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(57) ABSTRACT 

A fully-passive, dynamically configurable directed cooling 
system for a microelectronic device is disclosed. In general, 
movable pins are suspended within a cooling plenum between 
an active layer and a second layer of the microelectronic 
device. In one embodiment, the second layer is another active 
layer of the microelectronic device. The movable pins are 
formed of a material that has a surface tension that decreases 
as temperature increases such that, in response to a tempera
ture gradient on the surface of the active layer, the movable 
pins move by capillary flow in the directions of decreasing 
temperature. By moving in the direction of decreasing tem
perature, the movable pins move away from hot spots on the 
surface of the active layer, thereby opening a pathway for 
preferential flow of a coolant through the cooling plenum at a 
higher flow rate towards the hot spots. 

35 Claims, 6 Drawing Sheets 
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PASSIVE HEAT SINK FOR DYNAMIC 
THERMAL MANAGEMENT OF HOT SPOTS 

RELATED APPLICATIONS 

This application claims the benefit of provisional patent 
application Ser. No. 61/371,891, filed Aug. 9, 2010, the dis
closure of which is hereby incorporated herein by reference in 
its entirety. 

2 
tronic device. In general, movable pins are suspended within 
a cooling plenum between an active layer and a second layer 
of the microelectronic device. In one embodiment, the second 
layer is another active layer of the microelectronic device. 
The movable pins are formed of a material that has a surface 
tension that decreases as temperature increases. Due to the 
Marangoni effect, or capillary flow, the movable pins prefer
entially move in directions of increasing surface tension. 
Since the movable pins have a surface tension that decreases 

GOVERNMENTAL RIGHTS 10 as temperature increases, the movable pins move in directions 
of decreasing temperature on the surface of the active layer. 

This invention was made with govermnent support under 
HROOll-10-3-0002 awarded by DARPA. The Government 
has certain rights in the invention. 

By moving in the direction of decreasing temperature, the 
movable pins move to areas on the surface of the active layer 
that are cool (i.e., where the movable pins have the highest 

FIELD OF THE DISCLOSURE 

The present disclosure relates to a cooling system for a 
microelectronic device. 

15 surface tension) and away from areas on the surface of the 
active layer that are hot (i.e., where the movable pins have the 
lowest surface tension). In this manner, the movable pins 
open a pathway for preferential flow of a coolant through the 
cooling plenum at a higher flow rate towards areas, or 

BACKGROUND 

In the course of the past few years, the problem ofremov
ing heat resulting from the operation of microelectronic 
devices has elevated from being an important concern to 
becoming a widely recognized bottleneck limiting further 
progress of high performance microelectronic devices. 
Excessive heating affects not only performance, but also reli
ability. With continuing increase in integration levels and 
introduction of new 3-D chip and interconnect architectures, 
the challenge to cool microelectronic devices has become 
even more difficult. 

20 domains, of the active layer that need higher heat dissipation 
(i.e., hot spots) and bypassing the cool areas, or domains, that 
do not need cooling at a given instance of time. Further, in one 
embodiment, the hot spots in the active layers dynamically 
move over time. In response, the movable pins dynamically 

25 reconfigure in a fully passive manner, i.e., without use of any 
external means. 

Those skilled in the art will appreciate the scope of the 
present disclosure and realize additional aspects thereof after 
reading the following detailed description of the preferred 

30 embodiments in association with the accompanying drawing 
figures. 

As an example, traditional single core microprocessors 
generate a significant amount of heat, which is typically in the 
range of 20-50 Watts per square centimeter (W/cm2

). How
ever, modem multi-core microprocessors result in signifi- 35 

cantly more heat. Multi-core microprocessors experience a 
global or uniform heat flux that is typically on the order of 
20-50 W/cm2

. In addition, multi-core microprocessors expe
rience hot spots resulting from the active cores that are typi
cally in the range of2 to 10 times greaterthan the global heat 40 
flux (i.e., as much as 500to 1000 W/cm2

). Further compound
ing the issue, the number of cores that are active at any one 
time and the specific cores that are active at any one time 
dynamically changes. As a result of the activation and deac
tivation of the cores, the hot spots are dynamically moving. 

45 
The heat issue in multi-core microprocessors is even further 
compounded by 3-D architectures that utilize stacks of mul
tiple active layers (i.e., multiple layers of active cores). 

The traditional approach to remove heat from microelec
tronic devices is not sufficient to alleviate the dynamically 
moving hot spots generated in multi-core microprocessors. 50 

For example, a traditional heat sink has to target the largest 
heat flux (i.e., worst case) produced at the hot spots and be 
able to dissipate such a large flux over the entire semiconduc-
tor die on which the microprocessor is formed. Thus, if the 
multi-core microprocessor is formed on a 1 cm2 die with 10 55 

layers and the worst case hot spot is 1000 W/cm2
, then the 

heat sink would be required to remove 10 kilowatts (kW) of 
heat (i.e., 1000 W/cm2 xl0 layersxl cm2

). This is not possible 
using conventional technology. As such, there is a need for a 
cooling system for microelectronic devices such as, but not 60 

limited to, multi-core microprocessors that have dynamically 
moving hot spots and, in some cases, multiple active layers. 

SUMMARY 

The present disclosure relates to a fully-passive, dynami
cally configurable directed cooling system for a microelec-

65 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

The accompanying drawing figures incorporated in and 
forming a part of this specification illustrate several aspects of 
the disclosure, and together with the description serve to 
explain the principles of the disclosure. 

FIGS. lA through lD illustrate a fully-passive, dynami
cally reconfigurable directed cooling system according to one 
embodiment of the present disclosure; 

FIGS. 2A through 2E graphically illustrate a process for 
fabricating a microelectronic device including a fully-pas
sive, dynamically reconfigurable directed cooling system 
according to one embodiment of the present disclosure; 

FIG. 3 illustrates a multi-domain cooling plenum accord
ing to one embodiment of the present disclosure; and 

FIG. 4 illustrates a microelectronic device having multiple 
stacked active layers and multiple cooling plenums according 
to one embodiment of the present disclosure. 

DETAILED DESCRIPTION 

The embodiments set forth below represent the necessary 
information to enable those skilled in the art to practice the 
embodiments and illustrate the best mode of practicing the 
embodiments. Upon reading the following description in 
light of the accompanying drawing figures, those skilled in 
the art will understand the concepts of the disclosure and will 
recognize applications of these concepts not particularly 
addressed herein. It should be understood that these concepts 
and applications fall within the scope of the disclosure and the 
accompanying claims. 

FIGS. lA through lD illustrate a microelectronic device 10 
including a fully-passive, dynamically configurable directed 
cooling system according to one embodiment of the present 



US 8,953,314 Bl 
3 

disclosure. As illustrated in FIG. lA, the microelectronic 
device 10 includes two active layers 12 and 14, a cooling 
plenum 16 between the active layers 12and14, and a number 
of droplets suspended within the cooling plenum 16 between 
the active layers 12 and 14 to form movable pins 18. The 
active layers 12and14 are layers in which active components 
of the microelectronic device 10 are formed. For instance, in 
one embodiment, the microelectronic device 10 is a multi
core microprocessor, and each of the active layers 12 and 14 
includes one or more cores of the multi-core microprocessor. 
A coolant flows through the cooling plenum 16 and is directed 
by the movable pins 18. The coolant may be any desired 
coolant that is suitable for flowing through the cooling ple
num 16. For instance, the coolant may be air or water, but is 
not limited thereto. As discussed below, the movable pins 18 
move within the cooling plenum 16 in such a manner that the 
coolant is directed to areas of the active layers 12and14 that 
need cooling, which are referred to herein as hot spots. 

In one embodiment, the movable pins 18 are liquid droplets 
formed of a liquid material having a high thermal conductiv
ity and a surface tension that decreases with temperature (i.e., 
a negative surface tension temperature coefficient). As dis
cussed below in detail, some exemplary liquid materials that 
may be used to form the movable pins 18 are: Gallium or 
Gallium-based Indium-Tin (InPb) alloys, surfactant-stabi
lized deionized (DI) water, other Gallium-based alloys doped 
with Indium and Tin (e.g., commercially-manufactured 
Galinstan alloy with composition 68.5% Ga21.5% In10% 
Sn), or low-melting temperature solders which can be doped 
with Gallium. In another embodiment, the movable pins 18 
are droplets formed of a composite material including a solid 
core surrounded by a liquid shell. Preferably, the solid core is 
material having high thermal conductivity, and the liquid 
shell is a liquid material having a surface tension that 
decreases with temperature (i.e., a negative surface tension 
temperature coefficient). Some exemplary non-limiting 
materials that may be used for the solid core are Copper, 
Silver, Aluminum, and Carbon Nanotube (CNT) bundles/ 
diamonds. 

In one embodiment, as used herein, a material having a 
"high thermal conductivity" is a material having a thermal 
conductivity in a range of or including 1 to 2000 Watts per 
meters-Kelvin (W/mK). In another embodiment, a material 
having a "high thermal conductivity" is a material having a 
thermal conductivity in a range of and including 10 to 500 
W/mK. Further, in one embodiment, the surface tension tem
perature coefficient of the material of which the movable pins 

4 
material used to form the movable pins 18 is a trade-off 
between response time (i.e., how quickly and easily the mov
able pins 18 will move in response to the temperature gradient 
by capillary forces due to less inertia) and having sufficient 
density to not be swept away by the coolant. 

By utilizing the Marangoni effect, the movable pins 18 
preferentially move within the cooling plenum 16 in direc
tions of increasing surface tension, where surface tension is a 
function of temperature. Since the movable pins 18 have a 

10 surface tension that decreases as temperature increases, due 
to the Marangoni effect, the movable pins 18 move to areas on 
the surfaces of the active layers 12 and 14 that are cool (i.e., 
where the movable pins 18 have the highest surface tension) 
and away from areas on the surfaces of the active layers 12 

15 and 14 that are hot (i.e., where the movable pins 18 have the 
lowest surface tension). The movement of the movable pins 
18 according to the Marangoni effect is also referred to herein 
as capillary flow. In this marmer, the movable pins 18 open a 
pathway for preferential flow of the coolant through the cool-

20 ing plenum 16 at a higher flow rate towards areas, or domains, 
of the active layers 12 and 14 that need higher heat dissipa
tion, which are referred to herein as hot spots, and bypassing 
the cool areas, or domains, of the active layers 12and14 that 
do not need cooling at a given instance of time. Further, in one 

25 embodiment, the hot spots in the active layers 12 and 14 
dynamically move over time. In response, the movable pins 
18 dynamically reconfigure in a fully passive manner. 

Notably, the movable pins 18 are formed such that they do 
not coalesce. More specifically, in one embodiment, a surfac-

30 tant is used to prevent the droplets forming the movable pins 
18 from coalescing. In another embodiment, the droplets 
forming the movable pins 18 are electrically charged of the 
same sign (e.g., all positively charged). Because they are 
electrically charged of the same sign, the movable pins 18 

35 repel one another, which prevents the movable pins 18 from 
coalescing. 

FIG. lB is a top down view of the microelectronic device 
10 ofFIG. lA showing the movable pins 18 within the cooling 
plenum 16. In FIG. lB, the movable pins 18 are illustrated as 

40 being uniformly distributed within the cooling plenum 16. 
This occurs when a uniform temperature is present across the 
surfaces of the active layers 12 and 14. As a result, coolant 
flowing through the cooling plenum 16 provides uniform heat 
dissipation over the entire surfaces of the active layers 12 and 

45 14. FIG. lB also illustrates walls 20 of the cooling plenum 16 
and a mesh 22 at openings in the cooling plenum 16 through 
which the coolant flows. The walls 20 and the mesh 22 con
fine the movable pins 18 to the cooling plenum 16. Notably, 18 are formed is in a range of and including approximately 

-0.7 to -0.01 milli-Newtons per meters-Kelvin (mN/mK) (or 
even lower). In another embodiment, the surface tension tern- 50 

perature coefficient of the material of which the movable pins 

openings in the mesh 22 are sized such that they are large 
enough to allow coolant (e.g., air or water) to flow through the 
mesh 22 into and out of the cooling plenum 16 but small 

18 are formed is in a range of and including approximately 
-0.7 to -0.1 mN/mK. Note that the ranges for high thermal 
conductivity and negative surface tension temperature coef
ficient given above are exemplary and are not intended to 55 

limit the scope of the present disclosure. 
A density of material used to form the movable pins 18 is 

preferably approximately equal to or greater than the density 
of the coolant. For example, if the coolant is air with the 
density of -1 kilogram per cubic meter (kg/m3

), then the 60 

density of the material used to form the movable pins 18 is, in 
one embodiment, at least 2 or 3 times that of air or, in another 
embodiment, in a range of 1 to 10 kg/m3

. If the coolant is 
water with a density of -1000 kg/m3, then the density of the 
material used to form the movable pins 18 is, in one embodi- 65 

ment, 2 to 3 times greater than that of water (i.e., approxi
mately 2000 to 3000 kg/m3

). Essentially, the density of the 

enough to confine the movable pins 18 inside the cooling 
plenum 16. The exact sizing of the openings in the mesh 22 
depends on the particular embodiment (e.g., the size of the 
droplets forming the movable pins 18, the type of coolant 
used, etc.). Further, in the embodiment where the movable 
pins 18 are electrically charged, the mesh 22 may also be 
electrically charged of the same sign. 

The size of the movable pins 18 is, in one embodiment, on 
the order of magnitude of a typical hot spot. In the case of a 
multi-core microprocessor, the size of the movable pins 18 
may be as large as a core of the multi-core microprocessor. In 
one particular embodiment, the size, or diameter, of each of 
the movable pins 18 is in a range of and including 100 nanom-
eters (nm) to 1 millimeter (mm). In another embodiment, the 
size, or diameter, of each of the movable pins 18 is in a range 
of and including 10 to 100 micrometer (µm). Note, however, 
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that these sizes are exemplary and are not intended to limit the 
scope of the present disclosure. Further, the particular size of 
the movable pins 18 used for a particular application may be 
decided based on a trade-off between the flexibility of the 
cooling system resulting from the use of a larger number of 
smaller movable pins 18 (e.g., the smaller the movable pins 18 
are, then the more movable pins 18 that can be put in the 
cooling plenum 16, which in turn increases the number of 
optimum pin configurations that can be attained with a faster 
response time) and the reduced complexity and cost resulting 10 

from using a smaller number oflarger movable pins 18. Also, 
when uniformly distributed as shown in FIG. lB, the spacing 
between the movable pins 18 (i.e., the lateral distance 
between the movable pins 18) is, in one embodiment, in a 
range of and including 1 to 100 µm. However, the present 15 

disclosure is not limited thereto. The lateral distance between 
the movable pins 18 when uniformly distributed may vary 
depending on the particular application. 

6 
Gallium added in quantities up to 2% in common solders aids 
significantly in their wetting and flow characteristics. In 
another embodiment, the movable pins 18 are droplets of a 
composite material where each of the movable pins 18 
includes a solid core of a material having a high thermal 
conductivity (e.g., Copper, Silver, Aluminum, and CNT 
bundles/diamonds) and a liquid shell surrounding the solid 
core of a liquid material having a surface tension that 
decreases with increasing temperature. Relevant properties of 
three representative materials are summarized in Table 1, and 
are used below to describe performance characteristics of the 
disclosed cooling system. Note, however, as will be appreci
ated by one of ordinary skill in the art upon reading this 
disclosure, the materials discussed herein for the movable 
pins 18 are exemplary. Other types of liquid or composite 
materials having high thermal conductivity and a surface 
tension that decreases as temperature increases may be used. 

TABLE 1 

Relevant properties of exemplary substances for movable pins 

Surface 
Melting Boiling Density Thermal Tension 

Point Point (kg/m3 Viscosity Conductivity (mN/m 
(c C. at (c C. at at (Pa* sat (W/mKat as f(T 
1 atm) 1 atm) 2oc C.) 2oc C.) 2oc C.) inc c.)) 

Gallium 29.8 2204 6095 -0.002 40 -708 -
(at MP) (at MP) 0.66 * (T-

29.8) 
Galinstan Alloy -19 >1300 6440 0.0024 16.5 -718 -
(68.5%Ga21.5%In10%Sn) 0.66 * (T-

29.8) 
Water (for comparison) 0 100 1000 0.001 0.609 75 -

FIG. lC is a top down view of the microelectronic device 
10 of FIG. lA illustrating the dynamic re-configuration of the 
movable pins 18 in response to hot spots 24 in the active layers 
12 and 14. Specifically, the hot spots 24 create a temperature 
gradient over the surfaces of the active layers 12and14. This 
temperature gradient induces movement of the movable pins 
18 in directions of decreasing temperature. As a result, as 
shown in FIG. lC, the movable pins 18 migrate to cool areas 

35 

0.17 * T 

High surface wettability (i.e., contact angle approaching 
zero) of the material used for the movable pins 18 to the 
surfaces of the active layers 12and14 is one desired property. 

40 Preferably, the wettability is such that a contact angle 
between the movable pins 18 and the surfaces of the active 
layers 12 and 14 is between 0 and 90 degrees. High surface 
wettability increases a contact area between the movable pins 
18 and the surfaces of the active layers 12 and 14, thereby 

45 providing high capillary coupling between the movable pins 
18 and the active layers 12 and 14. The high capillary cou
pling supports significant capillary or interfacial forces to the 
movable pins 18 resulting in fast movement of the movable 

on the surfaces of the active layers 12 and 14 away from the 
hot spots 24. This opens a pathway for preferential flow of the 
coolant within the cooling plenum 16 at a higher flow rate 
towards the hot spots 24 and bypassing the cooler areas. 
Notably, as the hot spots 24 move, so too do the movable pins 
18. FIG. lD is a cross-sectional view of FIG. lC showing the 50 

large opening created by the movable pins 18 for one of the 
hot spots 24 to direct the coolant to the hot spot 24. 

pins 18 in response to a temperature gradient. 
Gallium and Gallium-based alloys are highly wettable 

(i.e., have a contact angle approaching zero) to most substrate 
materials, including Silicon dioxide (Si02 ) which is com
monly used as a dielectric passivation layer for electrical 
insulation between the active layers (e.g., the active layers 12 

In one embodiment, the movable pins 18 are liquid droplets 
of Gallium or Gallium-based InPb alloys, in which case the 
coolant may be, for example, air or water. In another embodi
ment, the movable pins 18 are liquid droplets of surfactant
stabilized DI water, in which case the coolant may be, for 
example, air. Some other liquid substances that may be used 
for the movable pins 18 include, but are not limited to: (i) 
other Gallium-based alloys doped with Indium and Tin that 
can be used to tune the melting point, viscosity, thermal 
conductivity, and surface tension (e.g., commercially-manu
factured Galinstan alloy with composition 68.5% Ga21.5% 
In10% Sn); and (ii) low-melting temperature solders which 
can be doped with Gallium to modify their properties towards 
greater substrate wettability with strong temperature depen
dence of the surface tension and improved fluidity. In fact, 

55 and 14) in the stacked-die forming the microelectronic device 
10. Silicon dioxide is also wettable by water with the contact 
angle between 0 and 90°, depending on the oxide thickness. 
This means that the capillary coupling between the movable 
pins 18 when made of either Ga/Ga-based alloys or water and 

60 the Si02 substrate will be strong to support application of 
significant capillary forces to the movable pins 18 resulting in 
their fast motion in response to the temperature gradient. 

It should be noted that at near-room temperatures (in the 
range of expected application of electronic components) Gal-

65 lium and Gallium-based InPb-alloys (e.g., Galinstan) are nei
ther toxic nor reactive towards air and water due to the for-
mation of a passive, protective oxide layer. Further, Gallium 
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and its InPb-doped alloys are insoluble in water or organic 
solvents. Therefore, a wide range of fluids, including water, 
organic liquids, and air could be used as coolants in conjunc
tion with the movable pins 18 when formed of Gallium or 
Gallium-alloy liquid droplets. It should also be noted that 
Galinstan and other Gallium and Gallium-based InPb-alloys 
are commercially available materials. 

8 
plenum layer 26 is etched or otherwise processed to form the 
cooling plenum 16, as illustrated in FIG. 2C. The liquid 
droplets, or movable pins 18, are then provided in the cooling 
plenum 16, as illustrated in FIG. 2D. Notably, the manner in 
which the liquid droplets are formed and deposited is well 
known in the art. Any conventional technique may be used, 
including ultrasonic or electrostatic dispersion, ink-jet print
ing, and others. Lastly, the active layer 14 is provided over the 
cooling plenum 16, as illustrated in FIG. 2E. As this point, the 

The speed of the capillary motion (i.e., the speed of the 
movement of the movable pins 18) corresponds to the 
response time of the cooling system described herein. The 
speed of the capillary motion is proportional to the tempera
ture coefficient in the surface tension temperature-depen
dence ay/CJT (see Table 1), the magnitude of the temperature 
gradient VT driving capillary flow in the direction of 
increased surface tension (i.e., towards lower temperatures 
for liquids with a negative surface tension temperature coef
ficient), the vertical height h of the movable pins 18 defined 

10 liquid droplets are suspended between the two active layers 
12and14 as the movable pins 18. While not shown, the mesh 
22 is provided over the openings at each end of the cooling 
plenum 16 (see FIGS. 1B and lC). 

FIG. 3 illustrates another embodiment of the cooling ple-

by a gap size of the cooling plenum 16 (i.e., a distance 
between the active layers 12 and 14), and inversely propor
tional to the liquid viscosity µ. For the capillary motion of 
liquid films, which can be used as an approximation for the 
movable pins 18, an experimentally-verified expression 
exists to predict the speed of capillary motion: V ""0.5xhx3y/ 
ClTxVTxµ- 1

. Note that this expression is for a liquid in con
tact at one side only with a substrate, and the velocity would 
double for the movable pins 18 which are confined between 
and interacting with two substrates of the cooling plenum 16 
(i.e., the two active layers 12 and 14). 

15 num 16. In this embodiment, the cooling plenum 16 includes 
multiple domains, or sectors, 28 and 30. Note that while two 
domains are illustrated, the cooling plenum 16 may include 
any number of one or more domains. Further, the domains 
may be of different sizes and/or shapes. Each of the domains 

20 28 and 30 includes movable pins 18. The movable pins 18 in 
the domain 28 are constrained to the domain 28. Likewise, the 
movable pins 18 in the domain 30 are constrained to the 
domain 30. As discussed above, the movable pins 18 move 
away from hot spots to provide directed flow of the coolant to 

25 the hot spots. Size, number, and material of the movable pins 
18 in the domains 28 and 30 may be different depending on 
specific cooling requirements of each of the domains 28 and 
30. 

FIG. 4 illustrates another embodiment of the microelec-
30 tronic device 10 where the microelectronic device 10 includes 

For example, ifthe cooling plenum 16 has a thickness of 
100 µm and a temperature gradient of 105 degrees Celsius per 
meter (° C./m) (corresponding to 10° C. temperature drop 
across the 100 µm distance, which is quite typical for hot 
spots) is imposed within the cooling plenum 16, the resulting 
motion of the movable pins 18 would occur at approximately 
2.8 meters per second (mis) ifthe movable pins 18 are formed 35 

of Galinstan and approximately 1. 7 mis if the movable pins 18 
are formed of water. This translates into a response time for 
rearrangement of the movable pins 18 (i.e., time to move the 
movable pins 18 to new positions from the hot to the cold zone 
on the substrate, -distance/velocity) of approximately 0.03 40 

milliseconds for Galinstan and approximately 0.06 millisec
onds for water. While this analysis does not account for intra
droplet interactions due to collective motion and inertial 
effects (proportional to the material density of the material 
used for the movable pins 18), these effects are expected to 45 

have minimal impact due to a very small size of the movable 
pins 18 and therefore strong dominance of surface-vs-bulk 
transport processes. Thus, this analysis provides a good first
order approximation for the transient response of the dis
closed cooling system, which is impressive and responsive to 50 

expected dynamics of hot spot migration (-sub-millisecond) 
in microprocessors. It should be noted that if the temperature 
gradient is increased by an order of magnitude, the capillary 
velocities would increase by the same order of magnitude, 
while the time response of the cooling scheme (re-arrange- 55 

ment of the movable pins 18) would decrease by two orders of 
magnitude, leading to an unprecedented sub-microsecond 
response of the cooling system. 

FIGS. 2A through 2E graphically illustrate a process for 
forming the microelectronic device 10 of FIGS. lA through 60 

lD according to one embodiment of the present disclosure. 
As illustrated in FIG. 2A, the process begins with the active 
layer 12. Then, as illustrated in FIG. 2B, a cooling plenum 
layer 26 is provided on the active layer 12. The cooling 
plenum layer 26 may be formed of any suitable material such 65 

as, for example, a dielectric or insulation material such as, for 
example, Si02 , a polymer, or the like. Next, the cooling 

multiple active layers and cooling plenums. Specifically, in 
this embodiment, the microelectronic device 10 includes the 
active layers 12and14 as well as an additional active layer 32. 
The microelectronic device 10 includes the cooling plenum 
16 between the active layers 12 and 14 and another cooling 
plenum 34 between the active layers 14 and 32. The cooling 
plenum 34 includes droplets suspended between the active 
layers 14 and 32 that form movable pins 36 in the same 
manner described above with respect to the movable pins 18. 
In this manner, the cooling system described herein may be 
extended to microelectronic devices having any number of 
stacked layers. 

It should be noted that while the cooling plenum (e.g., the 
cooling plenum 16) and movable pins (e.g., the movable pins 
18) are described herein as being implemented between two 
active layers (e.g., the active layers 12 and 14), the present 
disclosure is not limited thereto. For example, a cooling ple
num may be provided between an active layer and a non
active layer (e.g., an Si02 layer).As another example, a single 
active layer may be between two cooling plenums (e.g., a 
cooling plenum and a non-active layer on both the top and 
bottom surfaces of the single active layer). 

Some exemplary and non-limiting benefits of the cooling 
system described herein are as follows. The cooling system is 
fully passive and dynamically reconfigurable (i.e., adaptive). 
As the hot spots on the surfaces of the active layers 12and14 
(and 32) move due to, for example, activation and deactiva
tion of the cores of a multi-core microprocessor, the movable 
pins 18 (and 36) re-configure to direct coolant flow to the hot 
spots. This is done in a fully-passive manner without the need 
for any active control system, which in turn reduces packag
ing complexity and cost and improves reliability. Further, the 
cooling system described herein is universal and can work 
with different coolants ranging from air to liquids depending 
on the specific power dissipation profile of a given application 
of a microelectronic device. Also, the form factor of the 
cooling system which is composed of a small-gap cooling 
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plenum confining movable pins is fully compatible with 
architectural features of a 3-D stacked die, thus providing the 
possibility of a chip-level "drop-in" solution for any number 
of active layers, possibly on an as-needed basis depending on 
a specific power profile for each active layer. Lastly, the 
cooling system minimizes power consumption (cooling over
head) as coolant is not pumped over the cool areas of the 
active layers such that only the hot spots are cooled. 

Those skilled in the art will recognize improvements and 
modifications to the preferred embodiments of the present 10 

disclosure.All such improvements and modifications are con
sidered within the scope of the concepts disclosed herein and 
the claims that follow. 

What is claimed is: 
1. A microelectronic device comprising: 
an active layer; 
a cooling plenum on a surface of the active layer; 

15 

a second layer on the cooling plenum opposite the active 
layer such that the cooling plenum is between the active 20 

layer and the second layer; and 
a plurality of movable pins suspended in the cooling ple

num between the active layer and the second layer, the 
plurality of movable pins being formed of a material 
having a surface tension that decreases as temperature 25 

increases such that, in response to a temperature gradient 
on the surface of the active layer, the plurality of mov
able pins move by capillary flow in directions of 
decreasing temperature on the surface of the active layer. 

2. The microelectronic device of claim 1 wherein the plu- 30 

rality of movable pins move away from one or more hot spots 
on the surface of the active layer. 

3. The microelectronic device of claim 1 wherein the plu
rality of movable pins direct flow of a coolant through the 
cooling plenum to one or more hot spots on the surface of the 35 

active layer. 
4. The microelectronic device of claim 1 wherein move

ment of the plurality of movable pins is fully passive. 

10 
14. The microelectronic device of claim 1 wherein the 

plurality of movable pins is a plurality of liquid droplets 
formed of a liquid material having a surface tension that 
decreases as temperature increases such that, in response to 
the temperature gradient on the surface of the active layer, the 
plurality of movable pins move by capillary flow in directions 
of decreasing temperature on the surface of the active layer. 

15. The microelectronic device of claim 14 wherein the 
liquid material is gallium. 

16. The microelectronic device of claim 14 wherein the 
liquid material is a gallium based indium-tin (InPb) alloy. 

17. The microelectronic device of claim 14 wherein the 
liquid material is gallium based alloy doped with indium and 
tin. 

18. The microelectronic device of claim 14 wherein the 
liquid material is galinstan. 

19. The microelectronic device of claim 14 wherein the 
liquid material is water. 

20. The microelectronic device of claim 14 wherein the 
liquid material is surfactant-stabilized deionized (DI) water. 

21. The microelectronic device of claim 14 wherein the 
liquid material is solder with up to 2% gallium. 

22. The microelectronic device of claim 1 wherein the 
plurality of movable pins is a plurality of droplets of a com
posite material such that each of the plurality of movable pins 
has a solid core and a liquid shell surrounding the solid core, 
the liquid shell being formed of a liquid material having a 
surface tension that decreases as temperature increases such 
that, in response to the temperature gradient on the surface of 
the active layer, the plurality of movable pins move by capil
lary flow in directions of decreasing temperature on the sur
face of the active layer. 

23. The microelectronic device of claim 22 wherein the 
solid core is formed of a material having a high thermal 
conductivity. 

24. The microelectronic device of claim 23 wherein the 
high thermal conductivity is in a range of and including 1 to 
2000W/mK. 

25. The microelectronic device of claim 23 wherein the 5. The microelectronic device of claim 1 wherein the plu
rality of movable pins are dynamically re-configurable in 
response to changes in the temperature gradient on the surface 
of the active layer. 

40 high thermal conductivity is in a range of and including 10 to 
500W/mK. 

6. The microelectronic device of claim 1 wherein the mate
rial of which the plurality of movable pins are formed has a 
negative surface tension temperature coefficient. 

26. The microelectronic device of claim 23 wherein the 
liquid shell surrounding the solid core provides a contact 
angle with the surface of the active layer in a range of and 

45 including 0 to 90 degrees. 
7. The microelectronic device of claim 6 wherein the nega

tive surface tension temperature coefficient is in a range of 
and including -0.7 mN/mK to -0.01 mN/mK. 

8. The microelectronic device of claim 6 wherein the nega
tive surface tension temperature coefficient is in a range of 50 

and including -0.7 mN/mK to -0.1 mN/mK. 
9. The microelectronic device of claim 1 wherein the mate

rial of which the plurality of movable pins are formed has a 
high thermal conductivity. 

10. The microelectronic device of claim 9 wherein the high 55 

thermal conductivity is in a range of and including 1 to 2000 
W/mK. 

11. The microelectronic device of claim 9 wherein the high 
thermal conductivity is in a range of and including 10 to 500 
W/mK. 

12. The microelectronic device of claim 1 wherein a con
tact angle between each of the plurality of movable pins and 
the surface of the active layer is in a range ofO to 90 degrees. 

60 

27. The microelectronic device of claim 1 wherein a sur
factant is utilized to prevent the plurality of movable pins 
from coalescing. 

28. The microelectronic device of claim 1 wherein the 
plurality of movable pins are electrically charged of a same 
sign. 

29. The microelectronic device of claim 1 wherein a den
sity of the material of which the plurality of movable pins are 
formed is approximately equal to or greater than a density of 
a coolant that flows through the cooling plenum. 

30. The microelectronic device of claim 1 wherein, when a 
uniform temperature is provided across the surface of the 
active layer, a lateral distance between the plurality of mov
able pins is in a range of and including 1 to 100 micrometers. 

31. The microelectronic device of claim 1 wherein each of 
the plurality of movable pins has a diameter in a range of and 
including 100 nanometers to 1 millimeter. 

32. The microelectronic device of claim 1 wherein each of 
13. The microelectronic device of claim 1 wherein the 

plurality of movable pins have a sub-millisecond response 
time to changes in the temperature gradient on the surface of 
the active layer. 

the plurality of movable pins has a diameter in a range of and 
65 including 10 to 100 micrometers. 

33. The microelectronic device of claim 1 wherein the 
second layer is a second active layer. 
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34. The microelectronic device of claim 1 wherein the 
cooling plenum comprises a plurality of domains. 

35. The microelectronic device of claim 1 further compris
ing: 

a plurality of active layers, including the active layer and 
the second layer, that are stacked; and 

a plurality of cooling plenums including the cooling ple
num, each cooling plenum of the plurality of cooling 
plenums being between a corresponding pair of the plu-
rality of active layers; and 10 

for each cooling plenum of the plurality of cooling ple
nums, a plurality of movable pins suspended in the cool
ing plenum between the corresponding pair of the plu
rality of active layers, the plurality of movable pins 
being formed of a material having a surface tension that 15 

decreases as temperature increases such that, in 
response to a temperature gradient on corresponding 
surfaces of the corresponding pair of the plurality of 
active layers, the plurality of movable pins move by 
capillary flow in directions of decreasing temperature on 20 

the corresponding surfaces of the corresponding pair of 
the plurality of active layers. 

* * * * * 

12 


