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of ‘the Invention The present invention relates generally to the cooling of
integrated circuits, and nore particularly to a MEMS heat -punp and cool i ng
channels for cooling integrated circuits. Background of the Invention
Today's personal conputers (PCs) and workstations are experiencing a rapid
grow h of accel erated cl ocki ng and conput at | - speeds
have progviEMs HEATHUMPS) m&m@ﬁ%ﬁéﬁ%ﬁ%ﬁ?@?@%ﬁ@éﬁ%ﬁf@peeds of
60 and 90 MHz, to the present Pentium | P clock speeds in excess of 600
MHz. Moore's Law generally predicts a doubling of conputing power and
circuit conplexity every year afgd of tifilnfefifonso. The downside corollary to
More's Law, however, is that V\'A"fmb—rrﬁgl-t—he_ nunber of devi.ces ('%n an

i ntegrated ci %gg,}eséhﬁhvgmnmaqhmtgeyemﬁyﬁe etavelingaf icgspted SHEUSy R4 4t ed
requiring dissipation. As an integrated. cirgcuit, dri ghagen
transi st gscre ipartiontasiyntosa YEEAAS, hegt BYIR iR C\‘RB‘S’E%C %eiéﬁ%(;i? H@E/ﬁ%ﬁa Iy
transfers outward through the chip fromthe surface of the die. Generally,
a PC chi puraads- gned for commercial use can withstand up to 150C. Exceedi ng
that limt, however, will cause ‘the chip to nmake errors in its

cal cul ations, or perhaps fail conpletel Current solutions in heat

di ssipation for chips includ SEIOURKP eat sinks and fans. Heat

Aqk K g dpeention
spreaders, which generally are ma a L isCAR RS heridncRs @nghidr e
pl aced di r ect IFodey'srpessanpl FOMPRIGES @ﬁ‘g{ &r é@%qg%}t%ﬁcér}gasﬁg tﬁﬁg chﬁ)o' S

surface area ] owi n heat 1t (MRRLEEpdedwar BC @bl Ispeddy haveat
si nks spresaWth; ﬂg aﬁ‘éein‘fm%%mngéﬁﬂﬁg hd | Qo ¥ -

t hrough fins or folds, vm%f&%{ﬂe%ﬁﬁl cal
ridges or rgé}hggw%ohh% Tftlel Qotroesiontd865€ microprpgetsetisneRds i%ns - -
| engt h, Wi ,, and height, as opposeegl t.o the t"‘ﬁb{ﬂimi Madrelsengih and.
wi dth of theht pmewatdentium BHY dpekispeeds BBITEE Cholsi ng can further aid

heat di ssipatjion from the.chi wirnkd SHthieeemplexitpevey tyemrandThe
amount ofgepasatly Br ﬂ%‘g‘%l’ﬁ&ogg%am%y éé%mra chip -1 1 0 JUN 2004

. ahalf or so. .
The downside corollary to Moore’s Law, however, is that with doubling the
the amount of heat

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

conumercial use can withstand up to 150°C. 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

énd 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 2 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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depends on the volune of air the fan noves, the anbient tenperat uzeﬁa %{}g?ﬂﬂ’&
the difference between the chip tenperature and the anbient tenperat .
The mniaturizing of integrated circuits have generally allowed for a
reduction of operating voltages, resulting in | ower heat production.
However, chip shrinkage also neans that heat-generating devices are packed
cl oser together. Thus, the "power density"” or the anpunt of heat
concentrated at particular spots across the chip may  begip.to.clinmb. As a
consequenggentieat thesrohaneobaiethe ffasmerves; Hhgrqmbierd AFMpEatgics 8@%@@@6&%{@% gher
cl ock speeds are demanded. For e a%&:, PCs vvitth a 486TM m cr opr ocessor
drew genebamwﬂ@cﬁlmt}?@mﬁﬁﬁ%@d%ﬁei USRSt rated in the processor. A
power supply with an enbedd R albplhlfdveddefot a taluciiorcaf at e
air and cool \tMIEEePﬂ@ﬁﬁ‘gzﬁgcﬁﬁ%ﬁe&t&éﬁ%@i&%@v&%ﬁ% ?blpassi ve heat sink could
cool the gé]é?&t Pbltagkh) feg\ﬁm@%hﬁlov&bamﬂat Fedudtionil NHpwocaselup shrirkage| |

Cor porati consuned about 25 watts, thus requiring_nore_cooljng neans than
the passinegnshéat twhngerfenatinghdevprescas ekl slnser &erihcry | THUS 11 pRRF Fim 11 ™™
processor - consunes about 40 watts, whil.e f I 48p trhey 64- bi t
Mer cedTM Aepity ¢ or disrameynt gt B&at,goppeira dhaetrlya%r#éﬂgl%ogt of-alé‘g%lszﬁkcorr%o({:\g\t s
nust al so, contend wit i §€é,lc tocgenetahitenthanddeaarbecdissisgted b pset s;
gr aphi cs B?ﬁl%gq C]grrillg Hlibsg%-ca%rg orér;’glrf?:gﬁdgynam ¢ random access nenory (DRAM .
There i s, nGARSAGKKEIHebYs ara dementicior | nproved heat di ssipation from

integrated " circuits. Summary of the |Invention These an gefg are

satisfied by sBurexdmpleplies w1tfa 4308™ SRSEERCRIN SR %Sﬁr?lrl;’p tzli%?%rl gance’ with

one aspect of .the invention ' Y duSpIRT With 38 driteddedfani whegr at ed

circuit, whRadhsraeeuEet fL dE érggé&lrsr%gtﬁaég'c!éﬁr S ey uid within the

| nt egr at eg GG hiricidi o EaBlte airhd tholitHo aids EghnBEtchhssinhigiedlissise heat
e i

generatio 0 "regions outside the integrated circuit, In particul
M ni at ur i hed sikeottdsdd? thraproessorstQnthe r@wh%ﬁenfllé@hnm"& %"fssﬁ"%‘&p ded to

create a m niature el ectr,oqec iC . L i ine- méMR ibkh UBE T at ed
punp com@%atﬁ’%F@?Bg}egcﬁpﬁagc‘?%{aSt Wrg ﬁ%%gg&g%e%&dgggi rtmy in a _

structural,l.gye eatl{fnk QhPGhe PFIROGE MdHes, SAmNEVS titer Bettiime 10T peagcssor
externallfl'can e placed wthin the -2 ) .
i like the 64-bit Merced™ may
consumes about 40 watts, while future processors like e

consume up 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
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, Minjaturized Electro-Mechanical Structure (MEMS) technology is
applied to create a mimature 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 ptaced within the



1 8 JUN 2004 cavity, wred for operation, and sealed within the c véty. Eﬁﬁ
cavity is in fluid communication with fluid-filled channels enbedded UN 2004
within the integrated circuit. The channels are fornmed, in the preferred
enbodi nents, by etching trenches in.a desired pattern, followed by |ining
the trenches by deposition- The deposition is engineered to create a
continuous air gap along the trenches, and the cavity is opened to

communi cate with this air_ gap. .Desjrably. e. Akt gam.fokAs i@ i@l aerd | oop

i ncl udi neavitye wiecsl fary OPSAH Ry @Br%ftefiowl%lp {}%ec%ﬁ%, q1tplﬁeésaeﬂghannel s are then

filled with fluid, s ] 108l bMea it et ihtegratesl dipugonduct i ve
fluid, affIIHEL H%Wﬁﬁglug(fgng%a ed. such as by |anination

of fhe
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t

fluid within the channels and preferably carries .heat aya Qipheat
gener at i pgsidedt Rgreat, efblideed dus lingg che dEerchey E’%vﬁ%’?ﬂﬁ%ﬁ tr an??éigsor sina

logic circuit of a dynam c.random ac ety RRAM: @hitpis dpentd e
i | | ust r ategincasprbWirRER E CORHMOUR AR s gﬁ)@grtmum ch%ie t he heat:pout wardly from

these buried devices, .. hpadizsiyithe Atighp Bsmaachmodinopondndigstier
pl ate, cﬁ?mﬂ"r‘ili“bcgtee"gﬁ éhégﬁg\%% from tyﬂe die. Moreover  a @?@%‘F% af ,punps
can be apfapgelnbnfosatiancethalpany, these chamels a¢ t llegouit PRCs€quence
to serve collectively as a peristaltic punp. [ b REdled, Buéhl a he

Dr awi ngs afgoaskelama of athehteraalpeeansueive ﬁ‘BHPWE%‘F ?&%‘B\%ﬁ%& Ee T€adi | y

apparent to those illed.in. & o ¢Rhayf ol | owi ng description and
t he att abkeanEruoR é?pbﬁ%f’%}ﬁ&g‘%g&%é{i%t "o iI%strate and not to limt the

| nvent | on, -and, Wetedd) d i Sduiurbshaidsaiismatd chapneknand BREOIE CHLEE | al | y
fabricated integfated circuit, illustrati n%gﬁgggeﬂt“ﬁg ShshQREd 81 Ng

cool i'ng gbanpelysrantediganerpingpistegrateiie 19 Fhehat | ¢ hori zont al
cross-section of a segmented zone of Figur HhANTS kepat b éld Mlustrbtadt rati ng
the i nt edegincierit o ao&%@ﬁr (] ﬁ%ce?:{anneﬁ (and ayheigtil punp. Figure 2 is a
schemat i ¢ ySuib &R e AR GhiiRinioite dRst ioatwaydlfyafioor dhase durad dgViaeed

circuit, ® fating a trench overlying a sem conductar subst Fi gure
3 is a SGReRBHchCsifik,auch sea Cowrentdnal fepRar PFRIH Cﬁmflﬁ?i‘?"eﬁ?f‘%‘fl?%%?# S?an a

"pi nching"” effect of a depgsited seal ant | i 16nf tHeSchafndlS At ri C
Ul ew of i Morivenf righ Py PUPPy S Fabt P ENEE] 1L Sl PR Hibng!

operated in sequence o 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 a;'e

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.
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. ) ) gure 5 is a schematic cross- i
partially fabricated integrated circuit, illustrati ng The f ormat i on G N 200
R ARl within an insulating layer in comunication with cool ing |
integratedlgr;e 6 is a schematic cross-section of a partially fabri cat ed
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s-section ' i : , a schemati
the posi ﬂmﬁa@fgf%ﬁg%g%ﬁ%g{o'ré{ﬁfﬁbid Aér?i%@@bw Mpegsighatd circuit, illustrati nI ‘
Figure 1 IB i or. ul ( of Flgure.lmduringaihi d ste J
Figure 11A FiLF gxh?%g%gg?g&gma%m@swsmam@we%éﬂm%dﬂat%ec{(H{c'u s ep of
: ST . schematic of .a partial fabri i
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illustrating the position of a discrete packet of fluid during a first step 0? operating an

exemplary heat pump array.
Figure 9B illustrates 2 timing diagram corresponding to the first sequential step

of Figure 9A.
Figare 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.

Figare 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

11A.
Figure 12 is & 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

fabrication is to further miniaturize devices, condensing larger numbers of transistors in

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

‘device switching and current driving of more densely packed transistors continues 1o

-



fabrication is to further mniaturize devices, condensing |arger ngnbepmn 9004
transistors in snaller regions. As devices becone snmaller and nore
powerful, heat generated by device switching and current driving of nore
densely packed transistors continues to -4 1 0 JUN 2004 rise. Various

sol uti ons have been inplenented in response to the cooling needs of heat-
generating devices. Solutions such as heat spreaders, heat sinks and fans

have all aided in cooling such.heat- el atd dg Vi L&DlinPneddssstihghi-ons
wer e genaisal Marigps %&‘W%%aﬁe %f&ﬂinﬁgméegfﬁ |Hel?ésbglgsr?er ation chi ps. However, as

integrated circuits l%ecorre nore and nore dense, present cooling neasures
by exter PR LGS soon be i neffective. Furthermore  exi Ii%g). trends
dictate that ofdigfons B s het-sprdeersdeal sieks audb fale R O 8or s,

will simlarly require cooling neans. Devices c . chi phi cs
chi ps, angichheh-gepanting demess. SRANSAPEONS; Wi &F@?%§e%£%§‘vgm 9&%% %aﬂﬁé

atrng enough heat to

warrant their own coolin nmeans i n_pr QoW SreCRAREG B deadt, presants and
ot her gergengiatioR Ghige H&Wgﬁ?egs. mfe‘tgr%t%(f)%%%gf)})e& of the present invention to

provi de cool.in ns 0 Al meARNeNIREdongbd iefgetitee dFuithariors SXInghe
prefer reocoghﬁ%g‘?e%‘%te? b&néxé ed%llgd cooling feature for.inte ratled Syreuits
conpri sesy M dibicUhaz ethdrl eaisistorNddradgaeds, Sﬁlldﬁcﬁ?ﬁ“em“(rPEngssﬂgat unp in

comuni cation with interconnected cooling channegls. bspa an8lmbn-vel y
new fi el ckimdlidi r@)qmediopbné@@ﬁng)%cé? S'é&e%st &6?1%%52 grbri Cat T on thggchnol ogy

to create compl ex nes Wit B ILGH QS GRLMK Beftitd Sturafhesi owmchilings can
have mnﬁf?ﬁ@?@cﬁrﬁ,ﬁmgefﬁ%ﬁggﬁﬁrngg con’%ﬁuni cation and actuation. The

mechani ¢ ax}ne&%_tifﬂ BldeP B NoidcdEMiatiantrqrsimpl athert deactal feides BilBEFSenbodi ment
el'y

effectiv circulates a fluid, preferably a gas,.throu ER9n&pannel s,
pronoti ng heatlt ierer ghjettr afl§lieepfe§§ﬂtf%V%@%c@ngré’é’{qeoﬁqocf*%gm %%8% ilfdr%g channel s

function as conduits for the, ciLr i iibdaiiat, &€lewtpdaal acoling
heat - t r angsnerating g ntREHRL mﬁ%lﬁer;? ﬁ@‘l’ %ﬁiéef%?eég absor bed by the fluid near

heat - geneg at i ng._dey] Gakitd 8dniena Midiltutinel Elagird-Viachapicak RERFAETS,  and
rel eased {eS&ﬁeeg?r @?éﬁﬁag&f eadi ng oul_?Hi of the chip. (ri yre |A .iezs a schematic

pl an vi eV\(l\qEMgg(ﬁeﬁr@hqﬁmﬂtmhdcﬁtmmlgh interGpEPECe ﬁ%@ Elﬁclhﬁlpﬁ grated circuit
chip or die 100 with segnmented zone 10 r €G- nfib@uleetrdBBes i S an
enl arged vi ew MEMS ’éxén’iﬂlaé‘r"figzc‘}ﬁ‘g %fé E‘:”(gl?rcglr %2 Rggae)ﬁ/E heat punp 150

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 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 & 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 circuit

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

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

- 100.
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d by physical vapor deposition (PVD) or

chemical vapor deposition (CVD), as is well
Fabrication of Cooling Channels

Figures 2 through 5 illustrate

the fabrication of cooling channels 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 (ILD) material,

that is formed over electronic devices such as integrated transistors. The structural layer

comprises borophosphosilicate glass (BPSG) in the {llustrated 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 tayer 65 and the substrate. The trench 30 serves as foundation

to form conduits from regions of heat generation throughout the integrated circuit 100 to -

heat exhaust points. Accordingly, the trench 30 preferably traverses proximate
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1.2 mwd At t.he sane. t} rger Vi GBer{ EhDHBSL DS L foO2 in
conmuni caﬁlod’ﬁn\ﬁ1 ?lm?lﬁeprﬁeg%é gg&go(gfkgf/g)n%?gﬁéougﬁ(y, t he cawpty 70%5 a
signi ficanghy aﬁﬂrﬁ{ds?%reﬁe?ﬂﬁfihbdhﬁtdfpym tRefien HeepoaridmbBigUB enBto b2 seuwids | ayer

15 is deposited in the trench 30 by chem. cal vapor deposition (CVD).to form
the cool i ng chavried sanuef timhea Jsrgst 6r¥iBG70 %ﬁﬁis)rﬁﬁgm?—fg ‘Ec’r’i‘émglgﬁﬁ(t%?ﬂt%t%yer

I Sh SO GaLBLIR (SA b REoR! BB aTR Gl ppplnogi ke, dle Lo

characteristics,.cl f W 5hatde8RaNese3Q 50fs ddp@sipekfierthedreacoddi bent i s
i ntroduced i nt oﬁegemg%/ggclﬁglrlrber’ \?vi th a %ﬁfanber pressure ran

[ ?e pr effgr %gl y
bet ween akpthichl Tapsr dgmsitbn TOVD) twofempiher epeling chemmse A’ 4BoFe™dr 1 and
9 Torr. The tenperature range Wt

bet woen aiSTUPABEDE B8 SORHBIE |orSHEPaBTy o Dar M Rhda BRE A 8 e

nost preferably between. 5QGiANd 1490Gresh Shdck CRBIsGALY Gaddgrametich as
si | ane (Si%%mt?oé’ ﬁP%ﬁgdlt?ﬁﬂmépS?ef]g&?ed process chanmber at a rate of -
bet ween abgubcta@stizeem and 300, nore preferably between about 80 seem and
200 sccm Additionally, a carbon 8recursor, such, a

h v |
general |y used Therwafhie withsrenchat A0 of thg prefqrred FfBb‘b‘iB’f%gﬁ ?Sglgﬁgé%chéi)l%dn , CH4

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

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 2 result, the
sealant layer 15, or silicon carbide (SiC) layer grows more quickly and pinches off at -

the opening 38 before the trench 30 is completely filled.
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the carbon precursor, and is flowed at a rate of between about 50 chny@wobﬂm
300, nore preferably between about 80 seem and 200 seem Deposition
conditions can be controlled to generally deposit the sealant |ayer 15 at
the top corners 32 at a faster rate than at the bottom corners 36 (see
Figure 3). For the preferred enbodinent, the process described above
deposits the sealant |layer 15 for a duration of 50 seconds, while the

pressure is ranped to about 20 Ton. As a resuylt, .the al ant_ | 5, or
silicon carbi d¥igus: @ i apesxeHda® Yi6VWeoldi %legaﬁti‘“ﬁ?lng e%fag}ef pggfg&?%e

opening 38 before t trench,30.,is,C i
FPgur eg4 F@baﬁnﬁﬁéngﬁﬁldﬁ?pwtg%s aﬁari lag%gﬁ ?%8%:%%{1%%&%3%? efseﬁégtr%%% g?(r%eld

enbodi men h of il 60l psealianhich aviesapl 20.S Glesschled aipeap AQ fBBowe i e
trench BOhiﬂga: (ﬁng (cgfﬁﬂ}t’(':onseq%eantI3‘/3 forgrip%g a sealed air ga(g), 20. The, seal ed
1

air gap 2Qubel bme teheh 30, ogiing aftitehe chemne A0 daying @rmdHyOLIIRHEET R Bhannel
50 having a width or, dianeter on the order of 5,000 A After fabrication
of an ini bidek of 069 Aef cool i ng channel s 50, subsequent |ayers, such as
BPSG are deposited . over. the jnjiti t idM 80 afbeshueht Riykils, | S
fabricated, t eﬁg?t?rﬁfaﬁ?\ntoﬁgng}cl)l&l?gieevélgé/ﬁ%otogi? iéggrtuéégﬁ\ or " l_)ack-eng"
processi ng%ch% b Nife URSURithd Bver@heé Diiidl 1eles hgthe integrapedociens! isfatsicatedng
trenches depositing seal ant layers 15 can be. re[ﬁeat d as t | ayers
of the i ntygdeadlyan thd causet ofzmetaightion o hap-pad aPTRESFIE] kR 'BP™ "ol i ng

channels is created In a typjcal. M. f abr i cakion.,: }, of

di es are Sirenit @eé}%'@ﬂ%elwocelsggﬁa“ Dﬁgncgﬁeﬁg(? gt Cf%érpégmg%gélrgrg? %ﬁl(r %ISEM B2(%0 nm

or 300 mmsili.gqn t@@ia&re%f oftthe lif@Slatdd 8reuft 2P Suiless untibd degirddondtivosk pbi nt
ucte

are prefeFeé’l%fly con prior to cutting the substrate into a plurality
of dies. Qulinprhkhyels dicteatadt ting can be perfornmed prior to conpletion of

heat punps, as described_bel ow, Faprication of Heat I3, a
further object Inf aEahPSA @E\“%’Sﬁdi"‘%@’fﬁa gurﬁﬁ%\l\//f’sf(jgleg aé‘lg);gcu g‘%‘%%dn&yneans
for a fluid that willi fill lJ NHOGRANIEI0S Rl siftcdtWREer)| anlcast thé her
ci rcul at ofoTEd BTG 1?563%%3%3(??% fl'uid through the cool’ing channel s
50, enhang@eﬁg d&Rabiddp @b thib@oint Rtecprelirady cbndugiad 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 1s most desirable for it to be effectively
incorporated within an integrated circuit. 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 5, 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 mulitiple

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. In the pref rﬂre,élJN 2004
enbodi ment, a MEMS 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 an existing m croel ectronics
infrastructure to create nechanical structures on such a mcro-scale. Wth

reference to Fi gure 5, an opening or cavit¥_ 70 is forped ir,g com'Euni cation
with the cluplsi pxclesiomrrenes 5. copyEREonshaketqlth n P PROGRTS one

| evel of _channels, it wl e ungders cavd t

vertical | §* ?{F"E)lél'gﬁhffn?ia‘flfypﬁb Ill)Se%eq% {%#38@%8}1 2%’8}11} Egscﬁkgntﬁéﬁi C%t”\%rﬁ@geme
cavity 70 }e?ergﬂl?fb%ﬁl@%hﬁbgﬁrd@ mMdd Emt, BRd nsiprdfedddl; BOBAes hb@itD. eual usi on
zones by BSnventiona photol i t hography and dry etch processes. . Preferably,
the cavi t ¥nd® pRasThe cafty!70het abetiomboer rafging botweandbod 190 nrarand [%r abl y
bet ween about 0.2 mand 5 m and nost pre erab%%ﬁetweendabogt 9fer5a m and 2
m The cawintympee peeferablyobatwasmpadt XM gy et Fifhoatd PEST RBEEEIM 0, 000
un, nore, preferabl t ween t 0O n2 and 5,000 n2, and nost preferably
bet ween aB%ﬂ’Feﬁ?%ﬁ)ié)ﬂﬁ%aangag)@g ”J%g. As noted above, the cavity 70 is
preferably for ped,gidubsRNERUSINGWIO Hs thhderablyefisines sBfultaheousiyiwigh yhe t he
seal ant | ayer 15 coats the cavity 70 walls. However, the h wider cavity

70 has a treahespectceatlingly, Mecsselinhlygr 13 peatethgiceyityy 60 palgi AOVENER i | e
the seal ant 15 pinches _off and encl oses the channe . ) O] at or
or MENB h@seh pidy @ity I:fg has adewy FgﬁFCEF?g‘(S’di Cﬁ’f(ﬁ{lé]y’f tlg‘r% r(r:%gltya?o I%]ﬁzgﬁ%éﬁélﬂ[ y 70
descri bed . i\ﬁ?\ﬁ eMLE Siesnaskbexi bl e menbr ane,

pref er ablvgggg}%esféig ect |%ﬂ%§rrgﬁ%a?g%dt hat, when gct uat ed, effectively punps

a fluid throughe theulany ot IMEMBheah guinptafrtbo preforaddersbediingnt shigrmed 8t 50. | n

other arrangenents, the heat punp can resenble a fan e\ﬁ%b%ﬁé or %{_an%t her
agi tat or theaavits 78 desarbad phover IhedVEMY R PHRE (OMPEse” fieRiol PRE

cavity to

Firoxi br e BrEfr e Besp il s 2R, BEk e A e e ok the.
mi cr o- mac{i lighGhdthvitiEP70 exBibdreommactsd toslthgf dnntdie50.ofmatheoarrafgements,
the heat pump can resemble a fan, vibrator or other agitator that is extemally
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 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, (heréinaﬂer “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 zirconium titanate (PZT) layeron a
large-scale silicon membrane.
Figure 6 illustrates such a flexible membrane or piezoelectric actuator 147 for a
MEMS heat pump within an integrafed circuit in accordance with the preferred
embodiment. Preferably, the piezoelectric actuator 147 is first formed independentiy
and then laminated over the structure of Figure 5.

Referring to Figure 6, the actuator 140 comprises a first layer 141 that is flexible

enough to bend within the cavity 70. The first layer 141 preferably compri_ses a sthcon
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a silicon-based mcropunp is described in the paper, "A Novel M crﬁﬁ’ajﬂgnﬁ]ﬂ
Punp’ Based On Thick-Fil m Piezoelectric Actuation," by M chael KochVe | & ,tf
Sensors and Actuators A70 (1998), pp. 98-103, (hereinafter "Koch et al."),
t he di sclosure of which is incorporated herein by reference. The actuation
principle of the exenplary punp relies on the flexure of a screen-printed
pi ezoel ectric lead zirconiumtitanate (PZT) layer on a |large-scale silicon

menbrane. Figure 6 illustrates such flexibl nbr ane or .pi ezoesl ric
act uat or Tagmbrgpe.aas NEWBbekaR ¢ a]t’h}q‘?oﬁ)ﬁraﬁﬂérr& LI arbg)ﬁlg't ?‘nﬁ%5

tor TaFibise.als NEW _. _ ¢ _
et uator P  EE fom e et e

t hen | am nat ed ‘over the

struct ur e ,gf. Fi@Uist RyerRaf € rhicRtidedajdrgundsdiates the farett lapirdr 1 1on donpeitses a
first layer 141 that is flexible enough to bend within the cavity 70. The

first |ayeondudivpisfeetimbivil conprisedesbetion elegloede.of the BIMRAEHYOL nenbrane, as
described in Koch et al.,.incor ated by reference. a hi

i nsul ating | ayet ﬁiﬁle,onﬁ‘l‘%‘fvégw 52@01515%?8%{??8 ai?oY%Bﬁoo (Pegl:é ?Iclgnzt ' oqu%glfﬂi s
optional l'y f(?&c;tri%% Ji)?ePoo\f%otttﬁﬁl éli:cgtﬁ)tdel laﬁb'?:eéorﬂﬁgse_ 3 -Eﬁ? sOdtle chmietivd 4zatérsl at es

the first Paye romthe next conductive layer that will conprise the
bot t om el ggdicadeer9t at hpicustectec hetaitor’s chcfrodesin acthivucsithas remgias fleydle.i s

deposited above the oxide |ayer 142. The first cqnducti V%El %er % bottom
el ect r ode TypBat elepirodemetais/inglyde ABIRInEBNaRTL EQRPET &t REFORIeCih [y e AE%d8 ve as

a piezoel gelric aclualor: s eleciradesnra. bl shngss b batad SR Nfuslhex bl e.

Typi cal uni ‘num copper.” A piezoelectric |ayer

144, is feﬁgb%ﬁ Q¥ LorphiSesf ek LirdoRRak Glrna: (FIVBI A 4&ond ltengictizedhyectInb c
| ayer 144 of the illustrated enbodinment conprises |ead zirconiumtitanate
(PZT). A sefeomddosacthe piczecltariefaytn bi4.i Ehe sscppdicandastiynayyid2sap depy

| ayer 144. The secand conductive | ayer 145 can ,be a I €4C0 ctor,
ty)[;i cal | y swibable  copdugipy c‘@(?%céhy a‘B'Bt@gyﬁ (ISP TP o&mel%%l& e}cg?[ b E:h%ngg%t i ve

| ayer 143 A EXETRIR1Y3! A BREPS LBGRIRIS afprizeda § TilliinthehSt 0 5

mlli-inch copper toil Tamnated or epoxied over the PZT 144. This stack of
| ayers ( 14ditli-B,coppe, foil deniamed dbA&)oxisl peer ther BB 144. 9., by

phot ol i t hography) and etched tg jsol ate | yral jty_of piezoelectri
actuators 147. stack dpd flayger (i Wor]s‘l%iglf” a?réi rjréa)e 1%Iﬂa§ﬁ]inie§1/ eé%”gé?’ t han

the cavit %hgt%ﬁ%h%graal.plh%vaﬂcf) Ltched 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 workpiece on which the integrated circuit is formed 1s 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., Ar, 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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pl acenent, such as by pick and place machi nes, and sealing over th‘FSCQMNt?ﬂUQ
70. *Such lam nation 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 punps 150.

In the course of assenbly and sealing of the channels 50, a heat transfer
medi um preferably conprising a thermally conductive fluid having a high

specific heat capacity, is introduced into the i anagl;s+5

Openi ngs bp HHchMeniIngte&w&rﬁ%mweéﬁ%ﬁ’é%dfﬁLé% éﬁ. 252 %ﬁ’ %?ch t he

integrated. circuit. is.forned i %@H%}Lﬁﬁ%ﬁgfe}&c&he fluid (preferably a gas)
reterably, I

whi | e t hedisplositr @l wAHeh 1§ P g an inert fluid 25, nore
preferably a tIIkaHé?Jré%n@@&ﬁH&diﬁl\éﬁt, fRlhet gail 15is dntrodaced thequgkran apening) i s
utilized to fi he cooling channel s 50, avoi di nq urth\ivgnt ed ieacfi ons with
the procepgfealyriroughtthe amdiys @b ChedUEDSY healypnmap TRRRGAE For ' P Thg
cavities or mcro-punmps wth fluids .has been I: HBeireA iBLEZREd ectric
M cropunp whtired pereesd SRBIPET i AFATPIGTC BIFSFEE AT d %ﬁ%%&gﬂﬁ 6%15e(§d§élﬁy HTG
Van Lintel _et, al . ensaor s t deolind W Hnel P arkSBHbWithtthe

di scl osur@s'ofA%fééHlEi tzlgicﬁ?:lg?zg?ﬁéﬂe a{:hgé%icn by féef erence. In the preferred
enmbodi mnﬁesiﬁﬁ%niax@ alhia PhUi Thrdatisg thet aoeicetdt hvaugh cavity geriukgrquently
preferably through the cavity 70. The MEMS heat punp 150 of Figure 7 is

pl aced Wsdds the @ayityo ek sEhaikdl i Vel APBIEHS ¢ pressure and filled with

the desired inert fluid, K 2 S , VLY ridhesL anmect
cool i ng channeIAsT@Blt%ﬁteplﬁaﬁryeﬁfm%t ﬁéeatt p&é@?r@ ?‘rﬁe}?r{g@ﬁt{lj‘?d 2535 Lami nat i ng
t he act uaW{ed]iﬁ7ano%(:F£y H@mg)@é/%,{elﬂ&g\i}@ 1B FRAq Psnpdristalisedy (7. e.hehe 8uid §579. The

skilled artisan w appreci a resultant plurality of MEMS heat punps
150 are prater abiardayrthngegentivd, wavclibel conrastions ehifc ﬁﬁaﬁﬁélﬂaépb‘ﬂﬁﬁﬁﬁ@t he

fluid 25 peristaltically (i.e., the fluid 25 is r r :
sequent i abs %@él@k@%‘%ﬁﬁ‘té%tai disrasgen Pﬁglea?rfe%;ﬂeo ’ Igueceeaﬂf; ﬁ%&rgrlp%\gﬁl‘g%€¥klllg§ will

be appreciat ed from g;di O cdoheacoRRSRL PN pReferably alsobeied: fofhe
skil | ed ﬁ&isfl%é"ﬁﬁlwﬁfaﬁﬂge%gﬁyté;ppr eciate that each actuator 147 jis

pref er abl ypahsish W frdduase ofdpeimtivon Ihpattralasothesdecpds Myl 4 4e

particular, the electrode |layers 143, 145 are ref er.ab ' y
connect ed pteferablyclachirally sorrcstedrip avglags W“teraﬁd??n 3?01{1???@5/“ %%ge % té)? F%ﬁhh of

punps in P p%}r}sa e anaa'lsrra?r?%sccieisgr%d%%llmtrgsﬂe@tst@@éur&@-ﬁ’il gures 9-11.

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
manner 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 1illustrate 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 Voo and 24 Vi, more
preferably between about 5 Ve and 12 V.

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

Vo), as will be appreciated by the skilled artisan. The piezoelectric actuator 147 can be
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actuations is illustrated for propelling the fluid 25 onward through sequential cavities

70a, 70b, 70c and interconnected cooling channels 50. The process is illustrated by
g the

reference to an arbitrarily defined fluid packet 25a of the continuous fluid filhn

interconnected cooling channels 50.

Figures 9A and 9B show an array of MEMS heat

In the illustrated embodiment,
cavities

nt 301

pumps 150a, 150b, 150c correspondingly assembled with a sequential array of

g diagram, respectively. A first mome
low, the second heat pump
gh. At

70a, 70b, 70¢c and a preferred timin

indicates when the first MEMS heat pump 1502 is active

150b 1s active high and the third heat pump 150c is recently transitioned active hi

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

70b shortly after it 1s compressed out of the first cavity 702.
and 108 illustrate a second moment 302 when the

Subsequently, Figures 10A

second heat pump 150D is recently transitioned

first heat pump 150a is active low, the

active low and the third heat pump 150c is active high. Dunng this second moment
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ch that it can conductively carry heat from

provide a thermally conductive material su

the cooling fluid within the cooling channels to
a heat sink provides 2 thermal path, thus

points outside of the die or chip 100.

ally, 2 thermally conductive material or

Gener:
egion to atmosphere.

directing thermal energy away from its hotr

The heat sink 130 is preferably made of a high theymal conductivity matenal,
jon of the overall integrated circuit

such as copper, and preferably covers 2 large fract

100 area, preferably greater than about 50 percent, MOIe preferably greater than about
80 percent of the overall integrated circuit 100 area. Also, the thickness of the heat sink
130 is preferably between about 1 pm and 20 pm, more preferably between about 5 pm
and 10 um. In the prefemred 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

thermally conductive and

at sink 130.
50 thus preferably

the surface of the dic 100 by an epoxy 135, which is also

provides thermal communication between the die 100 and the he

The cooling channels 50 and the MEMS heat pump(s) 1

circulate a heat transfer medinm, promoting a more efficient cooling of an integrated

circuit by forced convection. Advantageously, the preferred embodiment incorporates

The combined effect of a

miniature circulation devices within integrated circuits.
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forced convection. Mst preferably, heat is carried fromregions dfghygn 2004
heat ‘generation, such as logic circuits of a DRAM chi p- resent enbodi nent
is to Wth reference to Figure 12, another aspect of the p heat from
provide a thermally conductive material such that it can conductively die o
chip 100. the cooling fluid within the cooling channels to points outside
of the path, thus Generally, a thermally conductive material or a heat
sink provides a thermal p directing thernmal energy away fromits hot region
t o at nospheweling dheliprmnpingyihrergh mefyorkedrpeolingaghagnelk withan jthe gicek) 2l ¢ nmde
of a high thernmal, such opper nd, pr.ef er abl )Y, | arge fr.action of
Che overal INeRnEaat garis G trersorear x5 Jiedh b B 07 sleefv i shoRbhe  so
percent, MLRANRS Galklde WERER JpbaRogbout 80 percent of the overall
integrated citcuit 100 area. AlSo, the thickness of the heat sink 130 is

preferably betwefsidahioath hean pmeip2@ctoptorspr @hq@r efiercebiciroinethumenl adinturd | n
the referred enbodi nent, the heat sink 130 is aligned with and _and 10 rrl -
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within the die 100 and a h nductive plate t rects heat away from
t he di e 10@redférticémvalimentoobthet fibodimbmg vatlddcame appdredt © tho& aflsridingry
operation. Aside from heat ?urrp .actuators, other mcroel ectronmechani cal
struct ure skilin the art in view of the disclosure herein. Accordingly, the present invention is

not intended to be limited by the recitation of preferred embodiments, but is intended to

~ be defined solely by reference to the appended claims.
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(MEMS) devices can be incorporated to circulate a fluid for cooling Jof
integrated circuit. A MEMS fan, for exanple, can simlarly force BfMU%Sﬂm4
to flow by the nmechanical novenent of parts. OQher MEMS devices that

i nvol ve mechani cal novenent of parts to punp, agitate, otherw se cause a
fluid to nove or circulate through channels can be enployed in the

I ntegrated heat punp. Although the foregoing invention has been descri bed
in ternms of certain preferred enbodi nents, other enbodi ments will becone
apparent to those of ordinary skill in the art in view of the disclosure
herein. Accordingly, the present invention is not intended to be I[imted
by the reﬁ&%ﬁé$ﬁabof preferred enbodi nents, but is intended to be defined
solely by e to the appended clains. 1 0 JUN 2004 WE CLAIM 1. A
cooling nechanismintegrally formed within an integrated circuit
conprising a mcrocl ectronechani cal system (MEMS) heat punp and channel s

enbedded Wi t hiAn ¢ooking ninegaaised integially t forinbér withint ba Nﬂﬁ:ﬂh@aﬁmm is for

circul at icogpisiagal nfigrotlettradchiticy MEMS)Ral putip Bid chivielsnt egr at ed
circuit. efhbeddid wRRini e %ﬁa&amﬁi Fhétei® the mglﬂa Ofy vtiﬁg flui dh
conpri segirdfatidg Wdohifg Rsh B RR B th erein the
cooling, fl u?d g(r:he(;érrprlge‘sn a 05%&}%I y conduct Ive n%%?e gas. 4 The cooling
nmechani si of I | | dis ct ed. fromthe group
consi stif ofgﬁgsgﬁg@ﬁﬁ$ﬁéﬁ%né&33 P ‘m@ng EW@P?ﬁ@aﬁechanlsm

of C ai &frerein the MEMB heat punp connunlcates W th a network of

cool i ng ghanne s within the integrated circuit. 6. The cool i ng nechani sm of

C ai m 5, *wher aoffag perkangsay pf 2, whevpinitheepokling finid epmprises ca act uat or i n
communi ctereallygonductivenellelrig channel's. 7. The cool i ng mechani sm of C ai m
6, further conprising a plurality of piezoelectric actuators arrayed

al one, the cobhe cpliohamevbhsisinooff Claim 2, perici did teolingWlRid s sdlea@ed 0ol i ng
nmechani sfromfthe@reupednsisting dhargors delirn Skrppion ahd®&énosi Nk communi cati ng heat
away fromthe integrated circuit. .
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 communication with the cooling channels.

7. The cooling mechanism of Claim 6, further comprising a plurality of
piczoelectric 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
defimed by a silicon carbide coating of a plurality of trenches; are embedded within
the dic 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 dic of Claim 11, wherein the adhesive comprises
epoxy._ oo o '
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9. An integrated circuit die including a network of fluid-filled coglfngy 2004
chamnel s defined by a silicon carbide coating of a plurality of trenches,
are enbedded within the die interconnected with at | east one heat punp
within the die and a heat sink bonded to an outer surface of the die. 10.
The integrated circuit die of Caim9, wherein the heat sink conprises
copper. H . The integrated circuit die of Caim9, wherein the heat sink
is bonded to the integrated circuit by a thermally conductive adhesi ve.

12. The interested circuit die of Claim1ll, wherein the adhesive conprises.
epoxy. 15 1 0 JUN 2004 13. The integrated circuit die of Claim$9, wherein

t he heat cupi es gr bout 80% of the integrated circuit
surface a a ]%5’ ﬁ ﬁ%?rfglﬂkf“é'b cuherpip the heat ik oceumigsrgreatsty a net wor k
of i nt er ik aboybB9% of aﬁw@dmrpmbmwea thermal |y conductive fluid, the
thermal |y conductive fluid disposed to circulate through the cooling
channel s Hy am diymanic oaslohaadcess meparypchip,sageding © ngwoke ot ddndl s. 15. The
dynam c reanlingrlanses filled withya theinpallyf cobtindtive ¥thid, Whe BRidallyheonkdhétivd 1 S

sel ect ed ﬂm@m@b&dgbmmuﬁw?ﬂirﬁghﬂﬁeQ:Bo]%@@!ihnn@!@'ﬂaauﬁﬂ eleb¥Rh&Basied xenon. 16.

The dynampugp' d@spsd AGHPARS cRIRADS Y chip of Caim14, wherein the
el ectromechani cal purrp corrprl ses a pi ezoel ect r| c actuator over a cavity in

fluid c n The. random
access qg‘mJ }Iﬁﬁh S%g} ‘gherﬁlgq‘g g‘f“rﬁllé in thermal
comuni ca |on WI Wgu%lf(@m gt o ?fg?‘h 85‘?’55&3”8? ﬁ??n%th embedded cool i ng
channel s I S a structural |ayer overl ng I ntegrated transistors
in a sem]@o %diryna@lﬁ’b&qda{"ea“{e% TaGTQTY t ¢lH Sjem d4yiwhgrein dhehes f or med
t her ei n; els“&m&w RN FOTBRFReS ﬁg’lﬁﬂcl‘c&'@”@sa@ai‘tfh%ve!raemgndhdd seal i ng
upper op@ﬁﬂﬁﬁ@catvmwlﬂeﬂlﬁﬁeﬁmm deposited | ayer surrounding a
continuous air gap extending longitudinally along the trenches; and

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 sealmg upper openings
of the trenches, the deposited layer surrounding a contmuous 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 integrated circuit of Claim 18, wherein the fluid is inert.

23.  The integrated circuit of Claim 22, whercin the fluid comprises a thermally
conductive gas.

24.  The integrated circuit of Clalm 18, wherein the structural layer compnses an
_ interlevel diclectric between metallization levels of the integrated circuit.
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a fluid disposed within the air cap. 19. The integrated circuit of Cb'
18,. wherein the deposited | ayer conprises a barrier material. T eJUN 2004
integrated circuit of Claim19, wherein the deposited |ayer corrprl ses
silicon carbide (SiC). 21. The integrated circuit of Claim18, wherein a

| ateral width of the air gap is |ess than about 5,000,. 22. The integrated
circuit of Cdaim118, wherein the fluid is inert. 23. The integrated circuit
of Claim22, wherein the fluid conprises a thernally conductive gas. 24 _
The int egrat ed circuit of Claim18, wherein the structural |ayer conprises

an inte dlelec r|c bet e ation, | evel f the integrated
circuit gt J% Wﬁ 8afﬂleglll’afw o) r@%‘f’%ﬁ"% diclget  wher ei n
the int e‘F"I”éRY@FS'a‘?@P ]?'qs’élca 8t ses bor ophosphosi | i eate glass. 26. The

integrated circuit of Caim18, further conprising at |east one cavity in

comuni ¢t i onlhg integrated mcmtgﬁﬁlalmhkﬁ dartlier gonpusing gt keastlonk dayinin. 27. The

i nt egr atednninication voth the s gap? the chvity hasinganfhid pamp. a pi ezoel ectric
actuator partially defining and sealing the cavity. 28. The integrated

circuit gt ClReNntdpfated st rbfacmﬁtbsotmmeﬁ ctaf@ﬂgtagsa'ﬁei&lt%c bet ween

about  0.zeffp Parfidlly dtinidd ' dls@;;] gg,l ircuit of daim28, wherein a wdth
of the trenches Is range bet O Smand 1.2m 30. A nethod for

ESL{I?.”??” ° 9%@%“@9%9?01”6%@@332%%%24ﬁﬂﬂi@gtﬂﬁa?w% o558 i the die,

form ng vity; formng a network of channels enbedded
W thin the di sai d channel s bein n fluid communication with the. punp;

filling2Phe ABeHMeara @WMMR& whva viskihphthe\tranghes is rangd:  and
between about 0.8pm and 1.2pum.

30. A method for forming an embedded cooling mechanism within an integrated
circuit die, comprising:
forming a cavity embedded within a structural Iayer of the die;
forming a pump within the cavity;
forming a network of channels embedded within the die, said channels being
m fluid communication with the pump; -
filling the network of channels and cav1ty 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 compnsmg increasing a chamber pressure
while depositing the material.

34.  The method of Claim 30, wherein filling comprises introdueing the fluid imto
channels under pressure while sealing the fluid within channels.

35,  The method of Claim 30, wherein forming the pump comprises fonning 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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sealing the fluid within the channels. 31- The nmethod of C aim 30, wWh@rgyR 2004
form ng the channels conprises depositing a material to line trenches In
the structural |ayer and encl ose a continuous gap within the trenches. 32.
The nethod of Claim 31, wherein the material is deposited by chem cal

vapor deposition. 33. The nethod of C aim 32, further conprising increasing
a chanber pressure while depositing the material. 34. The nethod of Claim
30, wherein filling conprises introducing the fluid into channels under

pr essur ez i |-feSGahbd gt Chem' $6)ifdriért dotprieigriaeinatings. hedhsinkde fwd of O ai m
30, mherlrn formng the punp conprises formng a piezoelectric actuator
over the %avity. 36. The nethod of C aim 35, wherein formng the punp
conprises lam nating the piezoelectric-actuator over the cavity. 17 1 8

JUN 2004 37. The pethod_of . Claim36, furthet.c | amknating a heat
sink to 3%e Ajmethed forsfogping g Pugw ?%P#?ﬁgngl,np%ﬁtjg%’%gt %1?&‘1\,& ﬁ%’i n an

i Nt egr atedepesmgui t die, conprising: formng a cavity withi structural
| ayer deposi tiennipg er caxity evithin adtmckal 131%’5‘1“?‘&?‘@_5 (kR it u%"r

pi ezoel ambitiate; and dantng apierodlértricanpiatgr ovgthe vEatYaet hod of C ai m 38, wherein
the structural |ayer conprises an interlevel dielectric between netal

| evel s iqy t hertehdRsddfaiaigi 38, Wliereid G siineturat tayercamprSenpmig@levelir t her

conpr i Slﬁ?geéﬁéﬂémeﬁnedapﬁeashmehﬂégmﬁ&mﬁis within the integrated circuit
in fluid conmunication with the cavity. 41. The method of- C ai m 40,

further gonprisingsfhll i@lg, i cfgﬁﬂ‘g}e : Qomﬁ,l;gr neloked dofti ve inert
fluid an@‘ segl‘]\g gﬁﬁie oghagﬁ%k?éitﬁ?ﬂwxﬁm%mﬂk&bﬁﬁ%erei n formng
the pie i RiFiL -conprises Tamnating a. preferred actuator over

E:Precﬁﬁrlmt hA'fIil'e ﬁAfe ho Q)?'dCILi(I)rI 4[),I !ﬁ.llrhlrf!:g c%gl%ggl%lg Sﬁlﬁﬁ??ﬂ'&’%ﬂm&@fefs%ﬂh% i nt egr at ed
thermally conductive inert fluid and sealing the chamnels.

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 émbeddcd within an integrated circuit with a
* thermally conductive fluid, comprising: o )
introducing a workpiece into a process chamber, the workpiece mcludx.ng 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 cc?mprise.:s
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 piezoeleciric
activator. '
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thermal Iy conductive fluid, conprising: introducing a workpiece i ntg @
process chanber, the workpiece including. an integrated circuit an JUN 2004
plurality of channels forned therein, the channels having at |east one
opening to the process chanber; introducing a therrally conductive fluid
into the process chanber, wherein the fluid fills the channels through the
openi ng; and sealing the opening while fluid fills the channels. 44. The
met hod of C aim 43, wherein pressurising the chanber conprises evacuating.
t he chaat%D nd filling the charrberdwlth the thernall q ndugt-i.ve fluid at
about a Petho r°£§ ng an itegrpied greyit dic, o \;g"r‘ﬁ ﬁ%c“ %H%%ﬂﬁ seal i ng.

t he ope Q«‘%W‘ﬂ%% qdded mathihthe 1ntegrpte &i’ﬁ‘l’l&d’ﬁ e"‘f‘ﬁéh"oggﬁ 46. The

met hod dluidrempuises achptingeim elepleomeshgricaly B thet pelivates &tric.

act i vat piezotlectiic acthadbis2@0seqddnce Aonesidlactivelyt sqmolas. 1% it pynptied circuit

di e, coppmhfubitgtiei withithetchagelsl ui d t hrough channel s enbedded within the
integrated circuit die wherein the circulating fluid conprises actuating
an el ectronechani cal punp that activates a plurality of piezoelectric
actuators in sequence 'to collectively serve as a peristaltic punp in
comruni cation with the channels. 19
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