WO 2006/ 020332 PCT/ US2005/ 025815 LI QUI D METAL THERMAL | NTERFACE FOR AN
| NTEGRATED CI RCUrr DEVI CE FI ELD OF THE | NVENTI ON [ 0001] The invention
rel at es er to the packaging of integrated circuit,dj re
parti cul g&?)y%oﬁ({/@%szl iquid nmetal thermal interface for anP(?#l/ﬁsezgﬁg?zgs rglgi rcuit
device. BACKGROUND OF THE I NVENTION [0002] Illustrated in FIG 1 is a
conventional packaged integrated circuit (1C device 100. The |IC device 100
includes a digoiiPMERRL ThERWAS BAERFA@ FR ARGEERA fEDICRcUiTDSVICB UbSt rat e
often referred to as the "package substrate.” The die 110 nay conprise a

m croprocessor, a network processor, or other processing device. Die 110 may
be coupled with the substra i , a Controlled Collapse Chip
Connection (or "C4") assen%ﬁ%ﬂﬁe(gﬁﬁ‘%&mmﬁn a plurality of |eads, or
bond pads, on the die 110 are electrically connected to a correspondi ng

pl ural i tPOQK | eAhe inventiomredries gnneraly te thsaekasing ofointegiatedcirguitalje yd,
connection elenents 130 (e.g., solder bunps, colums, etc.). Crcuitry on

t he package pacthrstarlyt ® 4dR4yid nretdl wharmal mtarbse fdrendnegtagadsrons devicat i ons on t he
substrate 120 where electrical connections can be established with a
next -1 evel conponent (e.g., a notherboard, a conputer system a circuit
board, another I1C device, etc.). For exanple, the substrate circuitry may

route all signal |ines tﬁA@I@}{@O@NﬁIO’ﬁ?ﬂE Iﬂiglﬁil\g’ﬂﬁN alternatively, a
0

ball-grid array - formed on a | ower surtace e package substrate 120.

The pin-qgrj ( bal I.-grid), array then electri.call oupl he die to the
next - | e\}gbbgonpglhgffﬁfed\kﬂ%ﬁ(ﬂ 1 {sr?cqoﬁHggloaalr%ﬁﬁfdé&egétegifcﬁ:g&Z‘Chéflgglc%e' g., pin
sockets, bond pads,_ etc.). [0003] During operation of the |C device 100,
heat gen¥l0atldy Igdevige 180 encludgs aghie 1 Hhihas dispased; @n 3 substsatg 18@4hisi s not
transferred away fromthe die or otherw se dissipated. To renove heat from
the di e subftrat¢ hfterdieferfetio mayhelIpackage etiystiate.’tc dhplded] M mhy eorhprge asi nk 170 -1
WD 2006/ 020332 PCT1US2005/ 025815

microprocessor, a network processor, or other processing device. Die 110 may be coupled

with the substrate using, for example, a Controlled Collapse Chip Connection (or “C4”)
assembly technique, wherein a plurality of leads, or bond pads, on the die 110 are
electrically connected to a corresponding plurality of leads, or lands, on the substrate 120
by an array of connection elements 130 (e.g., solder bumps, columns, etc.). Circuitry on
the package substrate 120, in turn, routes the die leads to locations on the substrate 120
where electrical connections can be c;stablished with a next-level component (e.g., a
motherboard, a computer system, a circuit board, another IC device, etc.). For example,
the substrate circuitry may route all signal lines to a pin-grid array 125 — or, alternatively,
a ball-grid array — formed on a lower surface of the package substrate 120. The pin-grid
(or ball-grid) array then electrically couples the die to the next-level component, which
includes a mating array of terminals (e.g., pin sockets, bond pads, etc.).

[0003] During operation of the 1C device 100, heat generated by the die 110 can
damage the die if this heat is not transferred away from the die or otherwise dissipated. To

remove heat from the die 110, the die 110 may ultimately be coupled with a heat sink 170



via a nunber of thermally conductive conponents, including a first thermnal
interface 140, a heat spreader 150, and a second thermal interface 160.
Generally, a thermal interface is a conponent that fills in snmall pits and
ot her surY&%804/92038ul arities on two mating solid surfacts’Ysd054 5her
that provides a thermally conductive path between these mating 5 surfaces,
such that the two solid surfaces are thermally |linked. A typical thernal

i nterfacg, , (ORBES ogfglg%fnahllzgé?dd&iv@ cﬁ@pggélﬁtg, YR ES Figdk thepalinRsfade $4),der or a

thermal grease. | Irst t interface 140 1s coupled wth an

upper surface of t die 110 nd this.th interf n S .heat from
heC i o B St T 08 2 sPing ot e T sk bl RBS B TR RS
laterally within itself to "spread" the heat laterally outwards 10 fromthe
di e 110,43 ¢piepangel thetfHllsdp seal gits a8d ofes srtase dergularitics of dup masingjelid econd
thermal interface 160. The second thermal interface 160 conducts the heat

t o heat sirflakesland, fuvther that previdsisartberiadly lsenductive pitb betviearthesemvdtingnnent .  Heat
sink 170 may include a plurality of fins 172, or other simlar features

provisdi N@irfabés! SRHekht S L lidrstffacdsQrd eirhdllydlifke@ O AVEpicaPihermdl iftedicet 0 t he
surrounding air. The I C device 100 may al so include a seal elenent 180 to 15

seal the Qﬁﬁlséélg la&éroép 4 %@89%%5@9&%&& 1996k, o%ﬁ%ﬁi&% étrgh%e seal el ement

180 and Nedt spr eader conprise an integrate or housing for the
die 110. 05] . .JThe heat sink 170, heat spr.eader 150, and fi.rst .ang second
t her nal mh& rfaggeﬁﬁsé&eé@?] Tﬁ‘ﬁ?ac'iéﬁ bso‘iol‘lB@fji“()g\ ?Hﬂeﬁf‘é[?‘i?88ffl}?gd1%§€Q’em f or
the die 110. The power dissipation of mcroprocessors and other processing
devi ces ¥ydribisaharipal intarkage sendyctstheablrpmylye die and to Yedsntapresder bY- thgat oper at i ng
frequenci es of these devices are ratcheted upwards. Also, the design and

oper at i ngpreaded] 30 avndudtohea latemllyrasithie asklf to “Sproad ’sthehsit latarallgeudvads wher e t he
| ocal tenperature is significantly greater than in surroundi ng regions on

the 1@ e, fromnkt dief130,)4ndehd ReARIHEHAIralsY aRY chbadilctahedtto Mesde6bhdtBémmpot s may
| ead to damage and/or a degradation in performance of the die. Thus, the

oy ook SR TR AChROER, SRR B ot i OBt | C
transfers the heat to the ambient environment. Heat sink 170 may include a plurality of
fins 172, or other similar features providing increased surface area, to facilitate convection
of heat to the su1"rounding air. The IC device 100 may also include a seal element 180 to

15  seal the die 110 from the operating environment, wherein the seal element 180 and heat
spreader 150 may comprise an integrated cap or housing for the die 110.
[0005] The heat sink 170, heat spreader 150, and first and second thermal interface
devices 140, 160 collectively form a cooling system for the die 110. The power
dissipaﬁon of microprocessors and other processing devices generally increases with each

20  design generation, as the operating frequencies of these devices are ratcheted upwards.
Also, the design and operating conditions for a die may lead to “hot spots” on the die
where the local temperature is significantly greater than in surrounding regions on the die,
and a failure to adequately extract heat from such hot spots may lead to damage and/or a

degradation in performance of the die. Thus, the thermal performance of die cooling

25  systems in future generations of IC devices will become increasingly critical, and the

2.



WD 2006/ 020332 PCTI US2005/ 025815 thermal performance required for these
devices may push the limts of the conventional cooling systemillustrated
in FIG 1. CRI PTI ON OF THE DRAWNGS 5 [0006] FI ematic
di agram i IWE&%"EQF% a cross-sectional elevation view of ggT}%égﬁ({?@%f%gnal
integrated circuit device. [0007] FIG 2 is a schematic diagramillustrating
an enbodi nent of an integrated circuit device having a liquid netal thernal

interf ac%erﬁﬁpﬂﬁiorﬁh@e r8qiiifedBfob tHeeK délii@d @ pulsh et lirdité Btharosveadidaaient of a
met hod of coo ing an 10'integrated circuit die with a liquid netal thernal

interfac 00 chematic diagramillustrating a plan view of
anot her PT%I S'EJeFF I%tragﬁd! n Ig}g?at ed circuit device including a liquid netal
thermal interface. [0010] FIG 4B is a schematic di agram show ng a
cross-section of the integrated circuit device of FIG 4A as taken al ong
line B-B of FIG A4A 1 0011 FIG 5 is a schematic diagramillustrating a
further embodi ment of &C&I%HQN CFUTHE RRAWINGS| uding a |iqui d net al
thermal interface. [0012] FIG 6A is a schematic diagramillustrating a plan
vi ew 6f Y0006} f uFlthdris asolxosktivatiigram iBustiatihg g cadsedeationeldl¢ vation iveesv offec| udi ng
a liquid nmetal thermal interface. [0013] FIG 6B is a schematic diagram

show ng @oﬁq;é;,%gngq%gﬁfédcmmhnge{”@gegrat ed 20 circuit device of FIG 7A as
taken along line B-B 7A. [0014] FIG 7 is a block di agram

illustrat an her mal
i nt erfacéb‘?&r] Eﬁ?%ér a %Ilcfdé %Qgggﬁl%ggg%g%g?m EQH% ematic
di agramlllustratln an e d| ment of a c rrputer system Wmch may i ncl ude
a conpondHeuRdeYIFHh %Y”l‘g Uﬂ ?téllth‘?rﬁ@ll f‘Pé‘F it er f ace according 25 to one or

more of the disclosed enbodi nents. -3 ) )
[0008]  FIG. 3 is a block diagram illustrating an embodiment of a method of cooling an

10  integrated circuit die with a liquid metal thermal interface.
[0009]  FIG. 4A is a schematic diagfam illustrating a plan view of another embodiment
of an integrated circuit device including a liquid metal thermal interface.
[0010] FIG. 4B is a schematic diagram showing a cross-section of the integrated
circuit device of FIG. 4A, as taken along line B-B of FIG. 4A.

15 [0011] FIG. 5 is a schematic diagram illustrating a further embodiment of an
integrated circuit device including a liquid metal thermal interface.
[0012]  FIG. 6A is a schematic diagram illustrating a plan view of yet a further
embodiment of an integrated circuit device including a liquid metal thermal interface.
[0013] FIG. 6B is a schematic diagram showing a cross-section of the integrated

20 circuit device of FIG. 7A, as taken along line B-B of FIG. 7A.
[0014]  FIG. 7 is a block diagram illustrating an embodiment of a method of making a
liquid metal thermal interface for an integrated circuit device.
[0015]  FIG. 8 is a schematic diagram illustrating an embodiment of a computer
system, which may include a component having a liquid metal thermal interface according

25 to one or more of the disclosed embodiments.
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WO 2006/ 020332 PCT/ US2005/ 025815 DETAI LED DESCRI PTI ON OF THE | NVENTI ON
[ 0016] One possible solution to neet the heat dissipation needs of

m Cr opr ocefgPiods/oRBs ot her processing devices is to enpl oycaasmotnise1scool i ng
system- e.g., a liquid based 5 cooling systemthat relies, at least in
part, on convective heat transfer initiated by the novenment of a working
fluid - rather than (or in conbination with) heat sinks and other passive
heat renoval conponents. Disclosed herein are enbodi nents of a cooling
system for an integrated circuit (1C) device - as well as enbodi nents of a
met hod of cooling an DBETAIREDCBES CRARTIEON OFEHE GNMENJIIOMNt em i ncl udes a
liquid nmetal thermal interface that is 10 di sposed between a die and a heat

transfer @bhpgent onSyplsine salufi8ito SREGREIRat ﬁfssi?aﬁ'@lﬁﬁeeﬁg RKmicrGpldesksomnt s of a
met hod of maKing a l'iquid netal thermal interface are al so di scl osed.

[0017] Refearri . G ' I S di . Of. ol ing
system 208 olﬂhegl%ﬂcf:%néﬁédﬂl(%ﬁilétonéer{qgw%‘E}gétﬁnglcoﬁlﬁ?g?ﬁg%gf 6“rIT%]Eg?{ 1(1:@%? ?%S§8syst em
200 is coupled with an I C die 10. During operation of the 1C. die 10, the
die may g‘é’ﬁiéP&?bé“%éha} refige atthféstcladwartn@ QEVEsHedipRbBRnsies 1pibgieq by the

di ssipating at |east sone of this heat, such as may be acconplished by

t r ansf er rmayenenk of aweyking firid -heatheC thingon i conebinaionteitrhiseksinks aadathesnnent .
The IC die 10 may conprise any type of integrated circuit device, such as a
M Cr Opr OCAS§iO¢ hedd @drovak compPoms0 IDiselpspdiiesdin are ehptsaiimhents o egoliigagistemr cui t
(ASIC), or other processing device. 20 [0018] The cooling system 200

i ncl udes @, Be e riddefralic @CFHBALe 230well A€eMBAdintchANT aSheth6d 81EMing AR MBY
conprise any device that - either alone or in conbination with other

e et 0l of TGS 68E AN GHRT r Bnf s

di ssi pating heat “genera _ ( at’ transfer
Coup! Qe \AE0SE FEESR R fie R ANeHErTmiER EloDiPnysueh ik N sDRGUAcs o & b ot hr
enbodi ment, the heat transfer elenment 210 conprises a -4
Embodiments of a method of making a liquid metal thermal interface are also disclosed.
{0017] Referring now to FIG. 2, illustrated is an embodiment of a cooling system 200
including a liquid metal thermal interface. The cooling system 200 is coupled with an IC
die 10. During operation of the IC die 10, the die may generate heat, and the cooling
15  system 200 is capable of dissipating at least some of this heat, such as may be
accomplished by transferring heat away from the IC die 10 and to the ambient
environment. The IC die 10 may comprise any type of integrated circuit device, such as a
microprocessor, network processor, application specific integrated circuit (ASIC), or other
processing device.
20 [0018] The cooling system 200 includes a heat transfer element 210. The heat transfer
element 210 may comprise any device that — either alone or in combination with other
devices ~ is capable of transferring heat away from the die 10 or otherwise dissipating heat
generated by the die. In one embodiment, the heat transfer element 210 comprises a heat

spreader (which may, in turn, be thermally coupled with a heat sink or other heat

25  dissipation device). In another embodiment, the heat transfer element 210 comprises a

4-



WO 2006/ 020332 PCT/ US2005/ 025815 heat sink, such as a nulti-fin heat sink
capabl e of transferring heat to the surrounding environnent. [0019] The

heat tra r nt 210 is thermally coupled with the i uch that
e Kt

heat tran ccur between the die and heat transfer ele any
sui tabl e node, or 5 conbination of nodes, of heat transfer (e.g.
conduction, convection, or a conbination thereof). To thermally couple the

heat t r s eik, eh@nmmnt malkiofi@heht siakWapatld of friiRferang hew to tiesumoudifg i ncl udes a
liquid netal thermal interface 290. According to one enbodinment, the liquid

met al t Rey; ln&ﬁ;erface 290 conprises a flowng liquid netal noving through
and/or wwthin the region 295 between the IC die 10 and heat transfer el enent

210. Th i guyid I b j t i thin the.t ] i nt.erf

Feqi on 08, e heAR nssemen DGR AR A BleB p el I B p. e
detail. In one enbodinent, the thermal interface 290 transfers heat between
the |C dicat transtensnayoseurhetveandhe diecapd heattiamsiey clementpy any swiablegrodeoduct i on

(e.g., froma solid surface to the noving liquid netal) and convection
(e. g5, chobiretionofiwedes,ofihéattragsfer @hpdondyctiony esremctiat, of a qontlinatoml ). 15
[ 0020] Cenerally, the liquid netal of thermal interface 290 may conprise any

net al _C)rther@@ﬂ).ail"o%dr@l‘zﬂl% baiplé e HeB@dridferRldntat b 1GladiICSdiatle, theicosigout t he
operational range of the I'C die 10 (note that the | ow end of the

0 L qnif i . .|
codi SRt ARG o g TS PRI NG b AR R MR 10 SR ERSSUEEN o ana

materi al and,
in a further enbodinent..the |liquid nmetal also conmprises an electrically 20
conduct VT G hermiy ieiase 234 shvmPRs TG RN RCE Mg ESSRI o an
all oy of one or nore of the following netals: gallium indium npercury,
tin, |eddd/osgphar thezegien 28 betwsen thetlk die 19 and heag sppsfenslement Zi0aiThey) . 1t
shoul d, however, be understood that the disclosed enbodi nents are not
| i nmlOed liquid metalis@y bt circyjatied withimtle therthal interfdve regioma®s by a flwed ereduiti nt er f ace
utilizing a non-netal working fluid is within the scope of the disclosed 25
enbodi me’ish will be described below in more detail. In one embodiment, the thermal interface
290 transfers heat between the IC die 10 and heat transfer element 210 by a combination
of conduction (e.g., from a solid surface to the moving liquid metal) and convection (e.g.,
forced convection brought about by movement of liquid metal).
15 [0020] Generally, the liquid metal of thermal interface 290 may comprise any metal or
metal alloy that can remain in the liquid state throughout the operational range of the IC
die 10 (note that the low end of the operational range may be significantly less than room
temperature). In one embodiment, the liquid metal comprises a thermally conductive
material and, in a further embodiment, the liquid metal also comprises an electrically
20  conductive material. By way of example, the liquid metal may comprise an alloy of one
or more of the following metals: gallium, indium, mercury, tin, lead, copper, zinc, and
bismuth (e.g., a gallium-indium alloy). It should, however, be understood that the
disclosed embodiments are not limited to the use of liquid metals and, further, that a

thermal interface utilizing a non-metal working fluid is within the scope of the disclosed

25 embodiments.



-5 WD 2006/ 020332 PCT/ US2005/ 025815 [0021] In one enbodinent, the liquid
metal is in fluid communication with a surface of the IC die 10. In another

enbodi e {gctive coating and/or insulating |ayerp észo@ﬁ&@m@' aced on
the die gﬁrfg%gﬁﬁéﬁd it should be understood that the |Ié§?d metal nmay be in

fluid conmunication with this coating or |ayer on the die surface (and, as
used herein, the 5 phrase "fluid comruni cation"” should not be limted to the
case whqoe21d f | In ehe snbadirdentethe lighidunetakio nmflnidocaimmumivation witlsasdrfce of t he
die). In a further enbodinent, the liquid nmetal is in fluid comunication

with a skfarediefol ieafRBdr dRREhET, @ﬂfn@f&ﬂ{'e €ddling Ahd /ot ifduRting @3kl R Or ot her
materi al | ayer disposed over this surface). In yet another enbodi nent, the

liquid Is e and a
sur't ace Dot PRES g i SR BTG ety ?{‘h?tﬁé‘ﬁ Bl e 0
ot her ui d n the, t hernal terfac on 295, the cooling
systemzfébéfﬁma@e&%pwEtlarsewamr%éon%eeré?avr? o' (Rfth 3 hSHeEindte ¢ 220
conprises any conponent or collection of conponents - fluid punps,

val v8s, pheasadilnidscomynanicationt’ should ppehe limitedhiothe éassﬂvhm/a glgldl is dudisechret al
through the thermal interface 15 region 295. In one enbodi nent, the fluid

ci rcui t fRddcemmpnicagen withalsstfacd ofathe gie.ehi eﬁmher:émbmﬁfrienoma‘llqmﬁcﬂmeiat cuit.
However, as the reader will appreciate, such a sealed closed- |loop fluid

syst em Iy BuilicBmimubicfBh |w1ﬁ1@§ﬂ?fac95f dheﬁkaq@nsﬁepe@meaiﬁwawwlm enbodi ment,
the fluid circuit 220 is not a closed-loop fluid system (e.g., replacenent

of a por call 023] In
o 2 POl B A0 BV ORERABEL O b, BB g 022

fluid actuator ri ses a deyij such as o & apable of

movi ng A4 mgta tSHP@egﬁcqrﬂ@uw aep with Boihye sp8gocpl eﬁ&ﬂ%@,awr{ﬂﬁ?ﬂftﬁﬁe t her mal
interface region 295. According to one enbodlnent where the working fluid
conﬂplsé?ah%w§ﬂ§@kmﬁ@alIy conductive liquid nmetal, the fluid actuator 230

conpri ses an el ectromagnetic punp.
[0022]  To move liquid metal (or other working fluid) within the thermal interface

region 295, the cooling system 200 includes a fluid circuit 220. Generally, the fluid circuit
220 comprises any component or collection of components — e.g., fluid pumps, valves,
conduits, seals, etc. — that is capable of moving liquid metal through the thermal interface

15  region 295. In one embodiment, the fluid circuit 220 comprises a substantially sealed,
closed-loop fluid circuit. However, as the reader will appreciate, such a sealed closed-
loop fluid system may exhibit a small amount of leakage. In an alternative embodiment,
the fluid circuit 220 is not a closed-loop fluid system (e.g., replacement of a portion of the
working fluid may periodically be needed).

20 [0023] In one embodiment, the fluid circuit 220 includes a fluid actuator 230. The
fluid actuator 230 comprises any device, such as a pump, that is capable of moving a fluid
through the fluid circuit 220 and, hence, within the thermal interface region 295.
According to one embodiment, where the working fluid comprises an electrically

conductive liquid metal, the fluid actuator 230 comprises an electromagnetic pump.



| o T ; _
-6 WD 2006/ 020332 PCT/ US2005/ 025815 However, it should be understood that
ot her types of punps (e.g., gear punps, diaphragm punps, etc.) nmay find use
with the dis enbodi ments. [0024] Referring now to j strated
is an enbg}é}%ééz@%gﬁz a nmethod of cooling an IC die usi ngf%ﬁplséa?/lgsgfét al
thermal interface, as may be perfornmed by the cooling 5 system 200 shown in
FIG 2. As set forth in block 310, within a thermal interface region, fluid
comuni Gagwerr, ieshoeRIbeauridetstabdahitwihdr tgped ofipsipé GCe, gdar pomips; diaphragin
provi ded. The thermal interface region extends between the die surface and

a heat b{@g%]"&%)lg{iagmtusewﬁn?eagcﬁsgpaﬁbmg,ﬂger or a heat sink. Referring

to bl oc urd neta or other working fluid) within the fluid

circuit [ ve hrough th I i nterface region bet n.th 0 die
surface [Qﬁ heageéefré'}%‘?%w E%F Iectﬁgﬁflﬂ%kaﬁga AT C{%’Emﬁr}ﬁi %etﬁgﬁﬁggog‘j’m%my be
used to circulate the liquid netal through the fluid circuit and therral

i nt er f ack® e BYing f Hqpidametahtheamatanterfagenas mpy, bey pesforaradiby the §0Qling n 1 ui d
comuni cation with a surface of the heat transfer elenent. As set forth in
bl oclk 33)steme200 shewn imFEH.€. r &slsdt fonth inHbodkC 1), svithirda therroslsintefface telgmnmal
interface region to the heat transfer elenent. In one enbodi nent, heat

transf erfifi® ce@rRaratibiebétheedafluid¢ivnuitang arsegaeyoftaakedipisgiovidyd. aTkonbi nat i on
of convection and conduction. For exanple, heat transfer fromthe die

surface oMl dbeirchiREakndd BPbdiGhe B2 AHALE 1ddE hedf raRdfer diiREdta&en M €9i on)
C n, an'?:l €{illhl Eﬂ

may occur by conductl once S heat energy 1s in the noving fluid,

it can be transferred away .(an o.th eat ansfer el n by ..

convect | BA N30 GUSEsr i sk Retedias® BRI, ARALE meiaf R Rl Morcpe

enbodi ment. of an | C_device 400 having a liquid netal thernal interface. A
pl an vi eiyidf withia theflyid\irenit sppoyed Wrwgh therthemmatintgrface gegioa bstwaetheB shows a
side cross-sectional view of the I1C device, as taken along line B-B of FIG
4A. 10 stiesurthcb@ndbeat dransfat ¢lefnont. e pempfor btheufuidaactuamr may beaisedpart s  have
been omtted fromthe view of FIG 4A, including a heat sink (item470), a

second circulate the liquid metal through the fluid circuit and thermal interface region. In one

embodiment, the fluid circuit is also in fluid communication with a surface of the heat
transfer element. As set forth in block 330, heat is transferred from the IC die and across
the thermal interface region to the heat transfer element. In one embodiment, heat transfer

15  across the thermal interface region takes place by a combination of convection and
conduction. For example, heat transfer from the die surface to the liquid metal (flowing
through the thermal interface region) may occur by conduction, and once this heat energy
is in the moving fluid, it can be transferred away (and to the heat transfer element) by
convection.

20 [0025] Turning to FIGS. 4A and 4B, illustrated is an embodiment of an IC device 400
having a liquid metal thermal interface. A plan view of the IC device 400 is shown in
FIG. 4A, whereas FIG. 4B shows a side cross-sectional view of the IC device, as taken
along line B-B of FIG. 4A. It should be noted that, for ease of illustration, certain parts
have been omitted from the view of FIG. 4A, including a heat sink (item 470), a second

25  thermal interface (item 460), and a heat spreader (item 450).
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25 thermal interface (item 460), and a heat spreader (item450). -7 WD
2006/ 020332 PCT/ US2005/ 025815 [0026] Wth reference to FIGS. 4A and 4B, the
| C device_400 includes a die 410 that is disposed on a trate
405. The Y ezoﬁﬁfgz%f’féy conprise a mcroprocessor, a net vvo$ @S%@%@ég , an

ASI C, or other processing device. Die 410 may be coupled with the substrate
using, for exanple, a C4 assenbly technique, wherein a nunber of |eads, or 5

bond padgo26in t Weitifieferdi@ t6IFRGE! 44 ahd ¥BCOBNEWefide 400 thchiiies QHRONM) thet nunber
of | eads, or l|ands, on the substrate 405 by an array of connection el enents

412 (e. - [ ) 4160 ' : : Substrate
405, inqtS S}Sﬁggegc;%lﬂltag@g??ﬁae Sgﬁgl'#ea s ?}E')ecdl%géa |a§;ggh{%lsgﬁgk E‘S’g@?%? g’%\/\here

el ectrical connections be established with t-level ¢ nent

(o0, DEHUPHAIDRRIAY, AS Srml oL BIRSERINE deVier Llip ALD i be ConBER MBS oy e,
10 etc.). For exanple, the substrate circuitry may route all signal lines to
a bal | - caubstraie psipg, fapgxample, a G4 assemblyi toehinjqueawpergingt nembgrradyeadsfr ned on a

| ower surface of the package substrate 405. The ball-grid (or pin-grid)
array t heshdglads;tonithadieareeleqtieslyt donnedted toa ¢dreesparaiing nawledr of degdareent ,  whi ch
includes a mating array of termnals (e.g., pin sockets, bond pads, etc.).

15 [ 002 hhn R tifeubhttdle h@@gﬁbﬁaﬁéﬁofh&)nﬂeéddﬁlél&né% 22 Ge%,rsm’der bigs,f ace 490

which, in turn, 1n coupled wth a heat spreader 450. at spreader 450 is

coupled with a second thernmal interface 480 .an I 70 (or ot her
passi ve ccﬂlu Y F%g)' &gﬁﬁu'tgf %@ﬁﬁftalcl&aﬁgég%ﬁ@g) I Smatgg"ug?&ggﬁvl\}lﬁﬁﬁgtéﬁés tgecond
thermal interface 460. The liquid netal thermal int eé{iﬁacﬁ 4&0, which is
descri bel@catipng B hcetubsfeate whetseleniyical cappechpns 48 be cptaBlsherA &Vt &NSKidFYeDL t he
heat 20 spreader 450. Heat spreader 450 may conduct heat laterally within
itsel f teompopertdd'g. tameotherbaard) acempiteysystemwaraisuit boandt amotisirdC4tegiceand t he
heat spreader 450 nay al so conduct heat to the second thermal interface
460. 10Theets gcBmicexafiplaytie substeté sicchidP thayqoate alisignablindsao albaligridiamay170, which
may transfer heat to the anbient environnent.

407 - or, alternatively, a pin-grid array — formed on a lower surface of the package

substrate 405. The ball-grid (or pin—gfid) array then electrically couples the die to the
next-level component, which includes a mating array of terminals (e.g., pin sockets, bond
pads, etc.).

15 [0027]  Coupled with the die 410 is a liquid metal thermal interface 490 which, in turn,
in coupled with a heat spreader 450. Heat spreader 450 is coupled with a second thermal
interface 460, and a heat sink 470 (or other passive or active heat dissipation device) is
coupled with the second thermal interface 460. The liquid metal thermal interface 490,
which is described in greater detail below, transfers heat from the die 410 to the heat

20  spreader 450. Heat spreader 450 may conduct heat laterally within itself to “spread” the
heat laterally outwards from the die 410, and the heat spreader 450 may also conduct heat
to the second thermal interface 460. The second thermal interface 460 conducts heat to
heat sink 170, which may transfer heat to the ambient environment.

[0028]  According to one embodiment, heat sink 470 includes a plurality of fins 472, or

25  other similar features providing increased surface area, to facilitate convection of heat to
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[ 0028] According to one enbodi ment, heat sink 470 includes a plurality of
fins 472, or 25 other simlar features providing increased surface area, to
facilitat i,on of heat to -8 WD 2006/ 020332 PCT/ 5 the
surroundfﬁ8%§@%ﬁ&% shoul d, however, be understood that 't éagﬁégﬁggéd

enbodi nents are not limted to the use of a multi-finned heat exchanger nor
to the ultinmate dissipation of heat to the surrounding air. For exanple, in

anot her g QRRBuABIAE aird Tt Sohid/ Bowewdr] trdurdiemisd thiteh@disclasdd simbodinent ed pl at e
or arefrigeration system) nay be coupled to the heat spreader 5 450 by the

second | F{i@ﬁtl:%id‘éhgﬁlﬁé‘%a 48 i-filiﬁ&fhet%?éiézuﬁﬂgegﬁof {0&hé hﬁ%ag% H§§i highef! d then be

exhaust e e actirve coollng system may | nc rking fluid),
and the active cooling s em can t.han transport the heat a . .1 0029] The
aut o petep BieRanpdaly Fat Exone  auper Srislinesy GhAtRE BPLEAT Eor bss o
thermal interface region 495 to the heat spreader 450. In one enbodi nent,

t r ansf efe-gf akigaid-condedeplpte s atrefsigeratipnaystgmy @ay he soyrled rihe heat sPishdeEe t hr ough
a conbi nati on of conduction (e.g., fromthe die surface 418 to the liquid
nmet ab) asd byahwscondthefrralgnterfacy 4600 KHeancacicd by theplequfid meed wopld then bovi ng
liquid netal). The capacity of the liquid netal thermal interface 490 to

t ransf elexhfinteda¥@e 4ctiRECbNtgtyStethl@Bdmh P irchRichenérkay fRAdy and B2 ac@ve Ot her

heat transfer elenent) nay bé dependent upon the thermal conductivity of

t he liq%:ﬂfgﬁi‘q%e%le ng$§n[r9§sggﬁg§$ﬁ%a&g%t he liquid nmetal as it flows through

the ther erface reglio r xanple, if the liquid netal is a

"good" th I nductor, the velocity the liquid netal. owi ng through
t et nedAAST: ne T Sgaa rasselsherme) atic 480 ganslermditroR e AL0 AFiaten 415

w thin a given tenperature range. Conversely, if the liquid netal is a

rel at i vehgrmapinterface re¢giomafs tohe beatspreadérdtSPe lpene gmbedimgat, frpepicrpihsatal  may
need to be relatively higher in 20 order to maintain the die surface within
t he 10i vesrdse theaheaimal intérfargaegipl ko3 place twmeghaa danthinatiomedf @bnduetiont{digr wor ki ng
fluid) through the thermal interface region 495, as well as to contain the

liquid nesrakhe did8urkfeedqYit6 thedtRidR¥tal)nl RBAvdcHiGh WEIE, forced convection

performed by the moving liquid metal). The capacity of the liquid metal thermal interface
490 to transfer heat away from the die 410 and to the heat spreader 450 (or other heat
transfer element) may be dependent upon the thermal conductivity of the liquid metal and

15  the velocity of the liquid metal as it flows through the thermal interface region 495. For
example, if the liquid metal is a “good” thermal conductor, the velocity of the liquid metal
flowing through the thermal interface region may be low to maintain the die surface 418
within a given temperature range. Conversely, if the liquid metal is a relatively “poor”
thermal conductor, the velocity of the liquid metal may need to be relatively higher in

20  order to maintain the die surface within the given temperature range.
[0030] To move a liquid metal (or other working fluid) through the thermal interface
region 495, as well as to contain the liquid metal, the IC device 400 may further include a
fluid circuit 420. The fluid circuit 420 may, according to one embodiment, comprise a
substantially sealed, closed-loop fluid circuit. In one embodiment, the fluid circuit 420

25  includes an inlet 421 that opens into a fluid chamber 422 having an outlet 423, Fluid
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fluid circuit 420. The fluid circuit 420 may, according to one enbodi nent,
conprise a substantially sealed, closed-loop fluid circuit. In one

enbodi men{yo $ddgodosss d circuit 420 25 includes an inlet 4gdrikslosepess i nto a
fluid chanber 422 having an outlet 423. Fluid -9 WO 2006/ 020332

PCT/ US2005/ 025515 <circuit 420 also includes a return |ine 424 having one
end in fluid communication with the chanber outlet 423 and an opposi ng end
coupl ed aifcuft 420 falsoiincladss watorn $80424Teyirfg erieendas fluat comm@aicatinn with ther n,
coupled with the inlet 421 of the chanber 422. Thus, the fluid actuator

430, i nl @anfbéloutlehanbend 428ppaiticlefll cddpled #itH arfRiid bdtubton#30t 2thd@yidconpri se a
5 closed-loop fluid circuit. [0031) Cenerally, the thermal interface region

495 is dghiy g;esbgT,g.;i gjrﬂcéo#gg‘ra %ﬁg thit®1 de{t%a' hafliRFRSS. Piss, etnfiie

enbodi nment’, cha I'S Size enconpass an outer perineter

416 (and surf 418) ,0f the die 410. cordi ng t.o t her enbodi ment, the
i o crasisis 09,008 g Beqtaifetif, outit A28 7R i P0inay SaBPRteR val i s of a
housi ng 10 440, and by a surface 458 of the heat spreader 450. Housing 440
may Be cdesedrloen Buidiciihit: any suitable material, including plastics and
nmetals (e.g., copper). The housing 440 may be attached to the die 410 using
any sui t[@0BH | oiGenagllyetht ditrmabihtrfaderdgon. 49Byis defjnefby exiacipled withie thoousi ng
440 may be attached to the die 410 using an epoxy or a solder. In one

enbodi Mefiid cRarhbeét 4225 @Rbné SmbediiRe:, RRIMEE BhirMserdne iddifediddnbonisddn 440 about
a 15 perinmeter 416 of the die. Simlarly, any suitable joining nethod and/or

oxamp o, CHRera SR ST &nf%%é %@a%f?%cﬁgﬁf{’ﬂﬁgﬁégw@? QE??‘%‘Z%%W \ %mﬁi?'nﬁFSL
o [ i d,. j t
et spr BRALH dseh AT R b s T8 o i L), e weTAF it

spreader. Heat spreader 450 may be constructed from any suitable 20

condiftt i 440, aed by p sprfacs 458 of thadisat spreadebifb shlewusing: 440 may be gerstrycted frophe
enbodi ment of FIGS. 4A-4B, the liquid nmetal within fluid chanber 422 is in
flui d compsuitelse meterial tihclutlimg plastics and metals (e.g., copper). The housing 440 may

be attached to the die 410 using any suitable joining method and/or device. By way of
example, the housing 440 may be attached to the die 410 using an epoxy or a solder. In
one embodiment, a fluid seal is formed between the die 410 and housing 440 about a

15  perimeter 416 of the die. Similarly, any suitable joining method and/or device may be
employed to attach the housing 440 to heat spreader 450. For example, the housing 440
may be attached to the heat spreader 450 using an epoxy or a solder. In one embodiment,
a fluid seal is formed between the heat spreader 450 and housing 440 about a perimeter
456 of the heat spreader. Heat spreader 450 may be constructed from any suitable

20  conductive material (e.g., copper, a composite material, etc.). In the embodiment of FIGS.
4A-4B, the liquid metal within fluid chamber 422 is in fluid communication with the
surface 418 of die 410, as well as with the surface 458 of heat spreader 450.
[0032] Return line 424 may be provided by any suitable flow path. In one
embodiment, the return line 424 comprises a conduit 480 constructed from any suitable

25  pipe or tubing. Conduit 480 may be formed from any suitable material, including plastics
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surface 418 of die 410, as well as with the surface 458 of heat spreader
450. [0032] Return line 424 may be provided by any suitable flow path. In
one enboqy@Bsno2dsBe return line 424 conprises a conduit pégRiseedpidsust ed
fromany suitable 25 pipe or tubing. Conduit 480 nmay be formed from any
suitable material, including plastics -10 WO 2006/ 020332 PCT/ US2005/ 025815
or nmetals. In one enbodinent, the conduit 480 is formed integral with the
housi ng drMetalse Iy ope ambadigient;itee ¢aniduit B is fermerbintggarltwitintheihonsiag 440 om a
plastic material). The conduit 480 nay be coupled with the housing 440 (if
not i nt ew.al asdengeinjegtioantolded part fubritated ffoacd plastir madial)uThagomimyt 480Qi t abl e
connection nethods and/or devices, such as swagi ng techni ques, 5 bonding

Pr 0CeSS e, e GouplEPWith tRORS i 440 HHH Bfté 18 theRWithfRREG th thd ﬂma%cmhep?»?»]
Fl uid actuator 4% may conprise any devi ce capabl e of C|rculat|ng l'iquid

met al in flui d one
embodi moftd Lot SEblertytechon oo dngE e vt fieh BTN ARRE G LT i o
actuator_ 430 may conprise an electrona netic punp. ccordlng to ot her
enbodﬁrrehmdmmwe%?s (%&épprﬁbandaegaa% eripg) of GARPSABIIRES: anot her type of
punp or device (e.g., a gear punp, a diaphragm punp, etc.). The fluid

act uat or [0033] mayFlbid astnapirddOwrayconpeise onyldévicei@Pabledf cirtelatinpliquidoetal t hat a
| engt h of pipe or tubing may extend between fluid actuator 430 and chanber
i nl et 42%ithinBhid@iraniy 430 hidthreughdhiié cianber 422 hTisnesembb calimesty ivbe® thsuch as
swagi ng techni ques, bonding processes (e.g., epoxy bonding or sol dering),

or tappegq E'dtrﬁétﬁ‘l9§eleb&cﬁ’l"ﬁc&ﬁlu@m%e@ﬁa acthl%rhk@lhﬁ R6hpALOsn 430 is held in

pl ace by the actuator's connections wth t condwt 480 and chanber inl et
421 of hqus anot.h t
di Sposed lc')éﬁ r?rﬁ%gnﬁ gggmg 0\ gfdrm to oigqg”%l%oglrﬁen?s Wegeh tfﬁ;ﬂ& %{tuﬁ%?r?bfhe

flui d actuatqr 430 is forrred or constructed wi thin the packa bstrate
405. 19 008APIise BRENCE ST BEMP, OTIRYCE (i EFASPAMPAWA PRI AErLP Bkl ¢ 420
conprises any 20 netal (or other fluid) that remains in the liquid state
t hr oughoUbe fiyisl aspatert439may be coupled with the conduit 480 and inlet 421 (note that a

length of pipe or tubing may extend between fluid actuator 430 and chamber inlet 421)
using any suitable connection methods and/or devices, such as swaging techniques,
bonding processes (e.g., epoxy bonding or soldering), or tapped fittings. In one

15 embodiment, the fluid actuator 430 is held in place by the actuator’s connections with the
conduit 480 and chamber inlet 421 of housing 440. In another embodiment, the fluid
actuator 430 is disposed on the package substrate 405, and in a further embodiment, the
fluid actuator 430 is formed or constructed within the package substrate 405.
[0034]  In one embodiment, the liquid metal within fluid circuit 420 comprises any

20  metal (or other fluid) that remains in the liquid state throughout the operational
temperature range of the IC device 400. According to one embodiment, the liquid metal is
thermally conductive, and in a further embodiment, the liquid metal is also electrically
conductive. By way of example, the liquid metal may comprise an alloy of one or more of
the following metals: gallium, indium, mercury, tin, lead, copper, zinc, and bismuth (e.g.,

25  agallium-indium alloy). In one embodiment, the quantity of liquid metal in the fluid
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tenperature range of the |1 C device 400. According to one enbodi nent, the
liquid netal is thermally conductive, and in a further enbodiment, the

Liquid megal.obsoin0 el ectrically conductive. By way ofpexagihd, §1t3e l'iquid
metal may corrprlse an alloy of one or nore of the followng net a215

gallium indium nercury, tin, |lead, copper, zinc, and bisnmuth (e.g., 25 a
galliumindiumalloy). In one enbodi ment, the quantity of liquid netal in

t he fl uidircuit 420 WRuRAEEAtA2 OBBPanBally BR20O00@2h8hSer 432r (@siivell 4R thel inlesafd | ci ent
to substantially fill the fluid chanber 422 (as well as the inlet and

outlet A42%er 49434 ANMdiASretethUimB 404 1€ g 4 dferd B -sBbstartAQY olafr Widha iidii@l |y no

air vmthln the fluid circuit 420, aFthough in othef enbodi ments, there may

e T, R I b b AR 1

fluid circuit 420 % fluid actuator 430. The |IC]UId netal enters the fluid
chanber theJuidigighgAZ0)-nj et 421 and into the thermal interface region 495.
Once in the chanber 422, the liquid metal can flow over the surface 418 of
di e 410,[0835]wel In eperaiom; lighid metalf (ot ethasworkdingBuid) isgypicukbathelr witlgg thedild t o
conduction of heat fromthe die surface 418 to the liquid netal and, 10

f ur t her cifcoit 400 be Cluidactharon 430 €thelljquidmenibaitefthd fieid| chember mtatougwer t he
opposing surfaces 418, 458, heat is transferred away fromthe die 410 and

to the hgapt 4§p§rﬁﬁqﬁfthé%rma”?ﬁe§fa%@?é 10@@95 hSndelifl ‘tﬂéjclﬁﬁib%l' 437, ft‘ﬁbslﬁ i$ heat to

t he heat spreader 450, the liquid al may be coo ed. The d nmet al

1 ow no 4 0LOMAS,d L f@ggd@gf&te A8 A HRTRE o ) a5 g s

regi on t'A CI'tcu at eat t hr ough
the 15 return 424 baktotheflm actuator 4 Turnlng next
to FIG %’feaﬂ?‘t‘{f’l& ﬁ%ﬂeéa cog %ﬂ&pﬁéhwémm‘m SLB;acaftlgE? @%35%‘ Bef8l aavi ng a
liquid netal thermal interface 590. The enbodinment of FIG 5 is simlar to
t hatl0 sHuwher ¢ on@:tiog/nitigteddyanovesmensbbihe liquidometakeves thenepposingave r et ai ned

the sane nunerical designation in FIG 5. Also, a description of those
el ement ssupfaeai4d85438, heat is transferred away from the die 410 and to the heat spreader 450.

Note that, as the liquid metal transfers heat to the heat spreader 450, the liquid metal may
be cooled. The liquid metal flowing through the interface region 495 (and chamber 422)
exits this region through the outlet 423, and the liquid metal is circulated through the

15  return line 424 back to the fluid actuator 430.
[0036] Turning next to FIG. 5, illustrated is another embodiment of an IC device 500
having a liquid metal thermal interface 590. The embodiment of FIG. 5 is similar to that
shown in FIGS. 4A-4B described above, and like elements have retained the same
numerical designation in FIG. 5. Also, a description of those elements previously

20  described with respect to FIGS. 4A-4B is not repeated in the following discussion of FIG.
5.
[0037] As noted above, the IC device 500 is similar to the IC device 400 described
above. However, the IC device 500 does not include a heat spreader or a second thermal
interface. Rather, these components have been omitted, and the liquid metal thermal

25  interface 590 is disposed between the die 410 and heat sink 470. The fluid circuit 420 is
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20 described with respect to FIGS. 4A-4B is not repeated in the foll ow ng
di scussion of FIG 5. [0037] As noted above, the IC device 500 is simlar
to the | C weMo00c024842 descri bed above. However, the | C depcresHoodess not

i nclude a heat spreader or a second thermal interface. Rather, these
conponents have been omtted, and the liquid netal thermal 25 interface 590
i s disposed between the die 410 and heat sink 470. The fluid circuit 420 is
- 12 VO 2008ilgloduy sedertysbenss howsersthe flvid qigguitiyin fid communigatian b ;
however, the fluid circuit is in fluid communication with a surface 478 of
t he heat ssifade 4780f theih¢dtsink 470e Fattherdthelfhidelrante? 422 isdiefinné by the subfacs ur f ace
418 of die 410, the surface 478 of heat sink 470, as well as the walls of a

housi ng 3A8.of die1 O eeSuffcH4EB dfehealanE AT tak Welled thd WallSeha diisinglBl4e, mat er i al
(e.g., plastics, nmetals, 5 etc.), and the housing is coupled with the heat

si nk 470 ’ﬂ%ﬁ)‘é)hglﬂﬁgg? iérﬁgﬁ{/eyci)?gtpuc?éd 0% anggﬁﬁﬂb@' B%ggl i%lcﬁs’ﬂ?l#éitcr%e r%x{]lgladi e 410

about the - using any suita 5 and/ or

devices (e.g. XY.. sol der tc. ). ,Coolin f the die 41 akes place in
o ranier G fiahd ARG ilpted Wi esaRinh Srinat € phritherg s bBhBE o) Pt o ol

interface 590 transfers heat fromthe die 410 directly to the heat sink 470.
The 10 erisysingeard giso pith thedigghl Opbowghedigry Reripheny & 16mt usHigRNYOHERDIEN cost (as
conpared to the enbodinent of FIGS. 4A-4B). Again, the disclosed

enbodi nenpming methods driddortdestices (¢. heecpoxyesobderetayl Coelingwidhie AreatlOgadshanger or

ot her passive devices, and the heat sink 470 may be replaced by an active

cool i ng spiadedna(rRar@es sifilal @ithet deoeid abbod; howehér, éaR@idieral therrial .
refrigeration system etc.) 15 [0038] Illustrated in FIGS. 6A and 6B is yet

anot her %H&g%&@%’% st A0l S IE G ORD diRRYY RPUR Hebithila R e ! her el

interface 6 an vi ew of evi ce own In FIG 6A,

T o o oS e e S A B AT R R pb B LG e 12k
HTustr atén?&ddir%gr{tto IF?G v LgiB). Again, the disclosed embodiments are not limited to the
use of a multi-finned heat exchanger or other passive devices, and the heat sink 470 may
be replaced by an active cooling system (e.g., a liquid cooled plate, the evaporator of a
refrigeration system, etc.)
15 [0038]  Illustrated in FIGS. 6A and 6B is yet another embodiment of an IC device 600
having a liquid metal thermal interface 690. A plan view of the IC device 600 is shown in
FIG. 6A, whereas FIG. 6B shows a side cross-sectional view of the IC device, as taken
along line B-B of FIG. 6A. It should be noted that, for ease of illustration, certain parts
have been omitted from the view of FIG. 6A, including a heat sink (item 470), a second
20  thermal interface (item 460), and an upper wall (item 650) of a housing (item 640).
[0039] The embodiment of FIGS. 6A-6B is similar to that shown in FIGS. 4A-4B
described above, and like elements have retained the same numerical designation in FIGS.

6A-6B. Also, a description of those elements previously described with respect to FIGS.

4A-4B is not repeated in the following discussion of FIGS. 6A-6B.

-13-



have been omtted fromthe view of FIG 6A, including a heat sink (item
470), a second 20 thermal interface (item 460), and an upper wall (item 650)
of a housweQ006/e268a2640) . [ 0039] The enbodi nent of Fl GS.PGERUSIB3/E25845mi | ar t o
that shown in FIGS. 4A-4B described above, and |ike el ements have retained
t he sanme nunmerical designation in FIGS. 6A-6B. Al so, a description of those

el enent vi oysl escri be ith r ect .o Fl 4A- i.S not repeated
nthe. ABH@u nds abiedabeyoecic favess STRA Saler ©hads St dopdasrbed

PCT/ US2005/ 025815 [0040] As noted above, the I C device 600 is simlar to
the | C dbovecHageveiabeIC device o decs napinslige a seprratedeaeipreades0Rathered not

i nclude a separate heat spreader. Rather, a housing 640 - that, in part,
def i nes Hobsing 640 d thdvaindpart, défthes therftlid dieantser 42p pancludds anGipper walhd50,hi s upper
wal I 650 of housing 640 is coupled directly with the second thermal 5

i nt er f aGRd4K9 uppd? vRISEICST hohifiRg BRO &Y conplel dﬁéacl;,otv_ith sdedsndderhainct i ons as a
heat spreader, and the fluid chanber 422 is defined by the walls of housing

640 and ié@&a{:{agm Iﬁlégge?x&? th{'\é&g? {Vaﬁ iggo éﬁ'g?%fﬂg&{d i’ﬁk&iéﬁlsrag léit%'rltﬂ'sl%gpaidér, simlar

to that above; "ho ircurt 1s1n

comuni cat.ion_w.th ap inpner .surface 658 of .the, upper housi ng wall 650, and
"t deeke fiabed i g e dins wausof ol kil md S pRBR SRR gt o 410 to
the upper 10 housing wall 650 (which, as noted above, may function as a
heat spréd&dddie 41000hE]fluid eirerdtddhig saaitar heythabeet oty abayet kewvevesrthaflyidsui t abl e
material or conbination of materials. At |east the upper housing wall 650

i S constdireait édinffluddncaminnaicaton with @aomehiee surfer6dB of itlsd upper bousingowde60, but
ot her portions of the housing 640 nay be constructed fromnon-thermally

conduct iang 1{@161@;&1&@1 With- the flufd RaMbESI22 thisfe@XRERR FBm the dielP] (BRRE ugiRHSI Ng
wal | 650 coul d be constructed from copper (or other thermally conductive

et 30, AshRS S OARG, B ndibEaNShR0 A Hof Q0B HENSHREad O an [ nj ect | on

ereln’an overno process my be us'd_to nol d the
E Ihgs';]tc i [ﬁ@iﬁghgfrhgﬁﬁ@ﬁ%@og%ﬁg g{: s ! gtrpbglj ) arlynsu?tggl%rmaetgrtl)ﬁ%lr g‘gr%i%hﬁgnomever ’

of materials. At least the upper housing wall 650 is constructed from a thermally
conductive material (e.g., copper), but other portions of the housing 640 may be
constructed from non-thermally conductive materials (e.g., plastics). For example, the

15 upper housing wall 650 could be constructed from copper (or other thermally conductive
metal) and the remainder of the housing 640 constructed from an injection molded plastic
(wherein an overmolding process may be used to mold the plastic material over the copper
material). In other embodiments, however, the entire housing may be constructed from a
thermally conductive material, such as copper or a composite material.

20 [0042] In yet a further embodiment, which is also illustrated in FIGS. 6A-6B, the
return path 424 (or a portion of the return path) may be formed integral with the housing
640. For example, as shown in FIG. 6A, the return path 424 may be provided by a conduit

680 that is formed as part of the housing 640. The fluid actuator 430 may be coupled with

the conduit 680 (and inlet 421 on housing 640) using any suitable connection methods
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thermal |y conductive material, such as copper or a conposite material. 20
[0042] In yet a further enbodinent, which is also illustrated in FIGS.

6A- 6B, t hewonesswrosspat h 424 (or a portion of the return patins20ssy2kasf or med
integral with the housing 640. For exanple, as shown in FIG 6A, the return
path 424 may be provided by a conduit 680 that is fornmed as part of the
housi ng 640. The fluid actuator 430 nmay be coupled with the cgonduit 680
(and i nl epd/apdevigeshighiap §Wazing tngnwge%ﬁyn@ag PEISPSCT GrePOXY RONENGOHS - 14 WO
2006/ 020332 PCTI US2005/ 025815 and/ or devi ces, such as swagi ng techni ques,
bondi ng polkdessgear thppegl. fittiegloxy bondi ng or sol dering), or tapped fittings.
[0043] Referring nowto FIG 7, illustrated is an enbodi nent of a nethod of

neking a éoomui dRéfeiralg ddWelo MG, TNiIRkiR6® sl A enttibdi el @ b GfsthdBofSRakiA@at h i n
bl ock 710, a fluid circuit is 5 coupled to an ICdie, with the fluid

circuit el onldl hbithd i GOFRUTLE A @Rk Nadset Yo 108K 1 aHluid citchiQbe
, t elf ul

enbodi nent circurt conprises a substantially sealed, closed-I| oop
fluid.circuit. Ref ang. .t ock. 720, .a heat. transfer .elenment is thermally
Coupl S SPIHE i 15 Gpavich Phectd CifF hoife B Blig bR riFeup SIE S wiffehof <

formed between_ the die surface and the heat transfer elenent. According to
one enbodiithdiat In eneambodimens the flidheisguit qospryises a ypstantiakintealed, glosed-loapt | ui d
comuni cation with the fluid circuit. In one enbodi nent, the heat transfer
el enent dnpeirais Reférdag teploekhd20,,a leattransfarediniet issthbmddiliysoupled mathitbat

transfer elenent conprises a heat sink. As set forth in block 730, a fluid

act uat or flud @ircuit@WheRiies theBfiBaAR e REIER i9 Foraled detvietAehedic BUITIJe dnd g Up! ed
with the fluid circuit. Wth reference to block 740, a quantity of a liquid

ot al 'S 1hSDASRHoleihehNeAL e 6 bdkiibodiEndt 2 skt iBieal uhshe ci roul at ed

within the circurt and through the thermal Intertface region (e.g.,
Srdeho i haph o M bR G ik eSO STRRE TR b L, 3
el ectri Ce%rlalng/fer c(::lgr?lgrlljtcgoirnvp?fses a heat spreader, and in another embodiment, the heat transfer
element comprises a heat sink. As set forth in block 730, a fluid actuator (e.g., an
electromagnetic pump or other type of pump) is coﬁpled with the fluid circuit. With
reference to block 740, a quantity of a liquid metal is disposed in the fluid circuit, the
15  liquid metal to be circulated within the fluid circuit and through the thermal interface
region (e.g., under action of the fluid actuator). In one embodiment, the liquid metal is
thermally conductive, and in a further embodiment, the liquid metal is also electrically
conductive.
[0044] A liquid metal thermal interface — e.g., a liquid metal thermal interface as
20  disclosed in any one or more of FIGS. 2 through 7 — can provide improved cooling. It is
believed that, using a liquid metal thermal interface, die temperatures may be reduced on
the order of 20 °C or more (as compared to an IC device having a conventional thermal
interface between the die and heat spreader). Further, it is believed that such a liquid

metal thermal interface can compensate for a non-uniform power distribution on a die

25  (e.g., hot spots). At the same time, however, the disclosed liquid metal thermal interfaces
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[0044] A liquid netal thermal interface - e.g., aliquid netal thernal
interface as 20 disclosed in any one or nore of FIGS. 2 through 7 - can
provi de | WO 20ed2senl ing. It is believed that, using a PCOwSz0oAe25815 t her nal
interface, die tenperatures may be reduced on the order of 20 C or nore (as
conpared to an I C device having a conventional thermal interface between

the di e and, heat, spreader). Further, it 1s believ t.hat, such a l.iqguid
Total theRRBE THleBERE Syt SR e EAes o the die S v v dnEreatel B but i on
on a die 25 (e.g., hot spots). At the sane tinme, however, the_ disclosed

liquid neqrapatibleewitiacuirentdpmm dastors.- Aloile dvolsebbiggd nmtatthepabinatxes s  my

be i nplenmented without any nodifications to the die and, further, in a
manner t d@hotirsquirecspeadtionl undert 4 acoumr dnaddidom) dnaddadricallyAloadyctivhdiqdidscl osed
liquid netal thermal interfaces do not require operation under a vacuum 1In

addi ti onme@Nnfl ®6nidvedsihgGatitarbindBndticuinth, whEdAhayBYvelR MBVIRE pld Ng an
el ectromagneti ¢ punp, whi ch may have no noving parts 5 and can be very

smal lg [ R i to FIG 8, illustrated is an enbodi ment of a
corrpuf% ergéas‘%%]ebrﬁ%%gﬂlﬂ nputer system 800 includes a bus 805 to which

col | oot i OB "ot Pingss I £ duushiBa i am oo el comipu BBy RAP,

Conmponent I nterface gPC[) bus, a Small Conputer System Interface (SCSI) 10
bus, et cComputggsystam 8PQ bichides abye3@diepuitieh variois coppoaatsas. corpled e Buht at i on
of these buses as a single bus 805 is provided for ease of understanding,
and it sBefuisdntbrdadrtdeemteatia thitdction hEoreymtmoredCesi-se.poh spverhibos,taed. Those of
ordinary skill in the art will appreciate that the conputer system 800 rmay

have anypedtiterd (Rntote A B RIaESIRCIPbE) d SHRN CHY Mgﬁsgs'i‘éfn M+8iP4de (SEB
conbi nati%??of buses. 15 [00465 Cgupl ed with bts 805 is a proc(essigng devi ce

o 52! 6553 FIBCASERS L Uhpofil 5% RLR 001 SOIRE S np R

Processolsa Srqglggﬁls h&? }si porcr)]vi%g? oirfeiasce Aletnggrrst%}x icrixg,c zlinr iltjisﬁouqﬁ% l%ders%od that
the system 800 is not so limited. Those of ordinary skill in the art will appreciate that the
computer system 800 may have any suitable bus architecture and may include any number
and combination of buses.

15 [0046] Coupled with bus 805 is a processing device (or devices) 810. The processing
device 810 may comprise any suitable processing device or system, including a
microprocessor, a network processor, an application specific integrated circuit (ASIC), or
a field programmable gate array (FPGA), or similar device. It should be understood that,
although FIG. 8 shows a single processing device 810, the computer system 800 may

20  include two or more processing devices.

[0047] Computer system 800 also includes system memory 820 coupled with bus 805,
the system memory 820 comprising, for example, any suitable type and number of

memories, such as static random access memory (SRAM), dynamic random access

memory (DRAM), synchronous DRAM (SDRAM), or double data rate DRAM
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a field progranmabl e gate array (FPGA), or simlar device. It should be
understood that, although FIG 8 shows a single processing device 810, the
conput er sSyeteded32may 20 i nclude two or nore processi npiryN2005325418047]
Comput er system 800 al so includes system nmenory 820 coupled with bus 805,
the system nenory 820 conprising, for exanple, any suitabl e type and nunber
of nmenories, such as static random access nenory (SRAM, nam ¢ random
access KERBRRAMRaRuring prerstion oficommpuisn sysema40;, a'E)PP?IB%‘Eﬁ %YS é“dr%fg"é DRAM
-16 WD 2006/ 020332 PCT/ US2005/ 025815 (DDRDRAM) . During operation of

conput er applitaions308y baresijest atthe gystoys memomn82®t her appl i cati ons may be
resident in the systemnenory 820. [0048) The conputer system 800 nmay

further i[pgd48yde Bhe EanpuRed sys@BIRDOYmERUMhe 8iB0lude upddeehlvinidmdril ERONE) 8305.
Duri ng operatlon t he RO\/I830 may store tenporary 5 instructions and

variabl e &Etﬂ‘iﬁéﬁﬁs"ﬂ)sdqyd ﬁ‘%cﬁ%&tloﬂ-hﬁe W%@O?@%Sﬁ@rﬁ té’xJn Gaty1Cl ude a

st or age devi ces) upled with the 805. he storage deV| ce

840 onpri ses any .sui.t non- vol at |

nard 1 ofb saﬁlac@%ns Bk %ssrioapﬁogw%‘iwnﬂﬁ oSSl de B ea” o

the storage device 840. Further, a _ device 850 for acce55| ng renovabl e

st or age r?gt!?@ degicg (or Qf*"fqeé)pw eugledayifh e brs 800l reprage deyies 890 may be

coupl ed with bus 805. [00491 The conputer system 800 may al so i nclude one or
mor e 1/ 0 comppiskts/adytspitable noevolatike B@0onyosshed, fior example, dhasd §6K drigonitber i nput
devi ces include keyboards, pointing devices such as a nouse, as well as

ot her datopegiihg yystan afdsthe\PoigRass BABOStoredh el stetaye d@scd $1tl. Utbethei, deo
di splays, printing devices, and audio output devices. It will 15 be

appr eci atc%dlcta cfr@%é&sﬁ%?er%&abﬁ’e §t6 @ﬁ{éﬁﬁ'(‘é A 1dPp§ diskRftSeQfr a 19 REMMI Cces
that may be coupled wt corrput r syste 800 00501 The conputer

systq@ SOQQWQ%a{,HéEQ&ﬁe&&‘IR L1$80& network interface 870

[0049] The computer system 800 may also include one or more I/O (Input/Output)
devices 860 coupled with the bus 805. Common input devices include keyboards,
pointing devices such as a mouse, as well as other data entry devices, whereas common
output devices include video displays, printing devices, and audio output devices. It will
15  be appreciated that these are but a few examples of the types of I/O devices that may be
coupled with the computer system 800.
[0050] The computer system 800 may further comprise a network interface 870
éoupled with bus 805. The network interface 870 comprises any suitable hardware,
software, or combination of hardware and software that is capable of coupling the system
20 800 with a network (e.g., a network interface card). The network interface 870 may
establish a link with the network (or networks) over any suitable medium - e.g., wireless,
copper wire, fiber optic, or a combination thereof — supporting the exchange of
information via any suitable protocol — e.g., TCP/IP (Transmission Control

Protocol/Internet Protocol), HTTP (Hyper-Text Transmission Protocol), as well as others.
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coupled with bus 805. The network interface 870 conprises any suitable

har dware, software, or conbination of hardware and software that is capable
of coupl i ngotzhe/mymeem 20 800 with a network (e.g., a neth@IVES2008:25§18Ce
card). The network interface 870 may establish a link with the network (or
net wor ks) over any suitable medium- e.g., wreless, copper wire, fiber

optic, a_conbj nation thereof - supporting the e e of nf or mat i on
via any EIG%IJbI elt;sheld bgundergtogd thay @/@WWW&M‘FH‘@Z’&(BW%@WHBP&

Protocol /I nternet Protocol), HTTP (Hyper-Text Transm ssion Protocol), as
wel | as obterdesl tordptesalt 200@MIRE33MHOATAISROOBHGOHSER arjdg b gttier,thatdlisul d be
understood that the conputer system 800 illustrated in FIG 8 is intended

t o repr esgsttmanayexenige aiay additighdlRbinpoheriis)GVhich Byettrenh antited for tlagty, andhat
this system may i nclude many additional conponents, which have been omtted

for clarid f m 800
may incI u ém%l\/ﬁ% 8m %m)ry ﬂ%es Sﬁfﬁ?@?‘?e?’m‘ﬁ |p S tl%gfsasom at ed
W th rocessin e iti.on c ry),

W ih Lhe prgceasiag o Zr.Bﬁfaﬁ°Fﬁbﬁsgasaﬂcaatsﬁ?&é@qﬁm%eés reteyigd i §E L ! 20 oo
t hat the conput er system 800 nay not include all of the corrponents shown in
FIG 8. [0uBay (¢-8-3rachenpempngms velhes addiionakyigng) dingmangdusehchlieds a
conponent having a 10 liquid netal thernmal interface according to any one
or nore ohotldédedinderswsd that throxbinmmeitdr syste®@@00ananpit éncledesalhofdbe senpopedsvi ce
810 of system 800 may include a liquid netal thermal interface. However, it

shoul d beghuwdes F1®@® that ot her conponents of system 800.(e.g., network
interface 870, etc.) may include a device having a |iquid netal thermnal

interf aCG[gO?Zélcor fl] & &by a?;cf"l%eﬁ*' ﬁl%lcg gte?g%‘?gh BB irtludks a[cg%g%len-{lﬂgwﬁ Legoi ng

detail ed ription and acconpanyl draw ngs are only ustrattve and
not ded rimaril

oo B et Rl ferncS i epRi o2 ot o B i we S hpsiienses sar y

For example, the processing device 810 of system 800 may include a liquid metal thermal
interface. Howeuver, it should be understood that other components of system 800 (e.g.,
network interface 870, etc.) may include a device having a liquid metal thermal interface
according to the disclosed embodiments.

15 [0053]  The foregoing detailed description and accompanying drawings are only
illustrative and not restrictive. They have been provided primarily for a clear and
comprehensive understanding of the disclosed embodiments and no unnecessary
limitations are to be understood therefrom. Numerous additions, deletions, and
modifications to the embodiments described herein, as well as alternative arrangements,

20  may be devised by those skilled in the art without departing from the spirit of the disclosed

embodiments and the scope of the appended claims.
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limtations are to be understood therefrom Nunmerous additions, deletions,
and nodifications to the enbodi nents described herein, as well as
alternative arrangenents, 20 may be devised by those skilled in the art

wi t hout departing fromthe spirit of the disclosed enbodinents and the
scope of the appended clains. -18 CLAIMS What is clained is: 1. A thermal
interface conprising a liquid netal in fluid communication with a surface
of an integrated circuit die, the liquid netal to nove over the die surface
and transfer heat fromthe die to a_he transfer element, fromthe heat
transfer element to a thermal intérd material, and fromthe thernmnal
interface material to a second heat transfer elenent, and further
conprising a fluid circuit, the fluid circuit to circulate the liquid netal
t hrough dVhatds nimedisrf ace regi on between the die surface and the heat
transfer elenent. 2. The thermal interface of claim1l, wherein the liquid
metal is in fluid conmmunication with a surface of the heat transfer

el ement. 13. ThehthralTrerface eohfriging a Ad@d Métal inffRi@® comniunicetdh witteast er
el ement conprises a heat spreader. 4. The thermal interface of claim3,

wher ei n SHEagREbAA iMegrated gReyibdiee thentigitid neetablo meve gvaeifie digurfage A devi ce
conpri si ng: kOt i il 5 @i i n‘?éf‘[f X nsfer
el enent ; %gdétg%glrfl Iﬁ%@l%ﬁéﬁ%?%ﬁc’e glﬁgtn{};gﬂgatgﬁ%r ma b ﬁﬁ"?‘etrhfgééyﬁag%@ed
bet ween telemelitdo artietrhal ihteface maatefialy ane fremethie, themealtinterfaae matesalftace
i ncl udi n% gec!dn%ur'ledat ratnaslferI gleme%'t,dar?é) u rgrccaotrrlmgrpsiﬁ\é tahfluid circuit, the fluid
circuit to circulate the liquid metal through a thermal interface region between the

die surface and the heat transfer element.

2. The thermal interface of claim 1, wherein the liquid metal is in fluid

communication with a surface of the heat transfer element.

3. The thermal interface of claim 1, wherein the heat transfer element

comprises a heat spreader.

4, The thermal interface of claim 3, wherein the second heat transfer element

comprises a heat sink.

5. A device comprising:

an integrated circuit die having a surface;
a heat transfer element;

a second heat transfer element;

a thermal interface disposed between the die and the heat transfer
element, the thermal interface including a liquid metal in fluid communication with
the die surface, the liquid metal to move over the die surface and transfer heat

from the die to the heat transfer element;

19



the die surface, the liquid netal to nove over the die surface and transfer
heat fromthe die to the heat transfer elenent; 19 a second thernal
interface di sposed between the heat transfer element and the second heat
transfer elenent, the second thermal interface transferring heat fromthe
heat transfer element to the second heat transfer elenent; and a fluid
circuit, the fluid circuit to circulate the liquid netal through a thermal
interface region between the die surface and the heat transfer elenent. 6.
The device of claimb mhereln the fluid rCU|t %Iudes a fluid actuator

to nove the 13 a%ﬁ%%ﬁte&ma nterfgee disppeed Hetweeq ﬁ'i‘% e@h&pRsier Plgui d
metal is ASHHEP eg;oﬁﬁrﬁgé@'t%%feqréler‘(‘(b \/\ﬁ tise §é'é$ f-’ne‘Prfnai [HRerfecd tréﬁﬁ@ﬁfr@r

el enent . evice of claimb erein t heat transfer el enent
conpri sesheat Ifrem theslma&érdesfer elenTénd toéhe secand haaannansferwlmemtnandne second

heat transfer ge}e e -1 The

devi ce of clal%éllgg% lé'F gﬁ%ﬂP@C'%é'?tt Cfrélﬁlg{ee 3%%&@3%&95 thﬁﬂl’(‘;{‘}’“active
cool i ng spkfage rddion Petvidtmathatdie sagacy asd e heatftfanstereiernent. havi ng an inl et
and an outlet, wherein a wall of the fluid chanber is defined by a surface
of an int egrat ed circuit die and an opposing wall of the fluid chanber is

t hermal | y cou | ; 9 of! ement
is therrra |y ?oug?gevtljé%/.'\nofﬁlg 'Esherna Ihﬁh erufcg@gl%mt Ihgﬁdﬁg%tfﬂllgéﬁa%pﬁtﬁtterface is
t her mal | ynowitiledijuid tmetal. second heat transfer elenent; a fluid actuator
coupled with the inlet; a fluid conduit extending between the outlet and the
fluid actuator, wherein

7. The device of claim 5, wherein the liquid metal is in fluid communication

with a surface of the heat transfer element.

8. The device of claim 5, wherein the heat transfer element comprises a heat
spreader.
9. The device of claim 8, wherein the second heat transfer element

comprises a multi-finned heat exchanger.

10. The device of claim 5, wherein the heat transfer element comprises an

active cooling system.

11. - An apparatus comprising:

a fluid camber having an inlet and an outlet, wherein a wall of the fluid
chamber is defined by a surface of an integrated circuit die and an opposing wall
of the fluid chamber is thermally coupled with a heat transfer element, the heat
transfer element is thermally coupled with a thermal interface, and the thermal
interface is thermally coupled with a second heat transfer element;

a fluid actuator coupled with the inlet;

a fluid conduit extending between the outlet and the fluid actuator, wherein

the fluid chamber, fluid actuator, and fluid conduit provide a fluid circuit; and

20



the fluid chanber, fluid actuator, and fluid conduit provide a fluid
circuit; and 20 a quantity of a liquid netal disposed within the fluid
circuit, the fluid actuator to circulate the liquid nmetal through the fluid
circuit; wherein the liquid nmetal flow ng through the chanber transfers heat
from the die to the heat transfer elenment, fromthe heat transfer el enent
to the thermal interface, and fromthe thernmal interface to the second heat
transfer elenent. 12. The apparatus of clain111 wherein the quid circuit

conprises a substaptia seal ed sed- 100 cuit The

appar atus of @ SUANYY, O{Aﬁep‘é‘ﬂ' Eac[f‘ﬁlﬁﬁ’(lﬁegcf"{)fﬁ kheccfﬁ‘ﬁ{ jCUguity & Al

el ect r onmegi@stbLtoRdifBRiatd 4he lQRd Mélrtﬂl?d@h%e(ﬂhﬂi &tcldy; wherein the liquid
metal conprises a substance including one or nore metal s selected froma

group consi st iwhgrein thgdiguidimetalrfttiwing threuglirthe chamber éraosfats);bpet fromi nc, and

'? 'rZ%E Qr téggﬁﬁtthgco%ﬁ%ggfse?te heﬂ@rgn?éérjn h%%ﬁrg?ﬁﬁgleﬁ&%@?h Lﬂg 'Fﬁe liquid
netal fl dnienfacé harabfyom thbeherhediirterface 1d”thélsecdn@héamnamm glemant.h the
surface of the heat transfer elenent. 16. The apparatus of claim11,

wherein the heat transfer elenment conprises a heat spreader. 17. The

appar at ustpf - ol MphratiebE! daihes Peseiictle {AAISERLuE! Gifitisescar i ses a

mul ti-finned heat anger e apparatus of claim11, erein the heat
t ransf er sibstemtially seqled skseddoombuidwircuibol i ng system 19. A system
conprising: 21

13. The apparatus of claim 11, wherein the fluid actuator comprises an

electromagnetic pump.

14. The apparatus of claim 11, wherein the liquid metal comprises a
substance including one or more metals selected from a group consisting of

gallium, indium, mercury, tin, lead, copper, zinc, and bismuth.

15.  The apparatus of claim 11, wherein a surface of the heat transfer element
comprises the opposing wall of the chamber and the liquid metal flowing through
the chamber is in fluid communication with the surface of the heat transfer

element.

16.  The apparatus of claim 11, wherein the heat transfer element comprises a

heat spreader.

17. The apparatus of claim 16, wherein the second heat transfer element
comprises a muiti-finned heat exchanger.

18.  The apparatus of claim 11, wherein the heat transfer element comprises

an active cooling system.

19. A system comprising:
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a nenory; and a processing device coupled with the nmenory, the processing
device including an integrated circuit die having a surface, a heat
transfer elenent; a second heat transfer elenent; a thermal interface

di sposed between the die and the heat transfer elenent, the therm
interface including a liquid netal in fluid communication with the die
surface, the liquid nmetal to nove over the die surface and transfer heat
fromthe die to the heat transfer elenent; a second thermal interface

di sposed between the heat transfer elenment and the second heat transfer
el ement, the FeOEMPYAtml interface transferring heat fromthe heat

he 11l d ci reuPlo s, SEFEPcoqlfiey AT B meneily The RRCeding W L For face

regi on behvkedimgt he di e surface and the heat transfer elenent. 20. The system
of claim 19, wher utd netal is,.in fluid communication wth a

in the.li
surface of th@%’@gég??treaer%rpié& dig Radng @ syifacepe system of clai m 19, wher ein

t he heat transfg&atqlssritel&ABRE 1 Ses a heat spreader. 22. The system of

claim?21, wherein the second heat transfer el ement conprises a heat sink.
22 a second heat transfer element;

a thermal interface disposed between the die and the heat transfer
element, the thermal interface including a liquid metal in fluid communication with
the die surface, the liquid metal to move over the die surface and transfer heat
from the dié to the heat transfer element;

a second thermal interface disposed between the heat transfer element
and the second heat transfer element, the second thermal interface transferring
heat from the heat transfer element to the second heat transfer element; and

a fluid circuit, the fluid circuit to circulate the liquid metal through a thermal
interface region between the die surface and the heat transfer element.

20. The system of claim 19, wherein the liquid metal is in fluid communication
with a surface of the heat transfer element.

21.  The system of claim 19, wherein the heat transfer element comprises a
heat spreader.

22. The system of claim 21, wherein the second heat transfer element

comprises a heat sink.
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