LI QUI D METAL THERMAL | NTERFACEFOR AN | NTEGRATED
CIRCU T DEVI CE FI ELD OF THE | NVENTI ON [ 0001] The

w0 poentd3sn rel ates generally to the packagi ng BET/US2005/025815
integrated circuit die and, nore particularly, to a
liquid netal thermal interface for an integrated
circuit_ device. BACKGROUND OF THE | NVENTI ON LOOOZ\]
| 1 Lt MegaL THERM . INTEREAGE RQRnite RYTEGRATEaRK ICE
integrated circuit (1C) device 100. The IC deV| ce 100
includes a die 110 that is disposed on a substrate
120, this substr HRIELOIOETHEINYENTION as t he "package
substrate.” The die 110 may conprise a m croprocessor,

[0008] NetMRliKveRtios 9e‘l§t@§ gen@Fal gt efe PACRESSS bNdte@tnddC@rculdde and,
110 may be coupled wth the substrate using, for

mo %ﬂ@% A 20 n&gﬁlh%ﬁﬁﬁg%{ah efaec?ri:&ga gﬁ{églﬁ dd 8&u¥t%wce

| eads, or bond pads, on the die 110 are electrlcally
connected to a corresponding plurality of |eads, or
| ands, on the_substrate 1%HBEﬁEan array of connection

el enents 130 Peb‘ch ROSNR , etc.).

Crcuitry on the package substrate 120 in turn,
[0002byt dBustiseeddn &1Gehite capversioanl paskagsd inlegratadisncr i (1C) tippice
where el ectrical connections can be established with a
100. Bt 1A dawide 100pdndasta die 1 0 thaaisriidplossdomea shbsaate d 2uhmsr
system a circuit board, another |IC device, etc.). For

subs@Xt8 BPkR refe ] ®URShd YPabk Ak sGbtEake,” MY dicOLt0Emay Eorfipriveal
lines to a pin-grid array 125 - or, alternatively, a

mlcrggxlo‘:esg&l d nBWARY procE QbR ofar ﬁrolcé’ééﬁlr &Vfc@afﬁe fo ltnaf be coupled
kage substraPe 120." The pin-gri § [-grid

with¥hd ?L%Istrzﬁg 51%% et%l‘ 5}1 ET?AIJ: v?\)hé LﬂR)!llg& Ctogg%sgl(ﬁl n;éeo}lpe%tlon gor “C‘T4”

nex eve one
e

assersfbi i S eisin Sprey 4 tea%*vgfg*gd G inadhe G%nléb

y the die 110 can damage the die if thls heat is no
electflr:@lbscf%mpféad mSOrFesBRRdHEP Tl tLf lgadsepirards, an e yhtteade 120
To
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 e;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
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renmove heat fromthe die 110, the die 110 nmay

ultimately be coupled with a heat sink 170via a nunber
w@booshomBeal | y conductive conponents, i ncludi ngper/i5208$/025815

thermal interface 140, a heat spreader 150, and a

second thermal interface 160. Generally, a thernal

. int rfa i S onentthatflllsm mal | pits and

via agpararer G il GORERT M P riPaLenst iqifinge T tsiabintcitace 140,
surfaces and, further, that provides a thermall

a heat spgadarilve, @dtahseeetd/reeﬂnatl etedaaealtOn @egerraflac?e%ler@% dpferface is
that the two solid surfaces are thermally |inked. A

a comppnenathat fikks medmallnisrahd ©thet surnface Sesgudaritag en teb naating solid
conductive material, such as a solder or a thernal

surf@eCARE furl HP QK pT(b'kﬁdésl d Bernk g To3Bdudtive PhfhasendeAlhése mating
coupled with an upper surface of the die 110, and this

surfécae nal thhfthe r&@gam%rrae&t e BRAhally PN grgeaﬁrr,@nﬁa interface

eat spreader 150. Heat spreader 150 nduct s heat

comgra %eg szllE uc 1\t/ Sr%atfilélo suc?rpr e lq%: a Hl%?mal éa%r al l'y

rom sp rea iSO

stheh the dtherrral |nt rface
000355, ﬁw&‘i gl (e i 14D i e eWﬂBi‘)“ e Sface o ghe dic 110,
heat to heat sink 170, which transfers the heat to the
and dwpthermal éxeifacgeanducts hgah fromy thg diezod ke thei heat sparadgr 150. Heat
plurality of fins 172, or other simlar features
spreqden \t O comglucts heatdstethllywittag @saf @d spiead’t the ihkattlatemlly outwards
convection of heat to the surrounding air. The IC

fronfie ideeel 1008hdthy haéts;ﬁrdawl 150alsd cdadictelhe iemtto Iadsetendstédmal
the die 110 fromthe operating environment, wherein

intedt2€ 1862ITh€5&BRAthe 8R! iAREFREBE0 SRUBAY Ble lﬂeﬁptomé){t sink 170, which
conprise an integrated cap or housing for the die 110.

tranifgrg Q@ he-gp§> tpﬁ Qﬁlbi%:np vt:l'rZ)g ecte JleaP DR qqq &8:&%%%6@9 plfuh{lﬁ); of

secon erna erra evi ces
e

ively f | f t he d
rins $74 5t St Rl PR OB i afit ﬁg’géé’%rageaaﬁ%*asvﬁé? convection
processi ng devi ces gener ally increases wth eac
of hepd &9 e syapmnding Bn, ThIG dryieslO04nangse inglide ﬁéF%lt‘arem 180 to

these devices are ratcheted upwards. Al so, the design
seal ghedlio pEQ froinrthe opavating enysrofimenta whiecwimhy s¢ad alemenpt 18fband heat

spots" on the die where the local tenperature is
spreadeg b0 nzgrbhnprige @aingsgritbdcap or Iwusing fisrdhadierld@i ons on

the die,
[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
dissipation of microprocessors and other processing devices generally increases with each
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

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

2.
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and a failure to adequately extract heat from such hot
spots may | ead to danage and/or a degradation in

w@anbozsence of the die. Thus, the thernmal perfOr/us00%025815
of die cooling systens in future generations of IC
devices will becone increasingly critical, and

t het hermal performance required for these devices ma
therrpgl priprBATCR FRQUECR ot iese JERGET DRG AL e Bt §F Bpopysntional

illustrated in FIG 1. BRI EF DESCRI PTION OF THE
coolippayytecdlysoeed]in FIG. 1.1 is a schematic di agram
illustrating a cross-sectional elevation view of a
conventional integrated circuit device. [0007] FIG 2
is a schematic diagramillustrating an enbodi nent of

an integr at BRIEFEICRPFYONOPTHEWRAWINIGS d et al
thermal interface. [0008] FIG 3 is a block diagram

[OOOH | u;ﬁl@@i iisnzgsc‘ﬁgmg{fpgfligﬁv?rmp%lwQ%atﬁg%gggge&g?r&?ﬁﬂei/ﬂg)ln%ew of a

Integrated circuit icqui d et er na

I nterface. 009].. EI G 4A is a schematic di agram
Conviepﬁl?@i F&grﬁ%@gﬂﬁ% FWi%w of anot her enbodi megt of an
integrated circuit device_jincludin l.iquid_netal
(0007 her rHI0- 7t robsRtic fiogre) ilfplggtnganeshodispi o6 (ntegrated
di agram showi ng a cross-section of the integrated
circudi qeyifiethasiegiaduad mptalthenpal ingrfaegken al ong |ine B-B of
FIG 4A. [0011]] FIG 5 is a schematic diagram
[0008] | usfIGas ingblack dragteen ilkwtyarthgraardmbekliraent iofi b @gtiaddeat cooling an
circuit device including a liquid netal thermal

integrixe@ ciraedie Wi l2fiqutd Metd fermakineefaesat i ¢ di agram
Il lustrating a plan view of yet a further enbodi nent

[0009] arFIGN4RYE 85&RknGkit Gitigtarf ﬁYdsﬁ*@tiﬁr_%”%Mg Ry &f ddofHék @mbodiment
netal thermal 1 nterface. [0013] 6B is a schematic

o of AN N0 SRR Pty o7,
[001‘5&1 G‘e r;%{@a fthgg %? ﬁggﬁgz%g%n glrobv'ﬁﬁg liéﬁgcisg—%erzcatl{gnic}f Sy
circuit device of FIG. 4A, as taken along line B-B of FIG. 4A.

[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
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

to one or more of the disclosed embodiments.

-3-
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liquid netal thermal interface for an integrated
circuit device. [0015] FIG 8 is a schematic di agram
WO kdoa®ra3at i ng an enbodi nent of a conputer systeoy/UstwERSS15

may i nclude a conponent having a |liquid netal thernma
interface according to one or nore of the disclosed
enmbodi nent s. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
[0016] One possible solution to neet the heat
di ssi pation needs of microprocessors and other
processi n@%@ﬂ@&D@CW%&FEHEdHNWI@%I i ng
system- e.g., a liquid based cooling systemthat

[0016FEI i e3ne missibleastution tpamtt, the heat divsipation secde af micraprotessors
initiated by the novenent of a working fluid - rather

and éthé&pro&ssinB d6ABRI D & drdflopah bdtiRaRblisg BYsten? N, Ol 1@uid based

passive heat renpval conponents. Disclosed herein are

coolﬁg%g&bmmt%el , & 1680 A, éﬁ[&?rﬁ’%tfl\;e@'he%ptrhﬁ?&gﬁlﬁﬁﬁg by the

crr device - fas’ wel nbodi ment s of

movgEAla oSS Pttt EWGC%%P%; PRt i ormer
j s disp oseﬂ bet ween d| e a heat trdansfer el qu

Pass%’ﬁé’ﬁatafgmav E8MPERTES ’PCIBFC qli"éﬁtafes‘?’ﬁl?@ ipEHS af feeplwesystem
a nmethod of making a liquid netal thermal interface

for agrietegiated circyit (163 dgvice 01 well re pebpdimgniiorf argetiipdof gooling an
illustrated is an enbodi nent of a cooling system 200

IC devicd ueihepimtheicqoling systeal intlhdenamliquid neat4l Aloermallingerface that is
cooling system 200 is coupled with an IC die 10.

dispbd¢tibegveepardad aria fat trivgsfdrGlahent,1ddch bd1@ helit 8piddder or a heat sink.
generate heat, and the cooling system 200 is capable

Emb%tim‘i’én‘%ssd)fpﬁhét%d 8f mhRAs b IRAMEmeH] hRiSal hRRifaceSHE le@%m@ﬁﬁled
be acconplished by transfeerring heat away fromthe IC

[0012:];/ £e§%?$§%8“; tla %Iéni)llﬁ{llsttra?&ivlk LR Qﬁﬁg@{lzllmregggfid éf)o‘ﬁhg sylsQem 200

e any typ€ of I'ntegrate

o3 B R 00 T BB o

ot her _ processi ng devi ce. The cooljing system 200
die §0h dpyringsopsrateRef thedfdie 10 éh%ﬁ'@ﬁvasza@er%@ &gl the cooling

transfer
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.

[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

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

4-
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el ement 210 may conprise any device that - either

al one or in conbination with other devices - is
wa@apabrw3nf transferring heat away fromthe di BCTLOS205/025815

ot herwi se di ssipating heat generated by the die. In

one enbodi nent, the heat transfer el enent 210

copprises a spr eader , Ln turn,
heat §ifKy §4 P@aw@b?@&w% T oS0 Bl bine scs MyfiSunding
di ssi pation device). In another enbodi nent, the heat
envigonggsf er el enent 210 conprises aheat sink, such as a
multi-fin heat sink capable of transferring heat to
[0019he Ssliherheantdinsfgr elewienoifeis therin@yl 6¢u pldvewhie dte Irde$0,e5uch that
el ement 210 is thermally coupled with the I1C die 10,
heat Srdfidfert @} odt@abetiveaniklie ARYhACGMsTRR/AMRPObY a@y slii@bRNfode, or
heat transfer elenment by any suitabl e node,

com&ﬁﬁ%r{@f{rh%s octf Hgm%sfeg’te ge@(;ndw:l%}rc' E@ﬁve@@orﬂ orac mbmatlon

conducti on, convecti on, a conbi nati on there T)-
er, I upl e ransfer
therchfi ﬁ%@e%%a%g%oﬁlfﬁg G ééﬁefaﬁ i %%%%I%g
th interface 290, Accordin nbodlnent
Systqf%g&?m il o et thegmal Farrg bl 36t 18 ie gpgembodiment,
ow ng |iquid nmetal noving through and/or within the
the ln@gi watabhsripd igtedacet 298 compgises aflowing liguist metabmeyiag through
el enent 210. The tiquid nmetal may be circulated within
and/othwithih eiemigionrA9é eacen tiegithdie 19%5nd heat tfahsfedelementtd 10, The
which will be described belowin nore detail. In one

liqui@ nix4lim@tie, ciicRitddneitiiialthd theendl agerfZGegibanssd by a fluadtircuit,
between the IC die 10 and heat transfer elenment 210 by

which WidBRI d2&drited befowtRNAME de@N. (£ ofe embédfiiet, 82! thémal interface
surface to the noving liquid netal) and convection

290 e RS RANECH 90 o BB gfgpa{@gagl ARG nlacion
of C%QP%%P% ot o SEHES AR (8 TR R P [l ogetiph 2.

the operational range of the IC die 10 (note that the
forc?do%né,‘?Fd‘OGf r?‘lﬁé‘tétﬁfé‘t‘gt’ moysmeptefdisuigpeyh- si gnificantly

| ess than roomtenperature). In one enbodi nent, the
[0020] qui @engealkyl thediqup eigl ef theraralriit¢jace @AM weAyi opgprise 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
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

embodiments.
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material and, in a further enbodinent, the liquid

nmetal al so conprises an electrically conductive
woratoen2as2z By way of exanple, the Iiquid netal PaEYS2005/025815

conprise an alloy of one or nore of the follow ng

met al s: galliun1 indiun1 mercury, tin, |ead, copper

and [ 1.i [ ndium.al loy).. It
100200t S b Binent, e s SeBe il fammapiCesi Gk & Surface
enbodi nents are not limted to the use of liquid
of thed dies Oarle anthier ¢rabodimperi; a aratersivagpatingtaagdfos énsulating layer has
utilizing a non-netal working fluid is within the
beengitapeé ootthd die sulifae| agiid stenibbk weletssoddiB2tithe liquidmaetal may be in
enbodi ment, the liquid netal is in fluid comruni cation

ﬂu1dVM0¥rﬁn1ﬁu§dtﬁ6ﬁ&ﬁ@1 tfs coR@ng &7 18¥e@ ohQhe diiB safie@Ad, as used herein, the
enbodi nent, a protective coating and/or insulating

phrageﬁ%ﬁ.{ld Hgﬁm AR s AREHIN B@ﬁmﬁb@ tosﬂﬁé ﬁ:gs(éewlféﬂi‘@g flu d is I1r|11 direct

erstood that t 1 qui

fuic ol PN i Ple? bl B s R emﬁ9§§¥gnﬁﬁ*rer‘ll et
0 ni cat.i on 0 not he limte e where

is in Hluy %ﬂr'afn%w%twwﬂb%ﬁl#%cap& JIALIFATS @fpa (or with a
surface of the dlﬁ}. In a further enbodlnent, the

coating gu ictheppiaterial yerdispogedioves thiti siréase)- dn Y&f anpther soypdisgent, the
of the heat transfer elenment 210 (or with a coating or

liquid tnineea] isvint fdwid abmbraperation sbdeth omeface bf teslir fracejurfabeof the
yet another enbodinment, the liquid netal is in fluid

heat G@npsrEdl€@énton Wi th both a surface of the die and a
surface of the heat transfer elenent. [0022] To nove

[002&}1 quigh ﬂ@@@h?lﬁ@ med1REr otl’l‘&r\lfér tgffldﬂ('l)@lt% thM et interface

ermal interface region he cooling system 200

regl(%:r{@guu H}%chgldrf%%,sgm‘f b6& Hl fudggg) ﬂuﬁecnl% 1255 H?egc IJ( Lﬂhéjﬂlfud circuit

I Ses any corrponen or co
val ves,

onents -

220 pases pgeombirfa on s EowpoRsi ng e ?E'aﬁ'aum%% gfives,

throu%h the thermal interface region 295. In on
condyithaFesite — thifds FARFPlE fimeiing | ligig meghshpugl thy thermal interface

‘substantlally seal ed, closed-loop fluid circuit.

regidaotv dn ong smbhdimeat dler flwid Icircuipp2bednapreses 8 gelrstantia by baatied,

cl osedl oop
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).
[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.
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fluid systemmy exhibit a small anmount of |eakage. In

an alternative enbodinent, the fluid circuit 220 is
woetea2Bnsed- 1 oop fluid system (e.g., replacerenusmbs/eessis

portion of the working fluid nay periodically be

needed). [0023] In one enbodinent, the fluid circuit

220 i nc s aflu actuator 230. Th luid actua
Howsiis. 1 i BuierSoERCubetedes S gumby fng, Eehapmpl disphragm
capable of noving a fluid through the fluid circuit
pumlzszethn@ay fivechese, wigh thiidisclased embedtaenisnt er f ace regi on
295. According to one enbodi nent, where the working
[0024] ui Refanpg newso &G 3, eldustiacdli$ yn enbolliventvaf d mephod of cooling
metal, the fluid actuator 230 conprises an

an Icehlemtsrngmagmﬁt inGtaPtheEmildnRyace, aé tna$ be pedoldeedBydaE sbs1nG
that other types of punps (e.g., gear punps, diaphragm

syste?rymsho%Qn)Flﬁa’l Kk 3¢l fHRE in'bibk Bﬁ? V\q{h?[?h %ﬁqal interface region,

nbodi nents. [0024] Referring nowtoF
fluid c&mﬁl}em%téllgﬁget;veﬁg amd(? gir{“? antdhesru?}faa C? algcé 19r0v1rd9d a"I“he

neriy S T Bl bR Sk B HER 20, L,
interface region, fluid comunication between a flui d
as a heat gRrpades aga heas sinka Refesting fp blockip 0, iadiqyibmpigber othige working

thermal interface regi on extends between the die
fluidg withactbe flodl @ardogas movehtdirarghehetheral istedhceas gmnibebreen the
spreader or a heat sink. Referring to block 320, a

die shifagd shdmehatanser eletriear. Aulkipng otHed f1d)d avtiadformmayhiee dded itsl
circuit is noved through the thermal interface region

circd?RE YRARuld @l Mursuibhl S BuRiNGrciRAhd tHeARal ifferfBE SRR M. Ifone
punp or other fluid actuator may be used to circul ate

emb{)(inlﬁ}g 4, %‘ fﬂnﬁ"éfr@lht fsla[s%qg I?lu{ ngg)ngd%ﬁ'ﬁlgz%tﬁ)'nr M{ % F etolfq ﬁlrerfﬁ%t

ace region. I'n one e Clrcul

wangir Forpshey B e taftn FEATER 450 sty Brbsle ol o S0 e i agross

is transferred fromthe |IC di e and across the thernual
the thermat migriace sxgigihtorthe heat tiqpser glempris dn ops epediment, hegs gransfer

enbodi nent, heat transfer across the thermal interface
acrogsethe dwrmdketsrfpdzea@ewbyal@w&mmbm atcopypingtiog ohgenveriormn andd

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.

[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

thermal interface (item 460), and a heat spreader (item 450).

-
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conduction. For exanple, heat transfer fromthe die
surface to the liquid netal (flow ng through the

wa bwsriz3l nt erface regi on) may occur by conduck@DuS200851e25815
once this heat energy is in the noving fluid, it can
be transferred away (and to the heat transfer el enent)

cqQpvecti on. ], Turning.tq FlGS. .and 4B, .
o026 s festrorce wA1ERbsammEAE we Ieri 4d0iEbiorng cie 410 tar
~ having a liquid netal thermal interface. A plan view
is digppseden 3 paciagd sibsumo40% Theodin 410 nryGompAise JMFHPIOREPCEISE. 2
4B shows a side cross-sectional view of the |IC device,
netwagk prakesnorahio A§IC, aretlisr Braksshigilevica. Dit 430 aalydelveuplod adith the
that, for ease of illustration, certain parts have
subsR@e Misiaf] fot hniflOM CPass¥inBlY teéhniidue, whékein NEUHBEI 1dds, or
heat sink (item 470), a second thermal interface (item
bond?%? %:’roéﬁ gg dit%oaﬁl%?ﬁé%a%lﬁ amrg eéﬁlf%(,i th%érﬁ%)scp 4 evic eu%% O eads, or
n
t

anat 060 s Pyb05 B 1) ol SRk RASTnAl, P RY: W bumps,
colufipt G e P B T e SOy By S0 A iogocs o

substrate using, for exanple, a C4 assenbly technique,
locatjgsronithe substintd avherst elecstend comrecomric-ap g sstablshed avidy anext-level
are electrically connected to a correspondi ng nunber
compdnehe@ds, a mpthedodsl, a comphter syskesi, raadireuid Dbardyaranthead€ algvice,
of connection elenents 412 (e.g., sol der bunps,
etc.)C BbHERMSPI& ke Jubstrite Clteditry niy rbive aflihaliends b & baRigeid array
405, in turn, routes the die |leads to |ocations on the

407 SYPSHERLEVIMI S Sin ShiRGkal CHLrRQNRES IdwRPSulFRR JPehe package
established wth™a nexi-Ilevel conponent (e.g., a

subs{TRb RSO HAL Hay Brif gé,lpﬁg{)—g?ifif AEhyPk B1eCic ity LouBRRNE dic to the

anot her rexanpl e, e‘substrate
ircuitry may rqute gll signal lines to a ball-grid

nextpye] Gompdnent gyicteane i Moty array ol R (e By Sockess, bond

fornmed on a | ower surface of the package substrate
Padsq®fs.)- The ball-grid (or pin-grid) array then

el ectrically couples the die to the next-|evel o
[002@bnp dpaupied with tie dignd] QUid @diquidmeiahgermal aytedcet 40w gh,gn turn,

(e.g., pin sockets, bond
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
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

other similar features providing increased surface area, to facilitate convection of heat to
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pads, etc.). [0027] Coupled with the die 410 is a

l[iquid netal thermal interface 490 which, in turn, in
waeowphad3zv th a heat spreader 450. Heat spreadetT/USDo5/e25815

coupled with a second thermal interface 460, and a

heat sink 470 (or other passive or active heat

di ssi pati.o ev i S c h the secon er.

the SpTDRKRBEET A0TOVKTOPEYER B HRACHOWhRHEE O Card rpbodigems ar
which is described in greater detail below, transfers

not lingitad to tlemuseiob amtétl-zfmoeg heat guchrager nopiehe alimae dissipation of
spreader 450 may conduct heat laterally within itself

heat toothe sprreading die Frrakaihpleeimadnotheo atnbhadidenf, aoactivescodlieg device
410, and the heat spreader 450 may al so conduct heat

(e.g.1 Pli§iE-c5616@ Pritd brex rdh gerations fyﬁ@ﬁ‘% 464 -be TBEpIE@ EPMB heat spreader
thermal interface 460 conducts heat to heat sink 178

450 ?@glggfm tﬁérgﬁﬁfn?errfah@ abo t Heétgsnmyqﬁé li Mlnﬁémrwamd then be

According to one enbodi nment sink 4

S I ura [ it fi 472 ot her s
exha]ug ill t% a?)tl; <509 %S)%élt,] ul g%tggl?jmgﬁ ru?cal% le 3 workin ﬁu1d$ 3hd the active

faC|I|tate convecti o gf heat tothe surroundlng air.
cooling syjigcan trpWepenort e bedid®ia¥t ood that the di scl osed
enbodi nents are not l[imted to the use of a

(002 t i Theejligvisimplahthesnal irtagege 490rtransfersheatfremyihg die 410 across a
di ssi pation of heat to the surrounding air. For

thermalantptface iepioaddb hethe dwehiopreadert 450arin @ao¢ embodiowhi, ignsfer of heat
device (e.g., a liquid-cooled plate or a refrigeration

acroSsythé eieymiraNtelfaceciepioh @gkek plichbéhrbedt a sqpnsiastasn cFa9ndyctiohee.g.,
second thermal interface 460. Heat carried by the

frord thél Hie@u%&éﬂ 188 Lt'l']éjhéd?@ thebf) ﬁ?&@ﬁ%&@nt(é’ Et h@rc&%dn‘(@ctlon
cooling system (which may 1 nclude a wor |ng

perfﬁr@%a%fitbg%h@f%%g é@?%&%plsgﬁlé gEBa%ﬁg loF [i%rh bl %ng{:i znterface
410
490 folram T BEk Bgy o s Pt et B ey %Esﬂéﬁsﬂ%b o Bl st
enbodi nent, transfer of heat across t he the

transfefrelsmentbmpe by depepdi #ppn Hiedhermab a@wuaﬂem th%\{lﬂlaﬂ mftal and

conduction (e.g., fromthe die surface 418 to the
the velagity @f thetligujd me@! woh flews thopughethg thermak iptedfacorpgeant499n 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
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

includes an inlet 421 that opens into a fluid chamber 422 having an outlet 423. Fluid
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performed by the noving liquid netal). The capacity of
the liquid netal thermal interface 490 to transfer

whemb/0z088y fromthe die 410 and to the heat sprPEEUL1005/025815
450 (or other heat transfer elenment) may be dependent
upon the thernal conductivity of the liquid netal and

~ the vqucitX of the liquid netal as . it f]lows through

circugtyf2Oralseripglpdss i rgfurm Hpe ?‘ ‘i‘%’h“&% engdp ﬂé;slaq%queunlwfthnﬁ*élth the
liquid netal is a "good" thermal conductor, the

chambet outiet Y23 find meoppoguwigendeoenled Wohiarfpid mtomgm?:(h elhe fluid
thermal interface region may be low to maintain the

actudibret 39us,fiAaen AdoBpldtwiththa igetdd df elietadiber 422. aNgs, the fluid
Conversely, if the liquid netal is a relatively "poor"

actthM?@ainléiQ@‘ij WHaBtber 43%€ oM@t A28 [ ahdQbtubd18nd 4Aindy 6&5?{'156 a
may need to be relatively hlgh in order to haintain

' t hi th t t
AT O
h t f
[003{”3 c kPt e SRt i B0S 5 B8 Rt lnrdiny ot i e
further include a fluid circuit 420. The fluid circuit

fluid ghambenA22s de SpeiPmBodiBent thed i gharmiar 422 girgdde egcompass an

substantially sealed, closed-loop fluid circuit. In
outenpreineitadiortend surfane 418)uf thecdie 819+ A¢e@dingdd auesbermbodiment,
inlet 421 that opens into a fluid chanber 422 having
the fRid chantet 422 8. deFined by b swrfiice 44 8 0f elesdie # QG |thil@ sllwofr tidusing
l'ine 424 having one end in fluid conmunication with

440, tah& b¢ hagHede 458tdfehe KbABs Féuaeamsm PROSSI N4 A Ela ¢ BEBdREtucted from
th a fluid actuator 430. The fluid actuator 430 is,

any ﬂ%ﬁﬁl‘éf)ﬂatel‘fﬂ Liﬁh%ﬁngn_pyguwﬁd' Iﬂétslts .g.%_ @}pe&ﬁ er&hﬁ,qﬁﬁgrgzm may

act uat or 421
and retyuen. L 4 na
ve aiiefea Bhe s 400utamy st e {"HB%%I“"é‘é’HeaPé’OF Rty Bay of
therpa] interface re 495 [ fined by or included

exangle e e 440 raase%%@é?e%ﬁzhe T 4 heSGHaspione = wier I

fluid chanber 422 is sized to enconpass an outer
one ¢yab¢dimert; a flugl seahid fare bevesnahe ¢ie 41 andjheusingd40 about a

Accordi ng to anot her enbodi nent, the fluid chanber 422
perimeteiefa ofable Big. Similadynesy 4ditibl] otrﬁnm uiedod 304d/ot tevisanhgbe

of a housi ng
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
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

pipe or tubing. Conduit 480 may be formed from any suitable material, including plastics
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440, and by a surface 458 of the heat spreader 450.

Housi ng 440 may be constructed from any suitable
woraten2as2 i ncl udi ng plastics and nmetal s (e. g.PCT/US2005/025815

copper). The housing 440 may be attached to the die

410 using any suitable joining nmethod and/or device.

By of exapple, the hausing 440 may be attached.to

or mes” B e b ARG L COpURY T AOTIGR eEr R housing 440
enbodi ment, a fluid seal is fornmed between the die 410

(e.g-aa3ch segls ingestion onaldnsi parabiqatedeliremn apistismatereal i he conduit 480
Simlarly, any suitable joining nethod and/ or device

may bayolpgedwih dydbusimg @40 &€ hot ineeghd tisdrengiti)dmdtwattheda fluid actuator
spreader 450. For exanple, the housing 440 may be

430 @fin2aliefithble chfnddfet me Mo e/ ordRVidds, sibh adlsveRpdg/telinigues,
solder. In one enbodinent, a fluid seal is forned

ond MRS  URIEE SRR AR PEURLORANE 00, 8

L L e R L T
. I'n the enbodi mrent of FIGS. 4A-4B, the |iquid netal
with{g el ﬁlr?trlm@ Wdhsugh Ayl shamber §32,i18 096 ﬁ%\f?ﬁg@é&llf’wefe the
~ with the surface 418 of die 410, as well as with the
liquid et declaggceally doaducttygy g dlord apmaato 4303n)y RunRfkse ani ne
424 may be provided by any suitable flow path. In one
electentrgnietie ppmpt Aecordingrto othenemé@dineotsphowesr,ahcBmduictuator may
480 constructed from any suitabl e pipe or tubing.

comp@RdinbiheAB8Pe BRPuBP of B¢vie(efg anpeanyump) d (ﬂgﬂﬂﬁag’fﬁtpﬁﬁip,aétc.).

I ncludi ng plasticsor nmetals. In one enbodi nent, the

The 87t #&80 in?agf&rc'gﬁgl_ea RhE@ahatonduttisbhad ROMsiNIndd that a

(e.g., as a single injection nolded part fabricated
r I ' ri.al . |t .
enghl T8 85 T BH1 Bk 1 QA 40 R e 421
. theremﬁép) and.mﬁthlﬁgg fluid actuator 430.using .an
using gy HHPRICEGRNEUPT GirUHRET ABYST we&rsuaﬁw E‘%%%‘“%I?&ﬂmﬁ% S
swagi ng techni ques, bondi ng processes (eu%,, epoxy
bondiRghPIoREFSes (eolcery brpdingser soldspag). of tapperit mg@ogrﬂne

Fluid actuator 430 may conprise any device capabl e of
embediment, 8te flgjd lattyatior4 3btsdieldintphicn bylthe attedteduéannd@d@®namdth the

through fluid chanber 422. In one enbodi nent, where
condultet80 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
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.,

a gallium-indium alloy). In one embodiment, the quantity of liquid metal in the fluid
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liquid netal is electrically conductive, the fluid
actuator 430 nmay conprise an el ectromagneti c punp.
waewenziizsy t o ot her enbodi ments, however, the PETIUS2005/025815
actuator may conprise another type of punp or device
(e.g., a gear punp, a diaphragmpunp, etc.). The fluid

act uator_430 may be c t he cond 80 and
cireyitft28s alzf_fumeﬂbf@éu?ﬂﬁ%nu Yf%@lﬁg?ﬁ tﬁ? chalﬂﬁsf el @a Bveﬁgas ﬁ%a/mlet and
extend between fluid actuator 430 and chanber inl et _
outle4 42}, 423) aryl thayetsin lingtA24 (e.gnthese isoubstaatiably ozmawishin the fluid
devi ces, such as swagi ng techni ques, bondi ng processes
circuied 29, altlepgh yn bihadkmighdimesto] tHat inmay) he 2 ort ampthec gas present within
fittings. In one enbodinent, the fluid actuator 430 is

the g4 irduit 4003ce by the actuator s connections with the
condU|t 480 and chanber inlet 421 of housing 440. In

[003@110t fis g.ggeyluaﬁ metal@r : L{%E% gé‘ﬂhi% A3 a%edddvﬁlﬂmﬁedﬂuld

age substra furt

the 1 c 430
mrw&%‘%ﬁ aehBriid g bgle Eiey o Y di'f%ém%fb‘b%?mtfmugh
ne . enbodi nen t he I|QU|d metal within flui .
mleté‘@rl 20 fnta sy thefY indertacs AeeipRtdr- PBse Biherhantgr ﬂ?Z’tt?Fa]th‘“d
remains in the liquid state throughout the operationa
meta] earpBowtoyeethe awé@edfl 8 ohdie| A3 0ges welbano@r thﬁc%lﬁlg@ﬁ H2p efdheat
one enbodinent, the liquid netal is thermally
spreadendfgt Dueto amduétivnaotfheat fven tendie cunfieetd,]1 8 ttdrehel liqnid metal and,
metal is also electrically conductive. By way of

furtfeX a8 Bbtvectibieinlitiaied 6y fBVGherdTRY tHedid SetabBvet!thedyppkingne
or nore of the following netals: gallium indium

surfa[E%f G Y58 tHee 1sltﬁﬂ§¥err§@9\9§}'f frofhl tHE dic¥O aRlH S8 e heht&ptbader® 0.
F1umin un1a||oy) I one enbodlnent t he q ntity

LGy ffici
Notet tfhat a%ﬁ!]te qlﬁ %:tai t?aqspe?% {n]éa'tj t‘fl hgﬁ%ggr 41?92 % llghﬁ‘l rﬁ%}tal may
outl e 423 and the n line
be o3ad. hﬁhequUIé At ﬂogw%%g‘f“&ﬁttﬁwaﬂnr o rSEI9N 443 A s 422)
fluid circuit 420, aIthoﬂgﬁ i n ot her enbodi nment
exity fhisrregign fhrpeshuihe optet 423t e the hguidmassaris cwwlﬁ%tmmgh the
fluid circuit 420). [0035] In operation, liquid netal
retuind meciZh daclkwr the flgidfdctiatdr 438. ci rcul ated within the
fluid
[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
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

interface 590 is disposed between the die 410 and heat sink 470. The fluid circuit 420 is
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circuit 420 by fluid actuator 430. The liquid netal
enters the fluid chanber 422 through inlet 421 and
wo odoe/02d382 t her mal i nterface region 495. Once iPCT/182005/025815
chanber 422, the liquid nmetal can flow over the
surface 418 of die 410, as well as over the surface

. .A58 of heat spreader 458, e, t.o candugtion of heat .

similay &FB?‘W@ ﬁ%"@ 34581’?9 g‘é’?geﬂ%mﬁ%‘%@f‘i“iﬂq‘& il idcgmnypication with a
further, to convection initiated by novenent of the

surface 4¥8 af Hrehant stnked70: Haurtbpp i figd shambas 422 as1defingd By theesirface
is transferred away fromthe die 410 and to the heat

418 sfdie i thelGOfacdT & of it sinkd70,hw wWellpsithle welladf 4 hanmzews.
heat to the heat spreader 450, the liquid netal may be

The BARIHRB40THS) bd EBtistudied fbmf dngWhitgblé Maewiah (el heplhdtice rhasie,
regi on 495 (and chanber 422) exits this region through

R S g o ) e
430. 0036]..,T i FLG 5, il dis.
housiiidantl ARG itk Qi ARBEe hR alet Choribhetyst 83 A iyl tisablg

.. metal thermal .interface 590. The enbodi pent_ of FI 5
joinipg methads apd/prdevices (%E@ﬁPP’ﬁynscﬂ‘J%S‘?tCﬁ-A&QBH‘gﬁ’e%féﬁ? S@ﬁO takes
above, and like elenents have retained the same
placginrempiesigr siaitar ¢ diat desciibedrabgye;thowrvelp thediqyidsmetapthernal
of those el enents previously described with respect to
interFdc&590 &An8s ihsatrfoim thepbat E@ldirectlyhie tliedidadsink g70. The
di scussion of FIG 5. [0037] As noted above, the IC

emb8d@Mie6 €ofIAG;. b nas/i bE Hodti mloge éfficiehCardedive£inddr (dessmpdredlto the
above. However, the | C device 500 does not include a

embO@ffenSH RS HANB)R &g%ﬁﬁrt‘lqa difgsdBlenibatiphdnaChe naaltir_hgéd to the

t hese conponents "have been omtted, and the liqu

t 1 | f I.S.: 0l ]
e R ok P GIREE 350 SRS ISHYRER 70 e
e RE T 3 P Sl SRR PR e b
of the heat sink 470. Further, the fluid chanber 422
refrigeraldQet $YSEH 5%t he surface 418 of die 410, the surface

478 of heat sink 470, as well as the walls of a
[0038busiIHgstB4dl 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
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.
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The housi ng 540 may be constructed from any suitable

material (e.g., plastics, netals, etc.), and the
whomsiozg3is coupled with the heat sink 470 abopdT/ES2005/025815

peri phery 546 of the housing- and also with the die

410 about the die's periphery 416 - using any suitable

j.0i ni hg et hods an r .deyice
ro04b "l shiae be 1t e reodris Sl edEVioe 30hdirnped
simlar to that described above; however, the |iquid
abovee Hatwevere iedlC dervice 608 deeun indludest eparatsciset freader. HRather, a
die 410 directly to the heat sink 470. The enbodi nent
housofg GA0G: that, irayart) defindshherfinid chhfmbern 4£¥2— mnlidéscaneuppenwald $650,
(as conpared to the enbodi ment of FIGS. 4A-4B). Again,

and thiduppeswhip 650 o LRIV S cAipfedBifect ! With@Be {eRohdtheHS
of a nulti-finned heat exchanger or other passive

interfRY 466 SIn &Q&hc@ he G?@e:rn v@all%O%?@noﬂﬁM B%o fu%@{ &%eag ak}%alaéf)reader

active cool I ng sys e.g., a |d Cc0O0
and th: Iﬁhls ¢ GPaN a‘f 2&2 ém r(gwr hgeragltélo?goi%rf’gt %{r?o ttﬁe &plg Qérﬂce

enmhodi f..an | vi ce. 600 havi d neta .
418 9@? M—E ﬁﬁ @vlﬂz&ré%éSOelsﬁlfaqﬂ%frfowaéﬁﬁtggﬁﬁﬁﬁo‘i%'ch?j‘@weeélle fluid
~ 600 is shown in FIG 6A, whereas FIG 6B shows a side
circut ip ds flgidcopmpmpricajion Wit antipeer|sarfaea 6 Beof thssuppgk Beusinovigll 650,
line B-B of FIG 6A. |t should be noted that, for ease
and liquid Inetrd twidhin the fluidcttamber 22 trandhery bedsdrm theidi¢ €10 fortberupper
the view of FIG 6A, including a heat sink (item 470),

housthgS®EIPHS0 (WIEENTRE nbietl @bdRS thaly iftedlioARO h he@n@readerilpper
wal | (item 650) of a housing (item 640). [0039] The

[004Tr‘ngdTH}q{&lsﬁ 6l b@%o@@rdcﬁedsﬁcfﬁl Iat’i‘f< sdlfébfehﬁﬁteﬁilmoﬂn&natmn

A-4B descri ed above and e el enents have

of mg%hgjén %leéalgahg %gﬁ gglr%ﬂﬁ{xé gﬁ@?%%dglg&ﬁﬁé‘d 18 ? t%‘mally

el enmen

| t | GS. 4A-4B
condi Ve @REHLE B iopHe. pit ?tgw it AT Ry
6A- 6B. [ 0040] As noted above, the |IC device 600 is
consgpgted font por-thermatlyrondective srnterialy (e Hearlastisely &or ppiiBRIes the

the I C device 600 does not include a separate heat
uppes poesin@wall R0 hewld b 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.

[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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housing 640 - that, in part, defines the fluid chanber

422 - includes an upper wall 650, and this upper wall
W®26/0203BmuUsi ng 640 is coupled directly w th ther/ssmosiessis

thermal interface 460. In essence, the upper wall 650

of housi ng 640 functions as a heat spreader, and the

i d chanber 422 is defin the wal l's of hoys
T S I S PR PP IAE RiGs o (5 5 T PRI T e or

C!rCUIt 420 is simlar to that set forth above;
soldeyggos tappedh&ttingsi d circuit is in fluid conmunication
with an inner surface 658 of the upper housing wall
[0048F0, Refictrihg qowdo FEG &, iNmstdaied i$ eembedichentafrdreethd@af making a
transfers heat fromthe die 410 to the upper housing

liqui@hdtal @RPmaitcGfice &5 aR ACRIRVRBOWS setf@ith i BIGEk P10, aSFhAd circuit is
heat spreader). [0041] The housing 640 nay be

coup?éa%*aﬁ ‘i!éltd?sfj Jl{hqma Al Gt t%@ing lmbﬁfeo%m%cﬁmlw LW@face of

mat er east t per ouslI ng wal
onstruct ed fro conduct iy
the d‘(% enlé one gg%ggﬂen@kgﬁ hm hCérrcu 60??1Prlse s%lb%%'ﬁnqai]l?s a%afl\%cb cg)ﬁﬁd-loop
ﬂu1dﬁ;értcgltkt) Ieg(p: rr]r?rg réc tloc% I r o gzggrt]ra}_r pr 5& Igﬁ%(”%&%{drﬁé )%J%glé)}ed with the

housi ng wal | 650 could be constructed from copper (or
fluidepingeit, Wirseing) thermab Hderface vegiomeisdpymedeptyen the digi suefage yid the
t he housi ng 640 constructed froman injection nol ded
heat phagen aerfevie Aecordarg towee embddingnpracodss ofdle beat osesdert 0
nold the plastic material over the copper material).

elemefit i9talR61in AGtIDmTERIHiSatioh BiEMEE fluld@rcant il end\@HSddIGeBihe heat
be constructed froma thermally conductive material,

tranﬁ&%xﬁéﬁ CORPALes Ahet éi’)?éﬁﬁ@ls 'aﬁ@mnﬁltoﬁ{ei‘ @ano&%ﬂlzlhé lﬂ:aVﬁ"ﬁnsfer

further embodi nent, which is also illustrated in
elemellrtcémrp(?ée{5 %Smeatt Ig?lkr %S%o{r]fr?gt tlH bf})%g gg? r Wﬁ‘l{ E%{:t&ht%ﬁ ge gl (Iirh e

. For exa Ln
clecliyRigna) BEMBPLY %aéarpwp RVBBHA GPYPTesY e g Cfrsvlﬁeﬁﬁét
part of the housing 640. The fluid actuator 430 nmay be
referepRegP &dpaki A 2 aléan&lgmfm liquagspetad i ismpased ingthe flgid %qu thg
~ 640) using any suitable cpnnectlon met hodsand/ or
liquid endtalds be surctatad withirgtha dluideghitqad shrobgntdie e rpabinessaes
(e.g., epoxy bonding or
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
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

(e.g., hot spots). At the same time, however, the disclosed liquid metal thermal interfaces
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sol dering), or tapped fittings. [0043] Referring now

to FIG 7, illustrated is an enbodi nent of a nethod of
woredobnzp3ae | i quid netal thermal interface for arC1/52005/025815

device. As set forth in block 710, a fluid circuit is

coupled to an IC die, with the fluid circuit being in

may E%Hllewgﬂ I' agtlt E;.)I‘B’i r\éwo%ﬁfag'{ﬂ%g Ec{:@rﬁ]c 66111 of t 5 h%{r em a n?anncr that is
substantrally seal ed, cl osed-| oop qurd crrcurt

comprsible with gurest o factppn | Alsoibeadisclossrsliquyid aetkiprmplginterfaces
thermally coupled with the fluid circuit, wherein a

do néthrequied operdtionfuader a egiam. s adcﬁtimedmtedﬁcwkmﬁy comdudiiee liquid
surface and the heat transfer elenment. According to

metal iRy dehslicaRBing a8 efdirbmagnetit puhip, hash rhiyansteb b venepdrts
is also in flurd comunication with the fluid circuit.

andédﬂﬂ%a%qﬁﬁﬁﬁﬁ'”ﬁnt the heat transfer elenent conprises

heat spreader and in another enbodi nent , the heat

[004|gj|:]ansi{e%rrr ggﬁf& %?upl}é[rat%? n%?odu%erﬂ of a'%%mi)lel ers stem 800.

bl"0¢

el ectroma pu 0 e of is co

Comppieh SY4ran PP des € s SORpviis i Various compaban Soued gbus
quantity of a liquid metal is disposed in the fluid

805 isjintepded torepesentufelleseomef ang qsanqip besAsat sl FYSHINHbEhea
fluid circuit and through the thermal interface region

Perifterg Compudent Iaetfiacn(PEH) busea SmalldCanpuiet Sysjem Imerface (SCSI)
enbodi nent, the liquid netal is thermally conducti ve,

bus, 8fed—ithint ahtérdbirdeer the ab@gbment of siyfteml 800U IREpras¢mhtionSofahese buses
el ectrically conductive. [0044] A liquid nmetal thernal

as a élﬁél%rtfﬂ@@S is protided forlh@Wt @nﬂaﬁt@hdﬁt efndBt sHolldedel @fdBrsfdd that

di Scl osed in any one or nore of . 2 through 7 -
the sgrﬂgm%rO%V% ﬁ(gtuslogghl?e%ﬁg?fht%géé{)f rr(g? na}r?{ ggtglle 'ag\(ﬁﬁ abBr%Er’ate that the

t d t h rd f 20.0C 0
com%?r&sy@%glu%@ixﬁg)? ﬁﬂvetaéty Sh sz%: lé{/]arcc‘létgsﬁg\;e ﬁléd rglay include any number

conventional thernmal interface between the die and

and ¢BRInatNRfdWFSS: Further, it is believed that such a
liquid

[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
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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netal thermal interface can conpensate for a
non-uni form power distribution on a die (e.g., hot

WG pwh82033At t he sane tine, however, the di scl oBerus2005/025815
liquid netal thermal interfacesnmay be inplenented
wi t hout any nodifications to the die and, further, in

er_that is co tible with rent forn1factor
opRPERNIE RS crSalen o<ty erarsiem By fpering sy gh ang piher
not require operation under a vacuum In addition, an
applishigensymayald sgsidenidu ghei syatemmemeryfe0al may be noved
usi ng an el ectromagneti c punp, which may have no
[004BDVi rEhepantpsteanystea 300 enayduyhegrimdlide 4 @adohlyReémory (RHM) 830
to FIG 8, illustrated is an enbodi nent of a conputer

coupRSWRINTRMYs 809 DItiaS opdtali@NIEOROMIE3MARS s@rdXempBRidy t O
whi ch various conponents are coupled Bus 805 is

instrh R0 dR4 vﬁ@abﬁ(%%leet‘s?)@éssﬁ celice8iH.opnds SWSGU mAP4Ko include a

uses - e. us a Perip ra Cbnponen

| nterface S ce

sorpLHERFEER RS Sy e TR b SHIE rRYR D Eplace
em 800, . Repr tation of these buse

compes & 8o%Sy1Rbs A Yrleile Bremens Sugh 2y, w&xgmaf?dﬁﬁ@% ‘ﬁ%‘?fi“te The

shoul d be understood that the system 800 is not so
operpiifg fysm aoyberarograns may\peskared in the slogaggdevigp f40. Further, a

appreci ate that the conputer system 800 nay have any
devisa8 3(bfiok ecdessngremiviviable tstorggeanetliateyg.i atbppiediskhgrivauonze€D ROM

and conbi nati on of buses. [0046] Coupled with bus 805
drivé)Snay Y @upkdiwith Bevdose (or devices) 810. The

processing device 810 may conprise any suitable

[0049] OC efR eh &V sGQeiRIB06 Yi$lySiRo ihAGh&dANE Rore I/O (InFut/Output)
mcr Opr Ocessor a networKk processor, an app i cation

dev1§&%’0 16@%?&" é&gs §d5r %@pﬁ dev%rﬁsqncfh'l ll& boardﬁ

e array I"ar
nderstood th

pomgpa é%%é&@%@%ﬁl HgSkaat BE g Anbl Gd 8%%%%?@%&;@%% tggnon

include two or, nore processing devices.
outpeb iges incdyderadsosdieplayss Brinting deyicss, saygtaé‘ﬁ*Pr?é‘%‘F 96\8% Tt will
coupl ed with bus 805,
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
coupled 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
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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the system nenory 820 conprising, for exanple, any
sui tabl e type and nunber of nenories, such as static
w0 anaormszxcess nenory (SRAM, dynam ¢ random aRCEES2005/025815
menory (DRAM, synchronous DRAM ( SDRAM), or doubl e
data rate DRAM DDRDRAM . During operation of conputer

system 800, an operatjng system and ot her applications.
IOOSﬁﬁy deshoald %Few@erﬁtpqdﬁeatg%fw%grﬁdﬁ@ﬂg@?. illpeesuesh inFilg. 8 is

conmput er system 800 may further include a read-on
intengedrtsy sepleRaN)an 83emplotypérabbduine it of [vacthasys8ms andddiithey, that this
operation, the ROM 830 may store tenporary
systein ialy Wedln denaagynat dtdomiabdd nesonk ots, whioh &aed kg n deniitedfoB thrity and
The system 800 may al so include a storage device (or

case SR URERSIndIAE BOURY M exrhple the s%&%ﬁn 806 may hfc18deod BSBA (direct
devi ce 840 conpri ses any suitable non-vol atile nenory,

, . I ji. i . t] .
e R e S
device 840. Further, a device.850 for .accessjn .

menPEY {5t c4eDe BIETISRY histal CRagitiongY gy S kb Fr., Alsgy it
a CD ROM drjve) nay be coupled with bus 805. [0049]
shoufdhe prgdepiiead thaythe epmBYEr HalFmHSUbmaneetjaeudhall ot thespmponents
I /O (I nput/Qutput) devices 860 coupled with the bus
shovg0®. FIGofnon i nput devi ces incl ude keyboards, -pointing
devi ces such as a nouse, as well as other data entry
[005@kVi dasne embpéiasns ooy stee8N0dadudesal cotdgponetdaving a
di spl ays, printing devices, and audi o out put devi ces.

liquiitmethll therbf] a6FRE a@doR@ing RRhnyt S1RSH nddre obtHe disci®8l embodiments.
exanpl es of the types of I/0O devices that nay be

For %%#EJ]@E, ShPrbbeskig ggg@é&/@{)fu s?%é%h‘?ﬁ@(ﬂggy irlcHide Q]liqt-mf‘metal thermal

uter system er conprise a network

. enterface 870, coupled.w th bu e net wor
et HeSRGerg 5050 EE FRul bl BB rorlBe iy Yo 300 g,
e

sof t war e, copbi nati o H&I har dwar e and sof t war e t hat
netsiogk sk 870 DY AR EBRPE GO ol HEraRertace
(e.g., a network interface card). The network
accor¢ipg i e disglpsedrgbodiments.
[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,

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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establish a link wth the network (or networks) over
any suitable nedium- e.g., wreless, copper wre,
wo 2dwen203pt i c, or a conbi nation thereof - suppor¢T/mspobiies81s
exchange of information via any suitable protocol -
e.g., TCP/IP (Transm ssion Control Protocol/Internet
Protocol), HTTP (Hyper- égégﬁﬁansnission Protocol), as
mell as others.[0051] It d be understood that the
ut er systen1800 illustrated in FIG 8 is intended
pisetamed #7 exenpl ary enbodi ment of such a system
and further, that this system nmay include nmany
addi ti onal conponents, whi ch have been onitted for
clarity and ease of understanding. By way of exanple,
t he. syspener80int@yack B@i’nﬁﬂﬁng\a%dﬂétﬁﬁi@tﬂlﬁ@ﬁ@hﬁlunication with
access) controller, ip set associated with the

a surl{cg %? 8% (i ratey 'cﬁ@ul%ig tha gl RAA 1o FESRINel @e Bie sufface and
cache nenory), as well as ‘additional signal Iines and

stood that the conputer
transl?er%t%ﬁt fr@hgl% dl“ F Qz}l{ %rgpggreagrﬂ%{tof t he conponents shown
in FIG 8. [0052] In one enbodi nent, the computer
system 800 i ncludes a conmponent having a liquid netal
thermal interface according to any one or nore of the
di 3¢l osEbe bepbeliinerface of rimel yvhsrean thediquish meakisiip fluid
devi ce 810 of system 800 may include a liquid netal
comnpeicatidn with e shdiae. of iwatransier eldmaant.d be under st ood
t hat ot her conmponents of system 800 (e.g., network
interface 870, etc.) may include a device having a
liquid netal thermal interface according to the

di gcl os¢de gRhALI ARG ofl @ARSI, wiateih lea@ai ishsfietRinleat

description and acconpanyi ng draw ngs are only

cmn%%kgﬁg‘%tg¥ﬁdénd not restrictive. They have been
rovi de rimarily for a clear and conprehensive

under st andi ng of the disclosed enbodi nrents and no
unnecessary limtations are to be understood
therefrom Nunerous additions, deletians,

nofli i cAb¢ BisemnglgnieHaceofisddme m@“‘d%g@rf}e@%@arﬁaﬁr glegneng o

wel | as alternative arrangenents,
comprises a heat sink.

5. A device comprising:

an integrated circuit die having a surface;

a heat transfer element; and

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.
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may be devised by those skilled in the art w thout
departing fromthe spirit of the disclosed enbodi nents
wanmehs3scope of the appended cl ai ms. CLAI M5 Wel/US®05/025815

clainmed is: 1. Athermal interface conprising a liquid
metal in fluid conmmunication with a surface of an
integrated circuit die, the liquid netal to nove over
the die surface and transfer heat fromthe die to a
heat transfer el ement. 2. The thermal_interface of
cl @i m 1Thegvice; of clave 3, fejthes comprsing a flul ¢ifqyjtgthe fluid circuit to
conmuni catl on with a surface of the heat transfer

circugdte therdiquidBmetihdéhrougbrarthérmah irgeffacaegibn bétaieen the dhsurbica and
the heat transfer elenent conprises a heat spreader.

the héat thnefet Blergnd. | nterface of claim 1, wherein the heat
transfer elenent conprises a heat sink. 5. A device
conprising: an integrated circuit die having a
surface; a heat transfer elenment; and a thernal
interf 0
tersf ﬁﬁee éevr?r%n(ft%% ﬁ:é g&ﬁ%&% rﬂ{l (ggtelhplﬁg% rﬂlmd actuator to
m%li . tal in fluid conmunication with the d|e

move liquid netal to nove over the die surface
and transfer heat fromthe die to the heat transfer
el ement. 6. The device of claim5, further conprising a
fluid circuit, the fluid circuit to circulate the
| i §ui d ke ddvicaoimlam B wheeimttle liquiemeats in égidogpmmunication
between the die surface and the heat transfer el enent.

with 4.suffaee ¢fak¢ beat abindeadlémént. wherein the fluid circuit
i ncludes a fluid actuator to

9. The device of claim 5, wherein the heat transfer element comprises a heat
spreader.
10. The device of claim 5, wherein the heat transfer element comprises a multi-

finned heat exchanger.

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

active cooling system.

12. 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;

a fluid actuator coupled with the inlet;
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nove the liquid netal. 8. The device of claimb5,

wherein the liquid netal is in fluid communication
woneaob/ozo3sur f ace of the heat transfer el enent. BCT/U$®05/025815

device of claim5, wherein the heat transfer el enment

conprises a heat spreader. 10. The device of claimb5,

erein the .heat transfer el nt. conprjses a . .

a Ao Rpfy f et Bt i egp ana e i SgRpleEe beioi g fiid
wherein the heat transfer el enent conprises an active
coghamhgr.dipdd agtpaten anhHuigdrmoadeit H@V&?n”%)‘ilg CHepitand | yj d
canber having an inlet and an outlet, wherein a wall

a quattity bea fiuid dne¢d dndpesedi witlie fthenfbad loircait, she flad acwhtoar circulate
integrated circuit die and an opposing wall of the
f | thediqahipmbar thisughhied fidildicyrcgigupl ed with a heat
transfer elenent; a fluid actuator coupled with the

whetelH @L liguidl dest FRAAY kroSt @R AhANHbRQLNERR HeBerrO thliic 36 the
the fluid actuator, wherein the fluid chanber, fluid

ac uid conduit provide a fluid circuit;
an§&§B§ﬂ§%$$%9&gf a liquid netal disposed within the

fluid circuit, the fluid actuator to circulate the
liquid netal through the fluid circuit; wherein the
liquid netal flow ng through the chanber transfers
hed?- fr &he apparapseofidaimhi?, pdgrein thefiideir@liigasprises 3,
The apparatus of claim 12, wherein the fluid circuit

subseofiplly sekdzlcaddseapifividcirguiseal ed cl osed-1 oop fluid
circuit. 14. The apparatus of claim 12, wherein the
fluid actuator conprises an

14.  The apparatus of claim 12, wherein the fluid actuator comprises an

electromagnetic pump.

15.  The apparatus of claim 12, 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.
16.  The apparatus of claim 12, 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.

17.  The apparatus of claim 12, wherein the heat transfer element comprises a

heat spreader.
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el ectromagneti c punp. 15. The apparatus of claim12,
wherein the liquid nmetal conprises a substance

wo owbozhizsy one or nore netals sel ected from a BEDUSR005/025815
consisting of gallium indium nercury, tin, |ead,
copper zinc, and bismuth. 16. The apparat us of cI aim

e a surface e he nsf r el ene
coh%r i stl%e hpar aé‘bsp(ggaﬁ@o%aiwme@fn fe Felgmant Cf?énprlses a
liquid netal flow ng through the chanber isin fluid
mu“b@ﬁﬁ*ﬁﬁ]rheéb@icéﬁlgﬁfrth the surface of the heat transfer
el emrent. 17. The apparatus of claim 12, wherein the
heat transfer el ement conprises a heat spreader. 18.
The apparatus of claim 12, wherein the heat transfer
el ggrent Thomatf@sofalditl 12, whereiethe head tranxfehalegent coh$prises an
The apparatus of claim 12, wherein the heat transfer
actw@lcgma,géts yeRAPri ses an active cooling system20. A
conprising: coupling a fluid circuit with an
integrated circuit die, wherein a surface of the die
is in quid communi cation with the fluid circuit;
2(5 R Cﬁ ling.a heat transfer el ement with the
cfirReHed CORRISRS a thermal interface region is
for med between the die surface and the heat transfer
coupbing gréhid cig@tiforithen mtggredcisetudie ovharfing sprace 9f thejdie is in
circuit; and disposing a quantity of a liquid netal in
t h8uid congnwiication witht the flild divbuitct uat or to circul ate the
liquid netal within the fluid circuit and through the
therthley eaiplihg b Gedtacasfeegempnt with the Thed cieduig dhefeirch thiermal0,
wherein a surface of the heat transfer elenment is in

f1 Hircl 0 PERIO REbIMU Bk Eentthe dfel sakdcCaddaté heat transfer element;
coupling a fluid actuator with the fluid circuit; and
disposing a quantity of a liquid metal in the fluid circuit, the fluid actuator to circulate the

liquid metal within the fluid circuit and through the thermal interface region.

21. The method of claim 20, wherein a surface of the heat transfer element is in

fluid communication with the fluid circuit.

22.  The method of claim 20, wherein the fluid circuit comprises a substantially

sealed closed loop fluid circuit.

23.  The method of claim 20, wherein the heat transfer element comprises a heat

spreader.
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22. The nethod of claim 20, wherein the fluid circuit
conprises a substantially sealed closed |oop fluid
w@206020332 23. The net hod of cl ai m 20, wher ei n REEBUSRNOI/025815

transfer el enent conprises a heat spreader.24. The

met hod of claim 20, wherein the heat transfer el enent

conprises a heat sink. 25. The nethod of claim 20,

whét-ei nThheettiod of glaja 28y whesriprihe heat frangfesealefAe comprises a heat

i ncluding one or nore netals selected froma group
sinkconsi sting of gallium indium nercury, tin, |ead,

copper, zinc, and bisnmuth. 26. A nethod conpri sing:

noving a liquid netal through an interface region

between a surface of an integrated circuit die and a

heas trepshRmollos @Eﬁﬁ QOt \Qﬁ‘erlefnCtHé ﬁ l'f'fﬁtrﬂ"étal'cenf hk‘ésda substance
connunlcatlon with the die surf ace wher ei n the [1qu

i Figneld QD QB D 1 A8 FELORIRATRRR

transfer elenent 27.,.The thod of claim 26, wherein
Merqufyy to; Eﬂﬁi’ocoﬂﬁ‘ira?m? A0 DYy communi cation with a

surface of the heat transfer elenent. 28. The nethod
of claim 26, wherein the heat transfer el enent
conprises a heat spreader. 29. The nmethod of claim 26,
wheé.ei nAtihethbéatmpmamsf er el enment conprises a heat
sink. 30. A systemconprising: a nmenory; anda
moviHgaClefitd hgtal iroegh ahanRace Wgidn Hehwedied@uifice bih integrated

processi ng devi ce including
circuit die and a heat transfer element, the liquid metal in fluid communication
with the die surface;

wherein the liquid metal flowing through the interface region transfers heat from the

integrated circuit die to the heat transfer element.

27.  The method of claim 26, wherein the liquid metal is in fluid communication

with a surface of the heat transfer element.

28. The method of claim 26, wherein the heat transfer element comprises a heat

spreader.

29. The method of claim 26, wherein the heat transfer element comprises a heat
sink.

30. A system comprising:

a memory; and
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an integrated circuit die having a surface, a heat
transfer elenent, and a thermal interface disposed
wheiosez33l he die and the heat transfer el ementPC1/hig2005/025815
thermal interface including a liquid netal in fluid
conmuni cation with the die surface, the |iquid netal
to nmove over the die surface and transfer heat from
a procssing devics conpled it the BREIOBY. (Y Ripesseingslevicq meluding em
of claim30, wherein the liquid netal is in fluid
conmuni amintegnated cicwt Gehiviogashrfadee heat transfer
el ement. 32. The system of claim 30, wherein the heat
t r ansf es hedteriester lemprit, &5 a heat spreader. 33. The
system of claim 30, wherein the heat transfer el enent

conpri sgahedmhEterftd¥isposed between the die and the heat transfer element,
5 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.

31.  The system of claim 30, wherein the liquid metal is in fluid communication

10  with a surface of the heat transfer element.

32. The system of claim 30, wherein the heat transfer element comprises a heat
spreader.
33. The system of claim 30, wherein the heat transfer element comprises a heat

sink.
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