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The downside corollary to Moore’s Law, however, is that
s the amount of heat

with doubling the

number of devices in an integrated circuit (IC) consequently raise

generated requiring dissipation. As an integrated circuit drives cutrent between

transistors it consumes power, producing waste heat that eventually transfers outward

through the chip from the surface of the die. Generally, a2 PC chip designed for

commercial use can withstand up to 150°C. Bxceeding 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
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There is, consequently, a need for improved heat dissipation from integrated

circuits.

Summary of the Invention

These and other needs are satisfied by several asPeéts of the present invention.

In accordance with one aspect of the invention a cooling system is provided for
an integrated circuit. The system comprises a pump that circulates fluid within the
integrated 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 electromechanical 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 be placed within the
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operated in sequence to serve collectively as a peristaltic pump.

Bref 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 iltustrate 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 1s an isometric view of a section of a partially fabricated cooling

channel.



Figure. 4 is an isonetric view of a section of a partially fabricqtﬁdJUN 00
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 comrunication with cooling channels.
Figure 6 is a schematic cross-section of a partially fabricated integrated
circuit, illustrating a piezoelectric punp actuator |am nated over the
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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 1s 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 comesponding 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 illustrates a timing diagram corresponding to the third step of Figure

1 1 A' . - . -
Figure 1218 a schematic of a partially fabricated integrated circuit, illustrating a
thermally conductive plate or heat sink bonded to the die of Figure 7.

Detailed Description of the Preferred Embodiment

As noted in the “Background” section above, the trend in integrated circuit

i L i ansistors in
fabrication is to further miniaturize devices, condensing larger numbers of tr

smaller regions. As devices become smaller and more powerful, heat generated by

4
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fabrication technology

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 heat-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 embodiment, 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 110 can be selected to

maximize cooling efficiency, depending on the configuration of the integrated circutt

100. Accordingly, the network of interconnected cooling channels 50 may vary

design layout to best benefit the cooling needs of the particular integrated circuit die

100.



interconnected with a network of cooling channels 50. The. zones ?%.OL@F? /
. be selected to naximze cooling efficiency” depending on the con rgJ i@%
of the integrated circuit 100. Accordingly, the network of interconnected
cooling channels 50 may vary in design |ayout 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 fromthe die 100. In
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chemical vapor deposition (CVD), as is well

Fabrication of Cooling Channels

Figures 2 through 5 iliustrate the fabrication of cooling channels 50 in the

referred embodiment. ) .
p section, illustrating an opening, preferably an

i 7 is a schematic cross- -
o The trench 30 1s

elongated trench 30 within a partially fabricated integrated circuit.

L ) } 1
fi d within a structural layer 63, such as a typical interlevel dielectnc (TLD) matenat,
orme

Mprises borophosphosilicate glass (BPSG) in the illustrated embodiment, and overlies
co

. X 5 od.
miconductor substrate 200 in which the electronic devices are (partially) forme
a se

Though not shown will be understood that there will generally be intervemng layers
ou ,

‘ ndation
between the structural layer 65 and the substrate. The trench 30 serves as a fou



a sem conductor substrate 200 in which the el ectronic devices arﬁ. u
(partially) formed. Though not shown, wi |l be understood that t éré Nr 2[3[]4
generally be Intervening |ayers between the structural |ayer 65 and the
substrate. The trench 30 serves as a foundation to formconduits from
regi ons of heat generation throughout the integrated circuit 100 to heat
exhaust poi ntsAccordingly, the trench 30 preferably traverses pr oxi mat e
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surface 34, § 30N eheathy £ @gblﬁﬁgiBS,ﬁFCﬁfoﬁ’ﬂ adxingrsr ange
from about O. ||tﬁé1@ggls%53t ni A“er almd agouty 0?‘? ~mi to 10 LLM wi de,

pr ef er aBkyiopRketlerd3 Padd d dilrduadmgpilanad eleﬁacaﬁd dbe Eﬂtendleﬁ 30tof e prefepred; m
w de, and nost preferably about 0.5 ~Lnl to ~tta @P %nd ﬁqout 0 8 ~tyn
to 1-2 chjbbdmaﬂ:epre&rabherﬂsmrﬁomwm%Oﬁaﬁl@é? &9 fgeprgd B 195 7f or med

t th - tym70 h
é?gﬁ?maﬁﬁﬁlg%%ma@@¥ E%@klff " e(‘} erri nggltggﬂgrsdgﬁrted gqmg%sjga'?{rgnt I gfle?
15 is de\pgSla;.lﬁgndsp ?61?%88& 39uvochefidead avbgiont dSpasitd ildrun(lGN@y: to form

t he cool’l ng chahne? he preferred enbodinent. For the seal ant | ayer
15, silicon oanhé g@ndﬁnéi,amrgdleawtseﬂefﬁle@rwﬁétl%qu’éﬂe #%Fomﬂlé‘ﬁﬁ’ép?‘i‘ 3itdue to

its thermal stabilit ow stre resrst ‘
char act & teeriches 30Fhé§W@e°V\ﬁlY r’f‘? FaRY ?@51325,6 Sb?rm {r?gﬁltr]%gga%odr nent is
introduced inta a er aryThen sﬁé@dhethéaﬂﬁ@ﬁhm@f‘t@r ably
bet ween abou&%@%?@?@n%@ o%gratagrrg}?%ppr ef ere%lvy bet ween about 6 Torr and
9 Torr. Hélﬁichﬁ%%d@ﬂ%c%ﬁ[@%@@)thﬂ fornt Hiee moohegsch@htaﬁ%e}f fhe prcdrEadabl y

30

bet ween about C and 450' C, nore preferabl en ab ut 32 “C arid
425' C, embbdipet.cFabihy ssdanidayes 13, shen ¢ ég(lgr) %hﬁ’(fﬁ f&”i if%ron

source gas ,such as sil I 1 e gggﬂr@grm m@ﬁﬁ@&s
chanber dgposion, (le o0 Hit ré“S‘ﬁ a}')” )golols”g\gﬁngsgn 500, nor e preferably between

about 8Q cmpli d 2100 scem Addl tionally, a carbon precursor such as
met hane ?@&)~ s generally used for the CVD %rovvth of % A he
preferred enilhedivaientyithOrdndhes G8 e the preferred embodiment 1s infroduce o4

CVD chamber with a chamber 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 and 425°C, most prelferably between about 350°C and 400°C.

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
scem and 200 scem.  Additionally, a carbon precursor, such as methane (CH,), 1s
generally used for the CVD growth of SiC. In the preferred embodiment, CH, 1s used as
the carbon precursor, and is flowed at a rate of between about 50 sccm and 300, more
preferably between about 80 scem and 200 sccm.

Deposition conditions can be controlled to generally deposit the sealant layer 15
at the top corners 32 at a faster rate than at the bottom corners 36 (see Figure 3). For the
preferred embodimeﬁt, 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 layer 15, or silicon carbide (SiC) layer grows more quickly and pinches off at

the opening 38 before the trench 30 1s completely filled.
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the carbon precursor, and is flowed at a rate of between about 50 c%mNaaﬁu
300, nore preferably between about 80 sccm and 200 sccm Depositi
conditions can be controlled to generally deposit the scalant layrer 15 at
the top coners 32 at a faster rate than at bottom coners 36 (see Figure 3),
For the preferred ernbodi nent, the Process descri bed above deposits the
seal ant |ayer 15 for a duration of 50 seconds, while the pressure i's
ranped to about 20 Torr. As a result, the seal ant | ayey %5 or con

car bi de (S|erhayer1gmmmsmmmﬂaquﬁ®kD§aaﬁ@ﬂﬁwnéh%gwbﬁ@ g t@%é”%%@ﬁpng 38

before the trench 30 is co tely fille | 5
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the tr ege?.guﬁ&f :thE QEANE0, Foinkig aatibehradharel 50 hammigrgwidtivod dismsterdinaist er on
t he of 5,000 A After fabrication of an initial |evel of cool i ng
channel SrcﬁﬁofS,OB@équent | ayers, such as BPSG are deposited over the

initial |ayer asthelnte rat.e aly, : hdperd N the
course of rret"‘ef!eFl fabgiqagian @ mdﬁﬁ’l?? VSPO{)?%@%I S ahﬁé %geﬁ“‘%dh@!‘f’gén%tr Re

circuit d %%S(t}hﬁe REQSRES oPlr tﬁ& ?rhhzﬂgaﬂidiraﬁ@hﬁﬁ]te@atamdlrdﬂpmsﬁabmmefkem ant
can

| ayers 5% repeated as the |layers of the |ntegrated CII‘CUIt are
bui | t tb%g%g?lllh tRe 6QFkd etimpatlimtidn of “baclg@hd ngrqun%émﬁel Rependigapagthe) n g

t cal fabrication, ere a plur a I I
fglrmmed oimctat dasigy, !énqm:a@fés 9&%@?&#@3%%53 ‘Wﬂi %@ﬁt E‘E%%s}{gfﬁgg%lésmgfer

at least the desc e netipaedRrad hetwih difct ed
prior tbepéﬁtﬁllaﬁdﬁ? &EuD hlg ﬁteﬁ&lt%cﬂgwgﬁt; rggfgnf tu?/ lglft dies. Optionally, die

cutting &(ﬂﬁlg%aﬂ%ﬁgr&&(ﬂed)rl or to conpletion of heat punps, as described
bel ow. t&abrl cation of HEMS Heat Puna s it is a fu[ﬁt her

obj.e of t.he
preferred enfodi typrial mmiabaeatw%lwlwm atnterilthe ghdest gF gé ftfﬁe&u?lﬁat will

fill the coaling ch Qf 1daSt thidesi red
to ci rcfﬂrﬁteéoélqﬁlﬂg ?WFC‘)‘H raf‘ﬁeep%r%q |%§p%%0ndr)1 sglh%}Ii gr?ﬁjnm ng cool i ng of

the ingegl aleAbeh Lp4b lthis 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 MEMS Heat Pumps

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 circnit. In the preferred embodiment, a MEMS
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 an existing microelectronics infrastructure to create mechanical structures on
such a micro-scale.

With reference to Figure S, an opening or cavity 70 is formed in communication
with the cooling channels 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
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A heat punp with mcron feature sizes is nost desirable for it to,b
effectively incorporated within an integrated circuit. Tn the préf@rﬂér& 200
enbodi ment, a EMS circulator or punp communi cates with the network of
cooling channels 50. Mcro Electro-Mchanical Structures (MEMS) are built
by a relatively new technol ogy that exploits art existing mcroelectronics
infrastructure to create nechanical structures on such a mcro-scale. Wth
reference to Figure 3, all opening or cavity 70 is formned f_ln comuni cati on
Wit h t henipokidigsichaoned byOconvehiional srwimitheereivimard <Y i oM WORCSATy one

| evel of channels, it w_ll| be understood that Vi X

verti caPrefereblyodlam catib i781 kas a AT TR A0 IO% ar#r]l}eﬂl 5@2%@0&@}9 The
cavity 70.i Lefer f { §hi irfh1§ berededsabontt @6 by
conventPrgﬁ%ﬁblgﬁgﬁgﬁeg%ﬁﬁtﬁ% y %%Hdg ?gag?%osfo?%?ess&. Pr ef er abl S?ﬁt he
cavity ZQ: Pasm aTEeaivityTetiae anoabmredrabinglbeiwandbatt HO wor end pP.8Pr abl y
bet ween about 0.2 Enn and 5 Etin, and npst preferably hetween ?bﬁﬂt 0.5

| Lnl  apah’2more Predershlyi byrwien HhentaSWormomndr 2800 amyi 19< TPt AHbY4t 100

| tmand 10,000 pni, nore Br eig%r abl y between about 500 jami and 5, 000
1rn, betdesmatonsl G08mum apd JEEBR about 1,000 trn2 and 3,000 Ii.nm. As

noted above, 4 %t&ﬁ\ﬁﬁé\?@, 0. svily ehes éﬂ?%f%rabl@" flRfhed gitLitan@ass! withithh t he
y,

trenches 30. Accordi ng the seal ant |ayer 15 coats the cavity 70 walls.
However yreddhgs 30U kcwidiety, ah bdajan? (aykadS acdtetheamspiy 70raliso Howewtdbegl y, the

cavity 70 remains open_ while the sealant 1 i nches of f..an n es the
channel muslo widirecagity d0has 810w RsRES/E e C‘Bﬁ%ﬁglgf ehceaVﬁng 13020028

cl
erre é)ll?%odi ment
is forned.at the cavi.t Cl PONEmelt®. MEM S heat punp conpri ses
a flexiﬁ'ﬁ@e%ﬁﬁ%&ﬂ%, p16¥}1e%g)rf§%1%ygn§ﬁ§%e@oe¥ecteri ¢ menbrane that, when
act uated, ef 6 Livahibr PYIPEMS hdatipdmpt 6ff tha ghefehed cabpdinemt 70 famgd at

i nterconnected cooling charnels 50. In other arrangermsd]eté(i:El thelT heat punp
can r estrhbeityn 70 dascribed nbevsr Thre WEMP hagi RERIRHFOTRPIECS 2 T P U

71O 050, 200, ke by 6 M PR thahen bl L9
actuat | t%?oﬂhethg ROWHes 70 and interconnected cooling channels 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 dunng
operation.
Methods for the formation of flexible membranes for pump actuation are known
by those skilled in the micro-machining art. For example, 2 method for the formation of
a silicon-based micropump is described in the paper, “A Novel Micromachined Pump
Based On Thick-Film Piezoelectric Actuation,” by Michael Koch et al., Sensors and
Actuators A70 (1998), pp. 98-103, (hereinafter “Koch et al.”), the disclosure of which 1s
incorporated herein by reference. The actuation principle of the exemplary pump relies
on the flexure of a screen-printed piezoelectric lead zirconium titanate (PZT) layer on a
large-scale silicon membrane.
Figure 6 illustrates such a flexible membrane or piezoelectric actuator 147 for a
MEMS heat pump within an integrated circuit in accordance with the preferred
embodiment. Preferably, the piezoelectric actuator 147 is first formed independently
and then laminated over the structure of Figure 5.
- Referring to Figure 6, the actuator 140 comprises a first layer 141 that 1s flexible

enough to bend within the cavity 70. The first layer 141 preferably comprises a silicon
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by those skilled in the mcro-machining art. For exanple, a nethod For the
formation of a silicon-based inicropunp is described in the pap 8 JUN 2004
" Novel M cronachined Punp Based On Thick-.Filni Piezoelectric Actuation,™
by M chael 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. exenplary punp relies

on the flexure of a screen--printed piezoelectric |lead r,irconiumtitanate
(PZT) | ayambrane,aas Idafr@éﬂ(édalfgo@’i et ébn InAOFRATAIAS DY IEEIERCS% 2P Custh zrﬁl@s such a
flexible nmeat}-, cane,or piczocl.ect.ri . (I Y A Ivad S heat
punp v. 1pq$ﬁthg&ﬁyqrgt4ggprg%é%§% F?Q}Eﬁm%% fglﬁ: gf‘é géocneo’{]-??} ilgt:)éptﬁ? é‘h% rl\fgl'ltrféerdr --d

el , nbodi He R Y6l BR. kolaks tactidatager 141 romsthe inest
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the firgtuloayeirnd4da pidiBelexiis actuatets cldotls bl atidskmickethhi ratasajeible41 from
the next conductive |ayer that will conprise the bottom el ectrode.of the

punp actiypioat cledtrbde stetadoimshusiei aheminaye pnd 4gppers Al BpESHERHC dbd 4hés oxi de
| ayer 142. The firs conducti,ve |l ayer,.or .bottom el i ses
oy Sl il ish M TG yer | Pac e Rieg O e JE 1 AP QP SRNRI

pi ezoel ectric

act uat or ;n%oglrgf[qltt rcsag@lﬁis% Rad Qir&é&ﬁﬁﬁ%it&ﬂf@é (PETRI ASsefdrixionki@otive IupérCeds
nme uae anr

el ectrode al's 1n ni num and copper. A piezoelectric |ayer 144,
is forephrevebvehtichissticcanduet ildé Fhyescond 3ondistivplaygobt eearybamayer 144

of the illustrated enbodiment conprises | ead zircopni umtittf%nqﬁgéa I{rPg' ). A
second ewithie tqopdustanefyPIGaly Mgt pHeiSONET PRY L0 ETBES r [T ayer” 144.

The second, candyctivg:| aye RECBOY: 184 L4 AR Rs GANSwelRinchttyF cal |y
metal , SSOYEYG asyéeﬁ\ig%)b\% éﬁ(eg‘rﬁé%rggg%ct ‘Yo the fi rgﬂt1 *conduct i ve | ayer 143.

An exenplifil-hchQRpStrasllNatatd or epryied ses the PZ5 1AM i | 1i-inch to 5
mlli-inch copper fail |am nated or epoxied over t?e_ PZT 144. Thi sbystack of

| ayers (141, Thi statk3of 1&5@@,65411__ W) %3sp]a‘i4t @pql,e}_dls el-SgP%tt_eB%Fd' (e.g., :

22? hg![ LE}B&%&}%%%?%& LERES «d Rolk® la%tlﬁaﬁ"typ(!;f"gi@{dege)étrﬁ:f adth REQEI48CTTHE
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 workpiece on which the integrated circuit is formed is subjected to
the fluid (preferably a gas) while the openings are sealed. Preferably, an inert fluid 25,
more preferably a thermally conductive noble gas {e.g., A, He, Kr, or Xe) 1s utilized to
fill the cooling channels 50, avoiding unwanted reactions with the process environment

and semiconductor layers. Methods for filling cavities or micro-pumps with fluids has

been described in “A Piezoelectric Micropump based on Micromachining of Silicon,
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A passivation layer 149 is desirably deposited over the die 100 after formation
of the actuators 147. The passivation layer 149, preferably comprising an insulating
barrier such as silicon nitride or silicon oxynitride, is desirably deposited by CVD in a
marmer that protects the formed piezoelectric actuators 147 from damage. The
passivation layer 149 also electrically isolates the piezoelectric actuators 147 from one

another and from adjacent electronics. The passivation layer can be formed as part of

the laminate, but is more preferably deposited over the entire die after lamination.

Exemplary Operation

Figures 8A and 8B illustrate two different positions during pump operation by
the application of an input voltage. In the preferred embodiment, the voltage applied to
the piezoelectric actuator 147 preferably ranges between about 2 Vi and 24 V., more
preferably between about 5 Ve and 12 V.

Figure 8A illustrates the position of an exemplary flexible membrane or
piezoelectric actuator 147 during 2 relaxed (e.g., ~ 0 Vo) or active low state (eg., =2

Vo), as will be appreciated by the skilled artisan. The piezoelectric actuator 147 can be
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4 out of the cavity 70 and seal the passage © maftial O tage of

volume enough to push a flui

backward through the system when the next cavity activates (see Figures 9A to 118).

The repetitive actuation of the piezoeleciric actuator 147 results in the pumping of a

fluid through the cavity 70 and intercormected cooling channels 50.

With reference to Figures 9A through 11B, an exemplary sequence of pump

actuations 18 illustrated for propelling the fluid 25 onward through sequential cavities

70a, 70b, 70c and interconnected cooling channels 50. The process i$ illustrated by

a of the continuous fluid filling the

reference to an arbitrarity defined fluid packet 25

interconnected cooling channels 50.

In the illustrated embodiment, Figures 9A and 9B show an array of MEMS heat

with a sequential array of cavities

pumps 1503, 150b, 150c correspondingly assembled

70a, 70b, 70c and a preferred timing diagram, respe
indicates when the first MEMS heat pump 1502 is actlv

150b is active bigh and the third heat pump 150c is recently

ctively. A first moment 301
¢ low, the second heat pump
transitioned active high. At

this first moment 301, the fluid packet 252 is being pulled towards the second cavity

70b shortly after 1t is compressed out of the first cavity 70a.

igures 10A and 10B illustrate a second moment 302 when the

Subsequently, F
first heat pump 150a is active low, the second heat pump 150b s recently fransitioned
active low and the third heat pump 150c 's active high. During this second moment
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forced convection. Most preferably, heat is carried from regions 0O high }lleta{ ~r il-, n

generation, such as logic circuits of a DRAM chip.

With reference to Figure 12, another aspect of the present embodiment 18 to

that it can conductively carry heat from

provide 2 thermally conductive material such

the cooling fluid within the cooling channels to points outside of the die or chip 100.
sink provides a thermal path, thus

Generally, a thermally conductive material or 2 heat

al energy away from its hot region to atrosphere.

directing therm
thermal conductivity material,

The heat sink 130 1s preferably made of a high

such as copper, and preferably covers a large fraction of the overall integrated circuit

eater than about 50 percent, more preferably greater than about

100 area, preferably gr
kness of the heat sink

80 percent of the overall integrated circuit 100 area. Also, the thic

130 is preferably between about 1 pm and 20 pm, more preferably between about 5 pm
and 10 pm. In the preferred embodiment, the heat sink 130 is aligned with and

laminated to a surface of the integrated circuit die 100. The heat sink 130 is bonded to

the surface of the die 100 by an epoxy 135, which is also thermally conductive and

die 100 and the heat sink 130.

ides thermal communication between the
S heat pump(s) 150 thus preferably

prov

The cooling channels 50 and the MEM

fficient cooling ot an integrated

circulate a heat transfer medium, promoting a more e

circuit by forced convection. Advantageously, the preferred embodiment incorporates

The combined effect of a

miniature circulation devices within integrated circuits.
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first licit punp 1501 is active. low, the second Il ;a p znlp 1 ¢ § ﬁfN?ﬁﬂé
“nont:nt active lc, v ar~d tt1C third heat IluntE~ i50e is actt.t nl " ;n_
L)~irith, u'1 8 JUN 2013~ 302, Pic fluid packA 20 is conpTessed out of he
second cavity 70b and P'lled into the thir(l cavity 70o. IBjllListrate a
third [1,10111ent 303 ~,,,jjelj I'lle third heat PLIMP Figures | | A and I
A pl-1111p 150'b is active lowand . . d 150Cis yecently trallsitione
acti-ve higjj~ the second lie,' 303 indicatcs ~;Vhen tlle the third heat
pur np 150wolisg flrid pumpingvibrdugh. neTherkedicpelingotrenels Withindhpalek 00 284 4 s

COMP3 - essed out .of tile. third cavity 70c apd j. he.il.lterc. Oinecte(l
cool i ng okl Feraterts pla Sint Grepls FE iy (i The ¢ pRcdreetivaRt Rt i nt o
[ he Cirst: i : : the up-,,,,," " ard actuation of the
first 11 E@g%ékélgyucrlr%gﬁdé%goota%dc ntp%lﬁagitem't he rePetitive purnping cycle, 'Ath

the corit NuousAsi&eduent hadt aainp, atfubold, othet haicpalédioaddchamiddENeGudtiigat i e
coolin,, ffilid 25 e . ulates through the cavities 70 and punps 150, t
f (ecti velly!RNIBL devieesr eronbrenceporadest fngiratiutn gefledsor coplinghofl pm intggrated cool s

the integrated ci i 00 forced convection. klost..preferably. heat is
carl ~cd FS‘H?'i g‘em; iLaﬂ')lf fﬁ%(geﬁalﬁf’ﬁi 1 Sé‘gﬁ%rﬁ%tt?’ﬁcﬁ, asﬁ‘?‘fﬂ {i’s 185 E’ycp}e-Cu t-
of a DRANd-h&hER- mtERefeberfkisce e MBS HevicaN AhhteinASRE HlecRhnithie
present enbodinent is to provide a therl-naily conductive material such
that A camvenichdoftpave!ty manp,yaditatatotisgrwoencaushe ool tngndveudd cingtlhien t he
cooling channels. to PO ntS C)LﬁSi e, of Pié die or chip | DO  Generally,
a t hei - nflyPygh chemnels can ke epployed inthe pegaied ReatqlumP- pr ovi des a t her n-i al

ath, th-us i j t ;- f bt r egi 1.0
B0 1 ospher e, “ERGEh Qe 8RR PRG0N R Pep, flcbed ', Rokho F00R°, ¢
pr et er abppeférrdtipglgbeiimantd] othef bmBbdivhea®Wel Secarleaipghreht ackoe of otdigargver ad
inteurand circuit such as copper, and Pre 100 area, pre['erably greater
t han aboskill50 theagdntview jof ity displpswe el y Ageerdingdy, tthaRrespeiunversonpisi - cent .
of the over.all i rattd. cil-CL].it. 10Q area.. Al so.. th i.ckness ,0i ' tho
neat oi nit gt kB By Bl Ao AR R SRR OGS R o o
prc[’ er apd YemRauwbledy by kekdibnee to the appended claims.
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" heat, s4h; 130 is bonded to the Surface of the dic 100 by all epoxy M
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Cotill-ill-MCEttioll 'DePVt~~ M -1lhe (lie 100 alid tI"~! 1I1C 111 S'Id"' ~
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cf-.5cictit. cof, circulate a hera Lransthr inedium prorrinling a -)Iling
ol'ani -ats circuit by forco- L ar'tagc'ously' Ov-~ pre[~-~rrcd
“'[lcorpol-t V mniature coatioli ci~-cuils- The cc) till) i tic, 1-~

uf f c~~t G: UN 20D C00ling flUd PUTI1Pillq tllrQigh net-,vorked cooling
chai ni eV& .n. the dle 1.00 and a heat conductive plate that dirtets

heat away fromthe die 100 effectively cools tlae integrated circuit die
100 durino, operation. Aside Erom heat punp actuators, other

m crocliect r recbiing CRkclfhiskC tibike lﬁrl\/ﬁﬁﬁ)edd&’x‘thﬁme?ancarﬁegeteﬂnﬁﬁhﬂpr ated to
circul abm ﬂsﬂagtu thib0EleEtPthé R ?‘3: )eHeat Ghunf lahd AaS fan, for
exatri le%g withill bR Infedr A6 Lirdui Whgrefxptﬂel ‘R)IEBQ Bédt e G035 cal novernent

of par verimt of parts
to purtﬁ% ul&a%rlkt%%dghlﬁap dqﬁl\;&ugg cause aelfl%/wl%]ﬁto no et%’)r %‘fnpt‘gl | latc through
channe S ca | 0 int egf at ed, heat Al 't hou(, h the

f or e~- ! ol no %‘ﬁg&dﬂ&ﬁﬁ@ g’f‘ﬂﬁ’&‘ the, c?‘éf'%sﬁ‘ﬂa CEBPRSS| ‘i(“ preferred

en- iboH?eFﬁﬁaf‘ts, ot her cni bodltnents wi || beconi e apparent to those of

ordinary skill in the art in view of the disclosure herein. Accordingly,
t he présent Thewaohing srechaniso of Clagm @nwhereinghp eodlingnfleiddomprisése ar eci t at i on of

~ )prtferthemallyobduiitivempble gauit 1S intended to be defined solely I)-v
reference to ffie appended clalins. 8 JUN 2004 WE CLAIM 1. A cooling

mechand.sm i Thieegoddingyméchaniest o Chim B rwhaitiaghéiceoliny flGid is sef@fggr i sing a

m crocﬁ@g&h@gaﬁﬁlmfgﬁhgaya{gmmﬁemybﬁﬁtm@um@nd channel s enbedded
within the integrated circuit; wherein the MEMS heat punp is for

5. The cooling mechanism of Claim 1, wherein the MEMS heat pump
communicates with a network of cooling channels within the integrated circuit.

6. The cooling mechanism of Claim 5, wherein the MEMS heat pump
comprises a piezoelectric actuator in communtcation 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 dic 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 "I'he interested circuit dic of Claim 11, wherein the. adhesive comprises
EpOXY.
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circulating a cooling fluid throughout the channels within the i nt’;egrggﬁdzu[
" ciycuit. 2. The cooling nechanismof Claim1, wherein the cooling flul
conprises an inert gas. 3. The cooling nmechanismof Caim2, wherein the
cooling, fluid conprises a thermally conductive noble gas. 4. The cooling
mechani smof Claim2, wherein the cooling fluid is selected fromthe group
consi sting of argon, helium krypton and xenon. 5. The cool i ng nmechani sm of
Claim1, wherein the MEMS heat punp comunicates with a network of cooling
channels within the integrated circuit. The cooling nmechanismof Caimb§5,
wherein the MEMS heat punp conprises a piezoelectric actuator in
communi cation with the cooling channels. 7. The cooling nechanismof Caim
6, further c fegrateg carcpit diea9fi ¢laimy P, whereinghe Beatrsink eceppias sieaterr r ayed
al one, thireabowb$(%h gf tieantagiatedicircip surfage pesai stal tic punp 8. The cooling
mechani smof Claim1, further conprising a heat sink comunicating heat
away friam t e dyminsigraideth acdeswiviemoBy ciip, coth@isint 8 hebidrk Wiftintgingl | ncl uding a
net wor kobling thdnflelf Gllb@ HithoDtHeABalBheshARtEve fHRA O GhdinaBy Sbhduevt Car bi de
coat i ngnid dfspBled! 8! difchlaff tHrb e SoooBhE RAREHASH aV elddtrBmeltAGicHl © _
'”terc‘};ﬂ%%ﬁﬂséﬁil&ﬁh LEastisone heat punp-within the die ang a heat sink
Ur'f ace of

bonded"to"an out er the die. 10. The integrated circuit die of'

Claim whetei.n the heat sink conprises r. 11..The i ntegrated

ci roul 83 ¢ 1BF dgartt reiip oo R Ao PR e " [t egr at ed

ci r cui SeIE§pedirPmdbsgopp ¢ 8 Of Fgondichum, krypiop angYenomh er ested circuit die

of Claim epoxy. wherein the adhesive conprises 15 JU 20( 13. The

i nt egr 46ed E"Wdiymnm gngloncjageays gnemprr ehip ohClaisat 14 wherelnctlsi es gr eat er
Ythan ablsctrora@hamtali g nereprises gdpiczeelesinc geindtar even 2 gavity 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 flmid 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 mtegrated 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 mtegrated circuit of Claim 18, wherein the structural layer comprises an
interlevel dielectric between metallization levels of the integrated circuit.
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14. A dynam c random access nenory chip, conprising a network of Lﬁaﬁbﬂa&mq
cooling channels filled with a thermally conductive fluid, the th y
conductive fluid disposed to circulate through the cooling channels by an
el ectromechani cal punp di sposed al ong the channels. 15. The dynam c random
access nmenory chip of daim114, wherein the fluid is selected fromthe
group consisting of argon, helium krypton and xenon. 16. The dynam c
random access nmenory chip of Caim1l4, wherein the electronechanical punp
conprises a piezoelectric actuator over a cavity in fluid comunication
with the caogling channels. 17. The nam ¢ .random access, nmenopry chip of

d ai m4%, _fﬁ?et H@P%@Brpf%%‘h faCwa@angivmsr% o MIHIEVElD HRIFATBE | on wi th t he
di e. 1®@mpsises barephosphosilicpteeldss: wi t h enbedded cool i ng channel s, conpri sing:

a structural layer overlying integrated transistors in a sem conductor

subst ri e, Thean&pratech aircalt of lam b \urtertcompobieg af basteshet dagiteim; a deposited
| ayer cofdhini@ition WithaRsaipkap, e davitnhd@inganiluid palmpng upper openings of the
trenches, the deposited |ayer surrounding a continuous air gap extending

| ongi tyydi nafleyinleRiel tdiRuit T @NERAS: 261 Guthel ! dnthridinpPasprl-diidii the air cap.
19. TQ%Q}ﬁ%gﬁfgeﬁﬁlﬁéﬂleﬁan%gh =18, wherei'n the deposited | ayer

conpri ses a Ier teria e integrated circuit of Cdaim19,

wherei.g the,deposited.| aye onprJ ses .sili.con rpid SIC) 21. The
 nt egri edei@@ggt efcre LB Ca i SRR RS P Brsbere "ai ' gap 1
| ess ORYFERH MY 2B The integrated circuit of Claim18, wherein the
fluid is inert. 23. The integrated circuit of Caim22, wherein the fluid
~ conpr 28es Tbe integrated yircwbatGlain 28, whereirpa width of ithe: wepchess ebgecui t of daim
) 18, whevemabdnt 08pmadk24m] ayer conprises an interlevel dielectric
" between netallization levels of the integrated circuit. 16 1 8 11-AN 200'i
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
i fluid communication with the pump; : o
filling the network of channels and cavity opening with a fluid; and
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 introdué:ing the fluid into
channels under pressure while sealing the fluid within channels.

35.  The method of Claim 30, wherein forming the pump comprises foxmiﬁg a
piezoelectric actuator over the cavity.

36.  The method of Claim 35, wherein forming the pump comprises laminating
the piezoelectric actuator over the cavity.
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25_ The integrated circuit of Caim24, wherein the intcrlevel dief tJUN32U
conpri ses borophosphosilicate glass. 26. The integrated circuit of aim
18, Further conprising at |east one cavi conmunication with the air gap,
the cavity housing a fluid punp. 27. The integrated circuit of C aim 26,
further conprising a piezoelectric actuator partially defining and sealing
the cavity. 28. The integrated circuit of Caim118, wherein a wdth of the
trenches is range between about 0.5pmand 2m 29. Tine integrated circuit

of Caj-m?2 ' i d HemidaSing & t sinkttodben about 0.8
aggum%%&kgd 3f &1 ,‘fnf 1) Rfthdr@nipiRigesidating anigat s abou m

and 1. met hod for form ng an enbedded cooling nmechanismw thin
an int®grated circuit die, conprising: formng a cavity enbedded within a
structural layer of the die; formng a punp within the cavity; formng a
networ k of channel s enbedded within the die saipl C@ﬂ@ﬁ&ﬁ Rging in fluid
commuriScat iAommethadh farnformingea Hump Actyateh 2t} ap Ipegrad SHREE a5 cavity
openi rogmpiikibga fl uid; an sealing the fluid within the channels. 31. The
met hod of Ghming A0cavithevidiim af sruetune) layer depasited| QVeE SnifMERWYOhosi ting a
mat er igghstiate: hﬁdle‘oﬁﬂiﬂglsbﬁsoélatﬁhmteatom&uﬂulcavl@yer and encl ose a conti nuous
gap within the trenches. 32. The nethod of C aim 31, wherein the materi al

I's depgsi t gieRNetidUEdH Gidim 38, 3eifl BROSiuRal 1321 cdinprisestah outedével] ai m 32,
furt hq@#lg&%)%%g{gmgﬁﬁfeeé]§;m‘:%t@é}aﬁbeircﬂf_essure whi | e depositing the
T34 e net '

mat er i _ od of Claim30, wherein filling conprises introducing
the fluid ipnto chan . ungder W 5msiadl d Ribstd@odd WEd Wi thin
T BB g S
. t or mehanngls witlun ghe ntegrafed clrepty iy Pind SOBIUURR ITTY 36, “ The net hod of O ai m
35, wherein formng the pu onprises |anm pati h ' electric
act uatddr obe mﬁhogawi i@l?lg} w, wﬁ comprising Hing We chifindfd GAdh b

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: o )
introducing a workpiece into a process chamber, the workpiece mcludlpg an

integrated circuit and a plurality of channels formed therein, the channels having at

Jeast 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 cgmprist_es
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 piezoelectnic
activator.
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17 1 8 JUN 20 37. The method of Claim 36, further conprising |amn tinﬂ a
heat sink to the die. 38. A method for forming a punp actuator wik fi dUNN20(

‘integrated circuit die, conprising: formng a cavity within a structural

| ayer deposited over a sem conductor substrate; and formng a

pi ezoel ectric actuator over the cavity. 39. The nethod of C aim 38, wherein
the structural |ayer conprises an interlevel dielectric between netal

| evels in the integrated circuit. 40. The nethod of C aim 38, further
conprising formng a closed. |l oop qQf . thnnels wi.t hin tp i t%prated circuit
in fldid cdnmghodaficenling Elh}i%‘?&f%@a\ﬁ“ﬂ}“ Aic, COIBIHBE KR “6‘?“ W 40, further
conpr itgongh eliahhdlsigmberided mathinethe injegratcd circpit dpaWpPsreRghe GERYIME nert 1 ui d
and sdaid cgnprires abiaatig an cketrompehanisehpemp that astivistesa pheralii of f or ni ng t he
pi ezopleapdlédific actataisoin sogacmtkci esolleativelyatemg aa g perisalhe guapt wat or over the
cavi t ¥gmfhanicatictEwiilothelchfindeld. | i ng channel s enbedded within an integrated
circuit with a thermally conductive fluid, conprising: introducing a

wor kpi ece into a process chanber, the workpiece including an integrated
circuit and a plurality of channels fornmed therein, the channels having at
| east one opening to the process chanber; introducing a thermally
conductive fluid into the process chanber, wherein the fluid fills the
channel s through the opening; and sealing the opening while fluid fills the
channels. 44. The method of C aim 43, wherein pressurising the chanber
conprises evacuating the chanber and filling the chanber with the
thermal ly conductive fluid at about atnospheric pressure. 45. The net hod
of Claim43, wherein sealing the opening conprises lamnating a structure
over the opening. 46. The nmethod of C aim45, wherein the structure
conprises a piezoelectric activator.
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18 JUN 20( 47. A nmethod of cooling an integrated circuit die, copgrhg”ngm#
circulating fluid through channels enbedded within the integrated Crrcu
die wherein the circulating fluid conprises actuating an el ectronechani ca
punp that activates a plurality of piezoelectric actuators in sequence to
collectively serve as a peristaltic punp in conmunication with the

channel s. 19 UN 2[ 04. ABSTRACT OF THE DI SCLOSURE 11EI NI S HEAT PI JMPS FOR

| NTEGRATED Cl RCU T HEAT DI SSI PATI ON A cool i ng nechani smw thin an

i nt egr at ghSigAM loF NGRS @EDduiter nal punp for circulating thernally
conductivej%#Uggiwrrhfn—cfvsed*roop channel s- The cooling channels are

enbedded within an integrated circuit die, such as in interlevel dielectric

dapost ti on' BN AT PENERS POl BrEREIE i e R R TSI BEHON) ong (e

trenches. Exenplary heat punps conprise cavities, fornmed in conmunication
with the channels, covered by piezoelectric, actuators. Preferably, the
actuators are Avcodlihg @edrhishnwithiuanzecgedcd@cir@ey insludbd i€ ifderpl pughp €sd at i ng
the fluid within the channels. The charnels are positioned to carry heat

f rom act ickenlgbng dbgmglly heendupiéve dluedyreittes desedulaop elrmnglshedthestoilingar ri es

heat f roralatirpneelsdérg'emlﬂe%edg @‘ithin an integrated circuit die, such as in interlevel dielectric
layers between metal levels. The channels are formed by engineering deposition of 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
piezoeleciric actuators. Preferably, the actuators are wired to act in sequence as a
peristaltic pump, circulating the fluid within the channels. The channels are positioned
to carry heat from active devices within the integrated circuit, and a heat sink carries

heat from the die.

FIG. 9A
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