one of examples 11 to 14 can optionally
include: a further nozzle array, the further nozzle array being controllable separately from the
nozzle array. ‘

[0094] In example 16, the subject-matter of example 15 can optionally include that the nozzle
array faces a first portion of the heat conducting surface and the further nozzle array faces a
second portion of the heat conducting surface, wherein a plurality of fins at least partially
surround each of the first portion and the second portion.

[0095] In example 17, the subject-matter of example 15 or example 16 can optionally include
that the nozzle array receives a fluid from a first reservoir via a first inlet, and wherein the
further nozzle array receives a further fluid from a second reservoir via a second inlet.

[0096] In example 18, the subject-matter of any one of examples 11 to 17 can optionally
include that the first nozzle is arranged between the second nozzle and a third nozzle, wherein
the distance between the output end of the first nozzle and the heat conducting surface is
longer than a distance between the output end of the third nozzle and the heat conducting

surface.
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[0097] In example 19, the subject-matter of any one of examples 11 to 18 can optionally
include that the nozzle array is formed through a stepped substrate, wherein a long nozzle of
the nozzle array is accommodated in a tall step of the stepped substrate and wherein a short
nozzle of the nozzle array is accommodated in a short step of the stepped substrate.

[0098] In example 20, the subject-matter of any one of examples 11 to 19 can optionally
include: a plurality of fins configured to at least partially surround a portion of the heat
conducting surface facing the nozzle array.

[0099] In example 21, the subject-matter of example 20 can optionally include that the
plurality of fins extend from the heat conducting surface to at least partially surround the first
nozzle.

[00100] Example 22 is a method for fabricating a heat sink, the method including: arranging
a plurality of nozzle arrays such that output ends of nozzles of the plurality of nozzle arrays
face a heat conducting surface; and at least partially surrounding a respective portion of the
heat conducting surface facing a respective nozzle array of the plurality of nozzle arrays with
a plurality of fins. '

[00101] Example 23 is a method for fabricating a heat sink, the method including: arranging
a nozzle array such that output ends of nozzles of the nozzle array face a heat conducting
surface, the nozzle array including a first nozzle and a second nozzle, wherein a distance
between the output end of the first nozzle and the heat conducting surface is shorter than a
distance between the output end of the second nozzle and the heat conducting surface.
[00102] While embodiments of the invention have been particularly shown and described
with reference to specific embodiments, it should be understood by those skilled in the art
that various changes in form and detail may be made therein without departing from the spirit
and scope of the invention as defined by the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning and
range of equivalency of the claims are therefore intended to be embraced. It will be
appreciated that common numerals, used in the relevant drawings, refer to components that
serve a similar or the same purpose.

[00103] It will be appreciated to a person skilled in the art that the terminology used herein is
for the purpose of describing various embodiments only and is not intended to be limiting of
the present invention. As used herein, the singular forms "a", "an" and "the" are intended to
include the plural forms as well, unless the context clearly indicates otherwise. It will be
further understood that the terms "comprises" and/or "comprising," when used in this

specification, specify the presence of stated features, integers, steps, operations, elements,
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and/or components, but do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components, and/or groups thereof.

[00104] It is understood that the specific order or hierarchy of blocks in the processes /
flowcharts disclosed is an illustration of exemplary approaches. Based upon design
preferences, it is understood that the specific order or hierarchy of blocks in the processes /
flowcharts may be rearranged. Further, some blocks may be combined or omitted. The
accompanying method claims present elements of the various blocks in a sample order, and
are not meant to be limited to the specific order or hierarchy presented.

[00105] The previous description is provided to enable any person skilled in the art to
practice the various aspects described herein. Various modifications to these aspects will be
readily apparent to those skilled in the art, and the generic principles defined herein may be
applied to other aspects. Thus, the claims are not intended to be limited to the aspects shown
herein, but is to be accorded the full scope consistent with the language claims, wherein
reference to an element in the singular is not intended to mean “one and only one” unless
specifically so stated, but rather “one or more.” The word “exemplary™ is used herein to mean
“serving as an example, instance, or illustration.” Any aspect described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
aspects. Unless specifically stated otherwise, the term “some” refers to one or more.
Combinations such as “at least one of A, B, or C,” “one or more of A, B, or C,” “at least one
of A, B, and C,” “one or more of A, B, and C,” and “A, B, C, or any combination
thereof” include any combination of A, B, and/or C, and may include multiples of A,
multiples of B, or multiples of C. Specifically, combinations such as “at least one of A, B, or
C,” “one or more of A, B, or C,” “at least one of A, B, and C,” “one or more of A, B, and C,”
and “A, B, C, or any combination thereof” may be A only, B only, C only, A and B, A and C,
B and C, or A and B and C, where any such combinations may contain one or more member
or members of A, B, or C. All structural and functional equivalents to the elements of the
various aspects described throughout this disclosure that are known or later come to be
known to those of ordinary skill in the art are expressly incorporated herein by reference and
are intended to be encompassed by the claims. Moreover, nothing disclosed heremn is
intended to be dedicated to the public regardless of whether such disclosure is explicitly

b4

recited in the claims. The words “module,” “mechanism,” “element,” “device,” and the like
may not be a substitute for the word “means.” As such, no claim element is to be construed

as a means plus function unless the element is expressly recited using the phrase “means for.”
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CLAIMS

1. A heat sink comprising:

a heat conducting surface;

a plurality of nozzle arrays arranged such that output ends of nozzles of the plurality of
nozzle arrays face the heat conducting surface; and

a plurality of fins configured to at least partially surround each portion of the heat
conducting surface facing a respective nozzle array of the plurality of nozzle arrays such that
when a nozzle array of the plurality of nozzle arrays ejects a fluid, the plurality of fins direct
the fluid ejected by the nozzle array to impinge on a respective portion of the heat conducting
surface;

wherein the plurality of fins comprises thermally-activatable fins configured to at least
partially surround the respective portion of the heat conducting surface when the respective

portion of the heat conducting surface exceeds a predetermined temperature.

2. The heat sink of claim 1, wherein each nozzle array comprises a first nozzle and a
second nozzle, wherein a distance between the output end of the first nozzle and the heat
conducting surface is shorter than a distance between the output end of the second nozzle and
the heat conducting surface.

3. The heat sink of claim 1, wherein the plurality of fins comprises fins of different lengths.

4. The heat sink of claim 1, wherein the plurality of fins extend from the heat conducting

surface past an output end of nozzles of the plurality of nozzle arrays.

5. The heat sink of claim 1, wherein the plurality of nozzle arrays protrude from a substrate.

6. The heat sink of claim 1, wherein the plurality of fins comprises rectangular fins or

arcuate fins.
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7. The heat sink of claim 1, wherein the thermally-activatable fins are at least substantially
parallel to the heat conducting surface when the heat conducting surface is below the

predetermined temperature.

8. A heat sink comprising:

a heat conducting surface;

a nozzle array arranged such that output ends of nozzles of the nozzle array face the
heat conducting surface, the nozzle array comprising a first nozzle and a second nozzle;

a further nozzle array, the further nozzle array being controllable separately from the
nozzle array; and

a plurality of fins;

wherein a distance between the output end of the first nozzle and the heat conducting
surface is shorter than a distance between the output end of the second nozzle and the heat
conducting surface;

wherein the first nozzle is longer than the second nozzle;

wherein each of the first nozzle and the second nozzle is configured to impinge a fluid
onto the heat conducting surface; and

wherein the nozzle array faces a first portion of the heat conducting surface and the
further nozzle array faces a second portion of the heat conducting surface, wherein the plurality
of fins at least partially surround each of the first portion of the heat conducting surface and
the second portion of the heat conducting surface; and

wherein the plurality of fins comprises thermally-activatable fins configured to at least
partially surround the first portion of the heat conducting surface when the first portion of the
heat conducting surface exceeds a predetermined temperature, and configured to at least
partially surround the second portion of the heat conducting surface when the second portion

of the heat conducting surface exceeds the predetermined temperature.

9. The heat sink of claim 8, wherein each of the output end of the first nozzle and the

output end of the second nozzle face the heat conducting surface.

10.  The heat sink of claim 8, further comprising:

a reservoir configured to hold the fluid; and
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an inlet configured to receive the fluid and further configured to guide the fluid into the

reservoir.

11.  The heat sink of claim 8, wherein the nozzle array receives a fluid from a first reservoir
via a first inlet, and wherein the further nozzle array receives a further fluid from a second

reservoir via a second inlet.

12. The heat sink of claim 8, wherein the first nozzle is arranged between the second nozzle
and a third nozzle, wherein the distance between the output end of the first nozzle and the heat
conducting surface is longer than a distance between the output end of the third nozzle and the

heat conducting surface.

13.  The heat sink of claim 8, wherein the nozzle array is formed through a stepped substrate,
wherein a long nozzle of the nozzle array is accommodated in a tall step of the stepped substrate
and wherein a short nozzle of the nozzle array is accommodated in a short step of the stepped

substrate.

14. A method for fabricating a heat sink, the method comprising:
arranging a plurality of nozzle arrays such that output ends of nozzles of the plurality
of nozzle arrays face a heat conducting surface; and
at least partially surrounding each portion of the heat conducting surface facing a respective
nozzle array of the plurality of nozzle arrays with a plurality of fins, such that when a nozzle
array of the plurality of nozzle arrays ejects a fluid, the plurality of fins direct the fluid ejected
by the nozzle array to impinge on a respective portion of the heat conducting surface;
wherein the plurality of fins comprises thermally-activatable fins configured to at
least partially surround the respective portion of the heat conducting surface when the

respective portion of the heat conducting surface exceeds a predetermined temperature.
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