
MEMS HEAT PUMPS FOR INTEGRATED CIRCUIT HEAT DISSIPATION  Field of the
Invention The present invention relates generally to the cooling of
integrated circuits, and  more particularly to a MEMS heat pump and cooling
channels for cooling integrated  circuits.  Background of the Invention
Today's personal computers (PCs) and workstations are experiencing a rapid
growth of accelerated clocking and computational speeds. PC clock speeds
have  progressed from the Intel Corporation 486TM microprocessor speeds of
60 and 90 MUM  to the present Pentium I P clock speeds in excess of 600
MHz. Moore's Law  generally predicts a doubling of computing power and
circuit complexity every year and  a half or so. The downside corollary to
Moore's Law, however, is that with doubling the  number of devices in an
integrated circuit (IC) consequently raises the amount of heat  generated
requiring dissipation. As an integrated circuit drives current between
transistors it consumes power, producing waste heat that eventually
transfers outward  through the chip from the surface of the die. Generally,
a PC chip designed for  commercial use can withstand up to 150C. Exceeding
that limit, however, will cause  the chip to make errors in its
calculations, or perhaps fail completely Current solutions in heat
dissipation for chips include heat spreaders, heat sinks  and fans. Heat
spreaders, which generally are made of a tungsten-copper alloy and are
placed directly over a chip, have the effect of increasing the chip's
surface area,  allowing more heat to be vented upward. Similarly, heat
sinks spread the heat upward  through fins or folds, which are vertical
ridges or columns that allow heat to be  conducted in three dimensions --
length, width, and height, as opposed to the two- dimensional length and
width of heat spreaders. Fans within a computer housing can further aid
heat dissipation from the chip or  heat sink surface by convection. The
amount of heat a fan dissipates away from a chip 



depends on the, volume of air the fan moves, the ambient temperature, and
the difference  between the chip temperature and the ambient temperature.
The miniaturizing of irate rated circuits have generally allowed for a
reduction of  operating voltages, resulting in lower heat production.
However, chip shrinkage also  means that heat-generating devices are packed
closer together. Thus, the "power  density" or the amount of heat
concentrated at particular spots across the chip may  begin to climb. As a
consequence, heat is generated faster than it can be dissipated as  higher
clock speeds are demanded. For example, PCs with a 486T111 microprocessor
drew generally 12 to 15 watts,  primarily concentrated in the processor. A
power supply with an embedded fan was  typically sufficient to circulate
air and cool the inside of the PC chassis, while a passive  heat sink could
cool the processor. On the other hand, PentiumTM processors front Intel
Corporation consumed about 25 watts, thus requiring more cooling means than
the  passive heat sink. for the processor alone. Similarly, the Pentium
ITT," processor  consumes about 40 watts, while future processors like the
6 -bit MercedTM may  consume tip to 65 watts. Other transistor-laden
components must also contend with  increasing heat generation: add-on
cards; chipsets; graphics chips; and high- performance dynamic random
access memory (DRAM). There is, consequently, a need for improved heat
dissipation from integrated  circuits.  Summary of the Invention These and
other needs are satisfied by several aspects of the present invention. In
accordance with one aspect of the invention a cooling system is provided
for  all integrated circuit. The system comprises a pump that circulates
fluid within the  intergrated circuit. Desirably, the fluid carries heat
from regions of heat generation to  regions outside the integrated circuit.
In particular, Miniaturized Electro-Mechanical Structure (MEMS) technology
is  applied to create a miniature elcctrochemical pump within the chip. The
illustrated  pump comprises a piezoelectric actuator formed over a cavity
in a structural layer.. In  



other arrangements, a MEMS structure formed externally can he placed within
the ~  cavity, wired for operation, and sealed within the cavity. The
cavity is In fiLLId  communication with fluid-filled channels embedded
within the integrated circuit. The channels are formed, in the preferred
embodiments, by etching trenches in a  desired pattern, followed by lining
the trenches by deposition. The deposition is  engineered to create a
continuous an gap along the trenches, and the cavity is opened to
communicate with this air gap. Desirably, the air gap forms a closed loop
including the  cavity. After formation of the pump, these channels are then
filled with fluid, such as  argon, helium or other thermally conductive
fluid, and the channels are scaled, such as  by lamination of the
piezoelectric actuator over the cavity In operation, the pump circulates
fluid within the channels and preferably carries  heat away from heat
generating integrated devices, such as fast switching transistors in a
logic circuit of a dynamic random access memory (DRAM) chip. In the
illustrated  embodiment, the channels communicate the heat outwardly from
these buried devices,  and a heat sink, such as a conventional copper
plate, communicates heat away from the  die. Moreover, a series of pumps
can be arranged in sequence along the channels, and  operated in sequence
to serve collectively as a peristaltic pump. Brief Description of the
Drawings These and further aspects of the invention will be readily
apparent to those  skilled in the art from the following description and
the attached drawings, which are  meant to illustrate and not to limit the
invention, and wherein: Figure 1A is a schematic plan view of a partially
fabricated integrated circuit,  illustrating segmented zones comprising
cooling channels and heat pumps. Figure 1B is a schematic horizontal
cross-section of a segmented zone of Figure  1A, schematically illustrating
the interconnection between cooling channels and a heat pump. Figure 2 is a
schematic vertical cross-section of a partially fabricated integrated
circuit, illustrating a trench overlying a semiconductor substrate. Figure.
3 is a schematic cross-section of the trench of Figure 2, illustrating a
"pinching" effect of a deposited sealant layer. 



Figure. 4 is an isometric view of a section of a partially fabricated
cooling channel.  Figure 5 is a schematic cross section of a partially
fabricated integrated circuit,  illustrating the formation of a cavity
opening within an insulating layer in  communication with cooling channels.
Figure 6 is a schematic cross-section of a partially fabricated integrated
circuit,  illustrating a piezoelectric pump actuator laminated over the
cavity of Figure 5. Figure 7 is a schematic cross-section of a partially
fabricated integrated circuit,  illustrating a fluid filling the cooling
channels and cavity of the structure of Figure 6.  Figure SA is a schematic
cross section of a partially fabricated integrated circuit; illustrating a
pump actuator during an active low input signal. Figure 8B is a schematic
cross-section} of a partially fabricated integrated circuit,  illustrating
a pump actuator during an active high input signal. Figure 9A is a
schematic cross-section of a partially fabricated integrated circuit,
illustrating the position of a discrete packet of fluid during a first step
of operating an  exemplary heat pump array. Figure 9B illustrates a timing
diagram corresponding to the first sequential step  of Figure 9A. Figure
10A is a schematic cross-section of a partially fabricated integrated
circuit, illustrating the position of the packet of fluid of Figure 9A
during a second step.  Figure 10B illustrates a timing diagram
corresponding to the second step of  figure 10A. Figure 11A is a schematic
cross-section of a partially fabricated integrated  circuit, illustrating
the position of the packet of fluid of Figure 10A during a third step.
Figure 11B illustrales a timing diagram corresponding to the third step of
Figure  11A. Figure 12 is a schematic of a partially fabricated integrated
circuit, illustrating a thermally conductive plate or heat sink bonded to
the die of Figure 1.  Detailed Description of the Preferred Embodiment 



As noted in the "Background" section alcove, the trend in integrated
circuit  fabrication is to further miniaturize vices, condensing larger
numbers of transistors in smaller regions. As devices become smaller and
more powerful, heat generated by  device switchin and currentt driving of
store densely packed transistors continues to  rise. Various solutions have
been implemented in response to the cooling needs of heat- generating
devices. Solutions such as heat spreaders, heal sinks and inns have all
aided in cooling  such heat-generating devices- Such solutions were
generally effective in cooling earlier  generation chips. However, as
integrated circuits become more and more dense, present  cooling measures
by external means will soon be ineffective. Furthermore, existing  trends
dictate that other transistor-laden devices, aside from microprocessors,
will  similarly require cooling means. Devices such as chipsels, graphics
chips, and high-- performance DRAM are similarly generating enough heat to
warrant their own cooling  means in order to avoid computation errors and
other general device failures. It is an object of the present invention to
provide cooling means for heat- generating integrated circuits. In the
preferred embodiment, an embedded cooling  feature for integrated circuits
comprises a Miniaturized Electro-Mechanical Structure  (HEMS) heat pump in
communication with interconnected cooling channels. MEMS is a relatively
new field which exploits existing microelectronics  fabrication technology
to create complex machines with micron feature sizes. These  machines can
have many functions, including sensing, communication and actuation. The
mechanical actuation of a MEMS heat pump of the illustrated embodiment
effectively circulates a fluid, preferably a gas, through cooling channels,
promoting heat  energy transfer by forced convection. The cooling channels
function as conduits for the  circulating fluid that serves as a
heal-transferring medium. Generally, heat is absorbed  by the fluid near
heat-generating devices, carried along with the fluid in the channels,  and
released to heat sinks leading out of the chip. Figure 1A is a schematic
plan view of the preferred ernbodiment, illustrating an  integrated circuit
chip or die 100 with segmented zones 110 across the chip. Figure 1B  is an
enlarged view of an exemplary zone 110 comprising a MEMS heat pump 150  



interconnected with a network of cooling channels 50. The. zones 11.0 can
be selected to  maximize cooling efficiency" depending on the configuration
of the integrated circuit  100. Accordingly, the network of interconnected
cooling channels 50 may vary in  design layout to best benefit the cooling
needs of the particular integrated circuit die  100.  A heat sink is
preferably provided to direct the heat energy away from the die  100. In
the preferred embodiment, a heat sink or heat conductive plate 130 (see
Figure  12) is bonded to a backside of the die 100. Accordingly, the
cooling channels 50 and  heat pumps 150 expel thermal energy from within
the integrated circuit die 100, while  the heat sink 130 carries heat away
from the die 100. It is another object. of the present invention to create
cooling channels for an  integrated circuit by controlling a thin. film
thickness across a surface topography. The  cooling charnels preferably
contain a fluid that is thermally conductive and has a high  specific heat
capacity, thus promoting efficient energy transfer to and from the fluid by
conduction and transfer along the charnels by convection, The network of
cooling channels is by engineering a deposition process to  produce
continuous voids while lining trenches. Generally, it is desirable for thin
films  to obtain good step coverage or confonnal coverage, wherein equal
film thickness exists  over all surface topography regardless of its slope
(i.e., vertical and horizontal surfaces).  However, it is preferable in the
illustrated embodiment to engineer a non-conformal thin  filth A
non-confonnal thin film can be realized by physical vapor deposition (PVD)
or  chemical vapor deposition (CVD), as is well known in the art.
Fabrication of Cooling Channels Figures 2 through 5 illustrate the
fabrication of cooling charnels 50 in the  preferred embodiment. Figure 2
is a schematic cross-section, illustrating an opening, preferably an
elongated trench 30 within a partially fabricated integrated circuit. The
trench 30 is  formed within a structural layer 65, such as a typical
interlevel dielectric (ILL)) material,  that is formed over electronic
devices such as integrated transistors. The structural layer  comprises
borophosphosilicate glass (BPSG) in the illustrated embodiment, and
overlies  



a semiconductor substrate 200 in which the electronic devices are.
(partially) formed.  Though not shown, will be understood that there will
generally be Intervening layers  between the structural layer 65 and the
substrate. The trench 30 serves as a foundation  to form conduits from
regions of heat generation throughout the integrated circuit 100 to heat
exhaust pointsAccordingly, the trench 30 preferably traverses proximate
intergrated heat-generatting, electronic devices, such as output driver
tansistors in logic circuits, particularly in a dynamic random access
memory (DRAM) chip. Within the layer 65, the trench 30 is defined by a top
opening 38, bottom corners  36, top comers 32 and a surrounding planar
surface 34, The trenches 30 of be preferred  embodiment preferably range
from about 0.05 iin to 20 tni deep and about 0.1 ~m-i to  10 LLM wide,
preferably about 0.2 LL111 to 5 pin deep and about 0.5 ~tfn to -2 ~tm
wide, and most preferably about 0.5 ~Lnl to 2 ~ttn deep and about 0.8 ~tyn
to 1-2 ~Lnl wide, At the same time, a larger cavity 70 (Figure 5) is formed
in communication with  the trenches 30. Advantageously, the cavity 70 has a
significantly smaller aspect ratio.  Referring to Figure 3, a sealant layer
15 is deposited In the trench 30 by chemical vapor deposition (CVD) to form
the cooling channels of the preferred  embodiment. For the sealant layer
15, silicon carbide (SiC is the preferred material for  deposition due to
its thermal stability, low stress, crack resistance arid hermetic
characteristics. The wafer with trenches 30 of the preferred embodiment is
introduced into a  CVD chamber with a charmber pressure range preferably
between about 5 Torr and 10  Torr, more preferably between about 6 Torr and
9 Torr. The temperature range within  the process chamber is preferably
between about 300'C and 450'C, more preferably  between about 325"C arid
425'C, most preferably between~,u about 350"C arid 400'C-1, A silicon
source gas  such as silane (SIH,) is flowed in the preferred process
chamber at a rate of between about 50 sccm and 300, more preferably between
about 80  sccm arid 2100 sccm. Additionally, a carbon precursor, such as
methane (CH4)~ is  generally used for the CVD growth of SiC.  In the
preferred enibodiment, CH4 is used as ~ 



the carbon precursor, and is flowed at a rate of between about 50 sccm and
300, more  preferably between about 80 sccm and 200 sccm Deposition
conditions can be controlled to generally deposit the scalant layrer 15  at
the top comers 32 at a faster rate than at bottom comers 36 (see Figure 3),
For the  preferred ernbodiment, the Process described above deposits the
sealant layer 15 for a  duration of 50 seconds, while the pressure is
ramped to about 20 Torr. As a result, the sealant layey 15, or silicon
carbide (SiC) layer grows more quickly and pinches off at the opening 38
before the trench 30 is completely filled.   Figure 4 is an exemplary view
of a cooling channel 50 of the preferred  embodiment. The deposited sealant
layer 15 seals the opening 3S before trench 3U is  filled, consequently
forming a sealed air gap 20. The sealed air gap 20 follows the  length of
the trench 30, forming a tube or channel 50 having a width or diameter on
the  order of 5,000 A. After fabrication of an initial level of cooling
channels 50, subsequent layers,  such as BPSG, are deposited over the
initial layer as the integrated circuit is fabricated,  typically in the
course of metallization or "back-end" processing. Depending upon the
circuit design, the process of etching trenches 30 and depositing sealant
layers 15 can be  repeated as the layers of the integrated circuit are
built tip until a desired network of  cooling channels is created. In a
typical DRAM fabrication, where a plurality of dies are simultaneously
formed on a single large substrate (e.g., 200 mm or 300 nun silicon wafer,
at least the  steps described up to this point are preferably conducted
prior to cutting the substrate  into a plurality of dies. Optionally, die
cutting can be performed prior to completion of  heat pumps, as described
below. Fabrication of HEMS Heat Puna s it is a further object of the
preferred embodiment to provide a circulation means  for a fluid that will
fill the cooling channels 50. A pump, fan or other circulator is  desired
to circulate a fluid through the cooling channels 50, enhancing cooling of
the  integrated circuit. 



A heat pump with micron feature sizes is most desirable for it to be
effectively  incorporated within an integrated circuit. Tn the preferred
embodiment, a EMS  circulator or pump communicates with the network of
cooling channels 50. Micro  Electro-Mechanical Structures (MEMS) are built
by a relatively new technology that  exploits art existing microelectronics
infrastructure to create mechanical structures on  such a micro-scale. With
reference to Figure 3, all opening or cavity 70 is formed In communication
with the cooling channel 50.  While shown in communication with only one
level of channels, it will be understood that the cavity can extend
vertically through multiple levels of the cooling channel network.  The
cavity 70 is preferably formed within the    chip's exclusion zones by
conventional photolithography and dry etch processes.  Preferably, the
cavity 70 has a depth between about 0.05 lLni and 20 m, more  preferably
between about 0.2 Enn and 5 Etin, and most preferably between about 0.5
lLnl  and 2 m. The cavity 70 has a bottom area ranging between about 100
ltm and 10,000  pm', more preferably between about 500 jam' and 5,000
llrn', and most preferably  between about 1,000 ltrn2 and 3,000 li.m'. As
noted above, the cavity 70 is preferably tbrmed simultaneously with the
trenches 30. Accordingly, the sealant layer 15 coats the cavity 70 walls.
However, the  much wider cavity 70 has a low aspect ratio. Accordingly, the
cavity 70 remains open  while the sealant 15 pinches off and encloses the
channels 50. The circulator or MEMS heat pump of the preferred embodiment
is formed at  the cavity 70 described above. The MEM.S heat pump comprises
a flexible membrane,  preferably a piezoelectric membrane that, when
actuated, effectively pumps a fluid  through the cavities 70 and
interconnected cooling charmels 50. In other arrangements,  the heat pump
can resemble a fan, vibrator or other agitator that is externally
micromachined and placed within the cavity to cause circulation of fluid
during  operation. Methods for the formation of flexible membranes for pump
actuation are known  



by those skilled in the micro-machining art. For example, a method For the
formation of  a silicon-based inicropump is described in the paper, "A
Novel Micromachined Pump  Based On Thick-.Filni Piezoelectric Actuation,"
by Michael Koch et al., Sensors and  Actuators A70 (1998j, pp. 95-103,
(hereinafter "Koch et al."), the disclosure of which is  incorporated
herein by reference. The actuation principle of the. exemplary pump relies
on the flexure of a screen--printed piezoelectric lead r,irconium titanate
(PZT) layer on a  large-scale silicon membrane. figure 6 illustrates such a
flexible meat}-,cane or piczocl.ectric actuator 1:t7 for a  h.MFiv'IS heat
pump v. ithin an integrated circuit in accordance ~,vith the preterr--d
el,nbodiment. Preferably the pier.uclec.t:ic, actuator l<1" is first
fcnltted indepe;n ently and then latrlinated liver the structure c,f Fi
LLf.2 Rl terrj n to 0, the actuator l i curliposes a Ili- t layer 141 flint
is iie':ioi  ertouuh to bend within the ca';'lt', 70. The first layer 141
preferably comprises a silicon JUN 2004 membrane, as described in Koch et
al., incorporated by reference above. A thin  insulating layer 1412,
preferably comprising a form o1silic.on oxide, is optionally formed  above
the first layer 141. The oxide layer 142 isolates the first layer 141 from
the next  conductive layer that will comprise the bottom electrode of the
pump actuator. A first conductive layer 143, is deposited above the oxide
layer 142. The first  conductive layer or bottom electrode 143 comprises
any suitable conductive material  that can serve as a piezoelectric
actuator's electrode in a thickness that remains flexible.  Typical
electrode metals include ahrlninum and copper. A piezoelectric layer 144,
is  formed over the first conductive layer 143. The piezoelectric layer 144
of the illustrated  embodiment comprises lead zirconium titanate (PZ'I). A
second conductive laver 145  is formed over the piezoelectric layer 144.
The second conductive layer 145 can be any  suitable conductor, typically
metal, as discussed above with respect to the first  conductive layer 143.
An exemplary top electrode 145 comprises a 0.5 nm.illi-inch to 5
milli-inch copper fail laminated or epoxied over the PZT 144. This stack of
layers (141, 142, 143, 144 and 1.45) is patterned (e.g., by
photolithography) and etched to isolate a plurality of piezoelectric
actuators 147. The  



individual actuators 147 are made slightly larger than the cavity 70 to
allow for  placement, such as by pick and place machines, and sealing over
the cavity 70. Such  lamination can be conducted prior to or after cutting
the substrate (e.g., silicon wafer)  into a plurality of dies. Together
with the cavities 70, the actuators 147 define a  plurality of heat pumps
150. In the course: of assembly and sealing of the channels 50, a heat
transfer  medium, preferably comprising a thermally conductive fluid
having'' a high specific heat  capacity, is introduced into the cooling
channels 50. Openings to the cooling channels  are formed and the
worlpiec.c on which the integrated circuit is formed is subjected to  the
fluid (preferably a bas) while the openings are sealed. Preferably, an
inert fluid 25,  more preferably a thermally conductive noble. gas (e.g._
Ar, He, Kr, or Xe:) is utilized to  fill the cooling charmers 50, avoiding
unwanted reactions '.vidi the process envirc~nrrre:nt  and semiconductor
layers. 1\'teWWWod= for tilling cavities or n;icru pumps with fluids has
beery d scribed in "A. fiezoe-lectric hlicropummp based on of Silicon JUN
2004 bv Il.T,Cj Van Lintel et al., Sensors and Actuators, 15 0988)~ P11.
15,3-1677 the  disclosure of which is incorporated herciii by reference, In
the prefen-ed erribodilliellL, the IFIert flifid 2-5 is introduced through
all openillky  pi-cferably tlarough the cavity 70. The MEMS heat pump 1.50
of Figure 7 is placed  within a process chamber at atMOSpheric pressure and
filled with the desiredineit fluid i els 50 are filled with [lie  25. As a
result, tht cavity 70 and interconnect cooling chann des'red Mert fluid
'25. Laminatincy the actuator 1.47 over tlic cavity 70 SUbscquently  seals
the c.avi.ty 70. The skilled ailisan will appreciate A resultant plurality
of MEMS heat punips 150 are preferably arranged and  wired iii an array to
enable pumping the flaid -15 peristaltically (i.e., the fluid 25 is
t-orced onward by the sequential, wavelike contractlons (if the arrayed
heat purrips 150),  as will be appreciated frorn a discussion of the
operation, set Corth below. 'The skilled  artisan wit] readily appreciate
that each actuator 147 is preferably also wircd for  operation ill the
course of lamination, In particular, the clectrode layers 143, 145 are
preferably electrical ly coniiected to a voltage source and to circuitry
that times operatioti  



Of PLIMPS in -,An array, as described below With rCSPCCt to FIgLircs 9-11.
A passivation layer 149 is desirably deposited over the (lie 100 after
forniatIC)II  ZD ZD  of the actuators 147. The passivation laver 149,
preferably comprising an insulatITIC,  barrier Such as silicon nitride or
silicon oxynitride, Us desirably deposiled by CVD in -a  inaimer that
protects the torTned piezoelectric ICLLiators 14-/ 7 fr C) 3 11 dailiage.
Tjl~~  passivation layer 149 also electrically isolates the piezoeiectnic
actuators 147 froin one  another and from ad'acent electronics. The
passivation layer cari be formed as part of  t[ie larnirl -ate, but is
niore prel'brably deposited over the erthre, die after larnlnatioii~
Exemplary peration SA and SB illustrate IWO dlffi~rciit positiotis during
pamp optration by  the Capplication of an input volta.gc. hi the prefernfd
cinbodirriciit. Oit volta,ge, applicd to  I - I - ~ D~-n tht p'ezocle.ctrlc
actuator 1471 preftr"A)t", 1-~'ffloes betwcen ~!bout V~,(- -111(i "I V -
Mort 1-iabty 1--t;tweeri about arid i :_ t)(-)Sltl()[', C)t all L '~cx bic.
liiernbram- or  I ~ , I 01 actlvc 1(-),.v state, (e--,  I cc, ti- c a ctua
to r 147 d tit itig a I- I U.Nle V,'), as v".111 be cII)I)VIOG1~Ited b-V
th-- SIII-itl[Cd Mlits'liii. Thc uc.tua[or 147 c,-M hc~, JUN 2UO4 tartar or
bends downward as shown, compress]Tig the. volume within cap ity 70. it  p
should be generally understood that the position of the lnez.oelec.tt:ic
ac.tuatO 147ress in the cavity 70 voluille is sttlctlY schematic and does
not represent an actual COSllll ratio. Furthenllore, the cavity is much
larger in the hoiizoTltal dimension (as compared  TS to the vertical
dlnlensioil) than indicated in the figures. On the outer hand, Figure SB
illustrates the position of the piezoelectric actuator  > flied voltage of
about ~ 1? VL,c)- The  



1 17 during an active high state (e b of F piezoelectric. actuator 147 is
electrica[ly forced to actuate rind bend in an upward  t direction.
Actuation of the piezoelectric actuator- 147, in turd, increases the vo u e
withinl the cavity 70 creating a low pressure zone that pulls fluid into
the cavity  turned to the active low state, the piezoelectric actuator 14 7
compresses the  ~~11er1 re u= volume enough to push a fluid out of the
cavity 70 and seal the passage of ma erta  backward through the system when
the next cavity activates (see Figures 9A toc1 `B)s  The repetitive
actuation of the piezoelectric actuator 147 results in the pumping  fluid
throe r 1 the cavity 70 anti interconnected cooling channels 50. With
reference to Figures 9A through I iB, an exenlplar_y sequerlc.e of pump
tuations is illustrated for propelling the fluid 25 on~w`ard thlrough
sequential catiiti s  Lt~ 70a 7Ob, 70c and intercorulected cooling channels
50. The process is illustrated y  ce to an arhitrarily defined fluid packet
25a of the continuous fluid filling the  i-~:ferc,n interconnected cooling
channels 50. In the. illustrated embodiment. Figures 9A and 9B show an
array of MF~;'IS Beat  n. ~s 150a, 150b, 150c correspondingly assembled
with. a sequential array of cavities  per 1 70a, 70b, 70c and a preferred
tinning diagram, respectively. A first moment ?0  ,ates when the first
M'IEINIS heat. puirlp 150a is active low, the second heat putl~p  milts. .
150b i s active high and the third heat pump 150c is recently lransitioned
active highly tt  this first moment 301, the fluid packet 25a is being
pulled towazds the ec oral c, 70b shortly after it is comilpressed out of
the first cavity 7fia tcrlt :;{1'? .hen tltc tr econ 131 _ n  _lb:;
tltt.tttly, Figures 1OA turd 10B ill!i rte i r 5Ob 1` i t%i'. ltl~r iI-, n
;1t1one"  



first licit pump 1501 is active. low, the second ll ;a p znlp 1 o t cored
momt:nt  active lc, v ar~d tt1C. third heat lluntE~ i50e is actt.t nl`;n_
L)~irith, u '1 8 JUN 2013~ 302, Pic fluid packA 20 is compTessed out of he
second cavity 70b and P"lled into the  thir(I cavity 70o. IB jIlListrate a
third [1,10111ent 303 ~,,,jjelj I'lle third heat PLIMP Figures I I A and I
A pl-1111p 150'b is active low and  . . d 150C is yecently trallsitione
acti-ve higjj~ the second lie,' 303 indicatcs ~;Vhen t1le  the third heat
purnp 150c is ,11so active low. The third moinerit fluid packet 25a is
COMP3 - essed out of tile. third cavity 70c and iWo the illterc.O)inecte(l
cooling chalinel 5(). Also, lipstreani flaid is silbsecl-Liently drawn into
[he Cirst cavity 70a  as a result of the up-,,,,,'ard actuation of the
first 11(~~at Pump I 50a to continue the rePetitive  purnping cycle, 'Ath
the coritNuous, sequential actu,,itioll of the peristaltic MENIS licat lie
coolin,, ffilid 25 e . ulates through the cavities 70 and  pumps 150, t
f(ectively circ interconnected cooling channels 50, which, in turri, cools
the integrated circuit 100 by  forced convection. k1ost preferably, heat is
carl~cd fron-i region,; of high h(~~at  generation, such as ogic cli-Cu t-
of a DRAN'l chip. With refercrice to Figurt 12, another aspect of the
present embodiment is to  provide a therl-naily conductive material such
that A can coilductivcly carry licat fi-orn  the cooling fluid within the
cooling channels. to POintS C)UtSide of Pic, die or chip I DO.  Generally,
a thei-nially conductive tiiatcrial or a heat sink provides a thern-ial
path, th-us  directing thermal enerc-gy away frolil its hot region to
atiliosphere. j-i thermal COTAU(AiVi~y inate6al,  Ile licat sink 130 is
preterably i-nade of a hi, 'ftrably co~7ers a largt frackon of the overad
inteurand circuit  such as copper, and Pre 100 area, pre['erably greater
than about 50 percent, ri-iort pi-cf6rably greater than about  SO pci-cent.
of the overall integrattd cil-CL]it 100 area. Also, the thickness oi'tho
heat sink- 1.30 is prcl'crably bct',veen about I Inn and 20 l,.mi, more
prc['erably about 5 l-IT11  



and 10 ;in- In the preferred cnib(-)dinicrit~ Yhe heat sirik 130 is aligned
with and  laminated to a SUrtace. ()['tlic intq,,rated circuit (Ile 101 The
heat, s4h; 130 is bonded to  the Surface of the dic 100 by all epoxy M,
%~,;hich is also ther-traQ conduchve and  provides therinat
Cotill-ill-MiCEttioll 'DePVt~~,Vl -1he (lie 100 alid tl"~! IIC'111 S'ld'~
13 0. The cooling channels 50 and the MEMS Vat jr.unp(s thus [)~Ccerabl~y
cf-.5cictit. cof, circulate a hera Lransthr inedium, prorrinling a -)Iing
ol'an i -a ts  circuit by forco-`L ar'tagc'ously' Ov-~ pre[~-~rrcd
"'[Icorpol-t V  miniature coatioli ci~-cuiLs- The cc) till) i tic, 1-~
uffc~~t OF jUN 20D C001ing flUid PUTI1PiIIq tllrOtigh net-,vorked cooling
chainiels withi.n. the dle 1.00 and a  heat conductive plate that dirtets
heat away from the die 100 effectively cools t1ae  integrated circuit die
100 durino, operation. Aside Erom heat pump actuators, other
microclectromechanical structure  (MEMS) devices can be incorporated to
circulate a fluid for cooling of an integrated  circuit. A MEMS fan, for
exatriplel can similarly force a fluld to flow bV tlje  mechanical movement
of parts. Other NIFNIS devices that irivolve mechanical  moverimit of parts
to purnp, agitate, whei-Nvise cause a fluid to move or circillatc  through
channels can be employed in the integrated heat purnp~ Althou(,h the
fore~-,olno invention has been desci'ibed in terms of cortaill  preferred
en-ibodimcrits, other cniboditnents will beconie apparent to those of
ordinary  skill in the art in view of the disclosure herein. Accordingly,
the present invention is  not intended to be firnited by the recitation of
prtferi-td tnibodiments, but IS intended to  be defined solely l)-v
reference to ffie appended clalins. 8 JUN 2004 WE CLAIM: 1. A cooling
mechanism integrally formed within an integrated circuit  comprising a
microclectromechanical system (MEMS) heat pump and channels  embedded
within the integrated circuit; wherein the MEMS heat pump is for  



circulating a cooling fluid throughout the channels within the integrated
circuit. 2. The cooling mechanism of Claim 1, wherein the cooling fluid
comprises an  inert gas. 3. The cooling mechanism of Claim 2, wherein the
cooling, fluid comprises a  thermally conductive noble gas. 4. The cooling
mechanism of Claim 2, wherein the cooling fluid is selected  from the group
consisting of argon, helium, krypton and xenon. 5. The cooling mechanism of
Claim 1, wherein the MEMS heat pump  communicates with a network of cooling
channels within the integrated circuit. The cooling mechanism of Claim 5,
wherein the MEMS heat pump comprises a piezoelectric actuator in
communication with the cooling channels. 7. The cooling mechanism of Claim
6, further comprising a plurality of  piezoelectric actuators arrayed
alone, the cooling channels to form a peristaltic  pump 8. The cooling
mechanism of Claim 1, further comprising a heat sink  communicating heat
away from the integrated circuit. 9. An integrated circuit die including a
network of fluid-filled cooling channels  defined by a silicon carbide
coating of a plurality of trenches, are embedded within  the die
interconnected with at least one heat pump within the die and a heat sink
bonded to an outer surface of the die. 10. The integrated circuit die of'
Claim 9, wherein the heat sink comprises  copper. 11. The integrated
circuit die of Claim 9, wherein the heat sink is bonded to the  integrated
circuit by a thermally conductive adhesive. 12. The interested circuit die
of Claim  epoxy. wherein the adhesive comprises 15 JU 20( 13. The
integrated circuit die of Claim 9, wherein the heat sink occupies greater
than about 80% of the integrated circuit surface area. 



14. A dynamic random access memory chip, comprising a network of internal
cooling channels filled with a thermally conductive fluid, the thermally
conductive  fluid disposed to circulate through the cooling channels by an
electromechanical  pump disposed along the channels. 15. The dynamic random
access memory chip of Claim 14, wherein the fluid is  selected from the
group consisting of argon, helium, krypton and xenon. 16. The dynamic
random access memory chip of Claim 14, wherein the  electromechanical pump
comprises a piezoelectric actuator over a cavity in fluid  communication
with the cooling channels. 17. The dynamic random access memory chip of
Claim 14, further comprising a  heat sink in thermal communication with the
die. 18. An integrated circuit with embedded cooling channels, comprising:
a structural layer overlying integrated transistors in a semiconductor
substrate, the structural layer having trenches formed therein; a deposited
layer coating surfaces of the trenches and sealing upper openings  of the
trenches, the deposited layer surrounding a continuous air gap extending
longitudinally along the trenches; and a fluid disposed within the air cap.
19. The integrated circuit of Claim 18, wherein the deposited layer
comprises a  barrier material. 20. The integrated circuit of Claim 19,
wherein the deposited layer comprises  silicon carbide (SiC)_ 21. The
integrated circuit of Claim 18, wherein a lateral width of the air gap is
less than about 5,000A_ 22_ The integrated circuit of Claim 18, wherein the
fluid is inert. 23. The integrated circuit of Claim 22, wherein the fluid
comprises a thermally  conductive gas. 24. The integrated circuit of Claim
18, wherein the structural layer comprises an  interlevel dielectric
between metallization levels of the integrated circuit. 16 1 8 11-AN 200'i 



25_ The integrated circuit of Claim 24, wherein the intcrlevel dielectric
comprises borophosphosilicate glass. 26. The integrated circuit of Claim
18, Further comprising at least one cavi  communication with the air gap,
the cavity housing a fluid pump. 27. The integrated circuit of Claim 26,
further comprising a piezoelectric  actuator partially defining and sealing
the cavity. 28. The integrated circuit of Claim 18, wherein a width of the
trenches is range  between about 0.5pm and 2m. 29. Tine integrated circuit
of Claim 28, wherein a width of the trenches is range  between about 0.8m
and 1.2jum. 30. A method for forming an embedded cooling mechanism within
an integrated  circuit die, comprising: forming a cavity embedded within a
structural layer of the die;  forming a pump within the cavity; forming a
network of channels embedded within the die, said channels being in fluid
communication with the pump; filling the network of channels and cavity
opening with a fluid; an  sealing the fluid within the channels. 31. The
method of Claim 30, wherein forming the channels comprises depositing  a
material to line trenches in the structural layer and enclose a continuous
gap within  the trenches. 32. The method of Claim 31, wherein the material
is deposited by chemical  vapor deposition 33_ The method of Claim 32,
further comprising increasing a chamber pressure  while depositing the
material. 34_ The method of Claim 30, wherein filling comprises introducing
the fluid into  channels under pressure while scaling the fluid within
channels. 35. The method of Claim 30, wherein forming the pump comprises
.tormung a  piezoelectric actuator over the cavity. 36. The method of Claim
35, wherein forming the pump comprises laminating  the piezoelectric
actuator over the cavity. 



17 1 8 JUN 20 37. The method of Claim 36, further comprising laminating a
heat sink to the  die. 38. A method for forming a pump actuator within an
integrated circuit die,  comprising: forming a cavity within a structural
layer deposited over a semiconductor  substrate; and forming a
piezoelectric actuator over the cavity. 39. The method of Claim 38, wherein
the structural layer comprises an interlevel  dielectric between metal
levels in the integrated circuit. 40. The method of Claim 38, further
comprising forming a closed loop of  channels within the integrated circuit
in fluid communication with the cavity 41. The method of Claim 40, further
comprising filling the channels with a  thermally conductive inert fluid
and sealing the channels. 42. The method of Claim 38, wherein forming the
piezoelectric actuator  comprises laminating a preferred actuator over the
cavity. 43. A method for filling channels embedded within an integrated
circuit with a  thermally conductive fluid, comprising: introducing a
workpiece into a process chamber, the workpiece including an  integrated
circuit and a plurality of channels formed therein, the channels having at
least one opening to the process chamber; introducing a thermally
conductive fluid into the process chamber, wherein  the fluid fills the
channels through the opening; and sealing the opening while fluid fills the
channels. 44. The method of Claim 43, wherein pressurising the chamber
comprises  evacuating the chamber and filling the chamber with the
thermally conductive fluid  at about atmospheric pressure. 45. The method
of Claim 43, wherein sealing the opening comprises laminating  a structure
over the opening. 46. The method of Claim 45, wherein the structure
comprises a piezoelectric  activator. 



18 JUN 20( 47. A method of cooling an integrated circuit die, comprising
circulating fluid  through channels embedded within the integrated circuit
die wherein the circulating  fluid comprises actuating an electromechanical
pump that activates a plurality of  piezoelectric actuators in sequence to
collectively serve as a peristaltic pump in  communication with the
channels. 19 UN 2[04. ABSTRACT OF THE DISCLOSURE 11EINIS HEAT PIJMPS FOR.
INTEGRATED CIRCUIT HEAT DISSIPATION A cooling mechanism within an
integrated circuit includes an internal pump for  circulating thermally
conductive fluid within closed loop channels- The cooling  channels are
embedded within an integrated circuit die, such as in interlevel dielectric
layers between metal levels. The channels are formed by engineering
deposition or a  layer to line trenches and form continuous voids along the
trenches. Exemplary heat  pumps comprise cavities, formed in communication
with the channels, covered by  piezoelectric, actuators. Preferably, the
actuators are wired to act in sequence as a  peristaltic pump, circulating
the fluid within the channels. The charmels are positioned  to carry heat
from active devices within the integrated circuit, and a heat sink carries
heat from the die. FIG- 9A 


