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PHASE:-CHANGE THERVAL MANAGEMENT 5 Field This invention relates to 4 SEP 2004
renovi ng heat froma system and nore particularly to renoving heat from'an
integrated circuit die. Background 10 An integrated circuit, such as a

pr ocessowgeigdsthizt , produces heat in a circuit die or su ailure to
efficiently renove the heat fromthe die results in fa??%@@?ﬂ{ghe circuit

One nmethod of renoving heat froma die includes thernmally coupling a
finned heat sink to the die and forcing air across the fins using a fan.
Unfortunately, forced air cooling is not 15 practical for cooling
integrated circuits in hand held comuni cation devices or in personal
digital assistants. In addition, forced air cooling has a nunber of
significant di sadvantages, even when used in cooling systens, such as
servers and engi neeri ng workstations, that have traditionally used forced
air cooling. 20 One di sadvantage associated with forced air cooling is that

it is expensi vgppm%mfﬂ%?égfé Wrg%iﬁgw%l nt egr at ed

circuits, such as conmputers, are 1n I'n reducl perating costs
of those systenms. A fan novdSHERMAK MIANAGEMENTAn bl ade with a nmotor. The
notor reqgpires energy to operate. Using a fan to provide forced air 25
cooling inh these systens increases the operating costs of the systens. As
the circuit density on a die increasgglgnore heat is produced on the die
and the die needs to be cool ed quickly tTo avoid circuit failure. To cool
the die quickly, th&hisinventign iglatestio rmoving Heat frem asystemsandeorbeat sink i s

30 general 1y 1 Raur g b/ 1Pmh P ol oW illobardoneBBR) 271 27 ger motor. The
| arger notor consunes nore power aBdckgrmimgdases the system operating
SUBSTI TU].I_E SHEET ( RHJIE ?n:%g%e& cﬁ't:u?tl,E I;uc Oa(s) i processor circuit, produces heat in

a circuit die or substrate. Failure to efficiently remove the heat from the

die results in failure of the circuit. One method of removing heat from a

die includes thermally coupling a finned heat sink to the die and forcing

air across the fins using a fan. Unfortunately, forced air cooling is not

15 practical for cooling integrated circuits in hand held communication
devices or in personal digital assistants. In addition, forced air cooling
has a number of significant disadvantages, even when used in cooling
systems, such as servers and engineering workstations, that have
traditionally used forced air cooling,

20 One disadvantage associated with forced air cooling is that it is
expensive. Customers who purchase systems composed of integrated
circuits, such as computers, are interesied in reducing the operating costs
of those systems. A fan moves air by driving a fan blade with a motor.
The motor requires energy to operate. Using a fan to provide forced air

25 cooling in these systems increases the operating costs of the systems,

As the circuit density on a die increases, more heat is produced on
the die and the die needs to be cooled quickly to avoid circuit failure. To
cool the die quickly, the rate at which air is forced across the heat sink is
increased. Increasing the rate at which air is forced across the heat sink

30 generally requires a fan having a larger blade and a larger motor. The

larger motor consumes more power and increases the system operating
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WO 01/ 69677 PCTI USO1/ 04565 costs. Anot her significant di sadvant age 1 P 20
associated with forced air cooling is that it is not effective for c‘oéﬁl?{’&
hot spots on a substrate. Heat is not generated unifornmly over the surface
of an integrated circuit 5 substrate. This uneven generation of heat
pr oduce ts in the substrate. In sonme systens, ts _may be
cool ed :ﬁpﬁ?fgfegﬁtly to prevent immedi ate catastrophic Pﬁffp%ﬁ@%qs t he
circuit using forced air cooling, but over tinme, failure to adequately
cool hot spots leads to premature failure of the circuits fabricated near
the hot spots. 10 For these and other reasons there is a need for the
present invention. Brief Description of the Drawings Figure 1Ais a
perspective view of exanple enbodi nents of the present invention show ng a
heat si nk thercgalsly coupled to an integrated 15 circuit. Figure 1Bis a
per spective vi of exanpl e enbodi nents of the present invention show ng a
heat sink thermal | yamusp @g,ﬁtc | ot G kage. Figure 2 is
a cross-sectional side v:sew of&ltgx&g‘rirﬁng&g%sggﬁatn@rﬁlyogcgagﬁ the heat sink of
t he present i ripehng isihat ifiispeteffective far pnoling bott sputs oniacsnbsifateex anpl e

enbodi nents of | avention show.n heat sipk. thermally coupl ed
to an int egrat%%a?%cl}oggﬁfe?ﬁédn ﬂvﬁfﬁwﬂlﬁfﬁ%@@n&‘@?ﬁ?ﬁ‘ﬁ&mbn devi ce.
Descripti®bn Xubstratd. HFhi edvempderation of he€ prbatedsitot &pots igthd he i nvention
reference is qr@de tq the acconpanyi ng drawi ngs which forma part hereof,

and in which ViR Som§ syemss hot sppis suayhej copled spiisiently teenbodi ment s i n

which the i nugpfdnd ‘éat%fn%ﬁ \ ' li ke nuneral s
descri be substar]tigﬁag&asilpm ar %%‘g%gﬁ%ﬁ{‘@? rot%#(%}@%éﬂrseveral Vi ews.
These 30 enbodiooling, bubewer timecfaitimedo adequatEllyi cobkindt spits feialis too enabl e t hose

skilled in 2 | T%ﬁm@ﬁ?&lc&g&fhwz)aednwmehofspot&
10 For these and other reasons there is a need for the present
invention.

Brief Description of the Drawin,
Figure 1A is a perspective view of example embodiments of the
present invention showing a heat sink thermally coupled to an integrated
15 circuit,

Figure 1B is a perspective view of example embodiments of the
present invention showing a heat sink thermally coupled to an integrated
circuit package.

Figure 2 is a cross-sectional side view of example embodiments

20 of the heat sink of the present invention.

Figure 3 is a perspective view of example embodiments of the
present invention showing a heat sink thermally coupled to an integrated
circuit included in a wireless communication device.

Description
25 In the following detailed description of the invention reference is
made to the accompanying drawings which form a part hereof, and in
which is shown, by way of illustration, specific embodiments in which
the invention may be practiced. In the drawings, like numerals describe
substantially similar components throughout the several views. These
30 embodiments are described in sufficient detail to enable those skilled in

Z
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14 S EP 2004 WO 01169677 PCT/ USO01/ 03565 the art to practice the

I nventri on. O her enbodi nents may be utilized and structural, Iogichﬁﬁfﬁﬁﬂﬂ
el-ectrical changes may be made w thout departing fromthe scope of the
present invention. A heat sink and a nethod of fabricating and using the
heat sink 5 As described herein. The heat sink is thermally coupled to an
i nt egr at 8¢ *W%2uit die and dissi pates heat produced i nPEFESQI¥Er at ed
circuit die. The heat sink includes a cavity containing a phase change
material and a nunber of particles for enhancing convection in the heat
sink during the cooling of an integrated circuit die. The heat sink is
highly reliable and 10 exhi bits enhanced cooling characteristics when
conpared with a traditional finned heat sink. Efficient manufacturing of
the heat sink js achieved by a symmetrical arrangenent of the heat sink

structures. Fi fag tq prachcethp vepfion. iQthergmbpdinenismay beutdinsdandrent s of t he
i

present invent GRpngMOweltdl BERElect lﬂaﬁs jntegrated 15
circuit die 103. Heaf Sin 1000@3%3@%&%&5@ 0 ogfgﬂg'%ﬁ%ﬂ&ﬁnné connecti on

with a parti cufram thg goepedf tha pragenttimantiom.cuit fabricated on die 103. Digital
circuits, such as prqcessors,. digital.signal prpcessors, and commrunication
circuits are all suﬁ&fﬁﬁ%&f%ﬂdﬂfg&?‘%mwﬁﬂﬂw&ﬁgﬁt“&ﬂnk 100.
Simlarlys anahegiesdribed hérgin. The hedtSinkTPthefrhAlyooupRYRS gHt&)erS’ radio 20
frequency anplifiers, phase-locked |oops, and frequency filters are also

suitabl e for uSEcUtflie apthdissipates heptmiodused msthe intagyated Tinesitrdie.| Theconduct i ve
gel  paste, tane Sk Sl s RAOARAE 4 b B Pl B O
100 is affi xedpmubtrroé'pmilclcy farenbarcing\envestion inlBe hedt itk datihy the> conductive
i o103, 1 opEFIEeR,n ecirarel festivsle feheat et by ipdagedd n
Lgtgg;g?ﬁgegirggggé .are ef?gg?ive in disggag%?ﬁﬁﬁﬁigﬁh?:gisga gﬂrgnﬁgfga
circuit direct pditional Signed heat gink. nBficiest Ml.n'intgmfethehwsihbiqoresentg
I nvention i's Ngthitvell Gdymmetrical arrangement of the heat sink structures.
Figure 1A is a perspective view of example embodiments of the
present invention showing heat sink 100 thermally coupied to integrated
15 circuit die 103. Heat sink 100 is not Limited to operation in connection
with a particular type of integrated circuit fabricated on die 103. Digital
circuits, such as processors, digital signal processors, and communication
circuits are all suitable for use in connection with heat sink 100.
Similarly, analog circuits, such as amplifiers, power amplifiers, radio-
20 ﬁzqmnmywmpﬁmr&phmwdoduﬂhxmaandﬁwquwyﬁhmsmmqho
suitable for use in connection with heat sink 100. Thermally conductive
layer 105 is formed on die 103 and fabricated from a thermally
conductive gel, paste, tape or other thermally conductive material. When
heat sink 100 is affixed to thermally conductive layer 105, thermally
25 conductive layer 105 provides a thermal path to heat sink 100 from
integrated circuit die 103. In operation, heat sink 100 dissipates heat
produced in integrated circuit die 103.
Example embodiments of the present invention, as described
above, are effective in dissipating heat from an integrated circuit directly
30 coupled to heat sink 100. However, the present invention is not limited

3
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SUBSTI TUTE SHEET (RULE 26) 1 4 SEP 2004 WO 01/69677 PCT/ US01104565 4q sypohy,
enbodi‘nents. The present invention is also effective in dissipating heat
from a packaged die. Figure 1B is a perspective view of exanple
enbodi nents of the present invention show ng heat sink 100 thermally
coupl ed W@ 6146865gr at ed circuit package 107. Heat sink 108ctmsé/oasgsp! ed to
package 107 by the same process used to couple heat sink 100 directly to
integrated circuit die 103 shown in Figure A Thermally conductive |ayer
105 is formed on package 107 and heat sink 100 is affixed to thermally
conductive |layer 105. The heat flow from packaged integrated circuit die
103 is coupled to package 107 by the anbient air 10 surrounding die 103 in
package 107 or is directly coupled to package 107 by a heat spreader. Heat
si nk 100 i ncl udegcRembédiREntef L.aLs that participate in
t he dissipation of the hegFQpF%ﬁ%gﬁﬁygganﬁﬁsgggggg%hg%F%uit di e 103. These

structures anclifsipatinghecat fromea genkagédaticl Figureni® i3 agetspedtivbeledior 15 Figure 2
iS a Cross-sect, ' ' f _exanpl e enbqdi nents .of heat sink 100.
Heat sink 100 co%ﬁ@%@g%epﬁ@g?ﬂvﬁﬁh% WiRg-healsink 105 203 and cavity
205 i ncl udi ng thermdlly coupled eintegRATeduit Pikage 107) AL AR 66 2] 211

encapsul a,%ed I n c%\ﬁitg 05, . and a nunber of  particles 213 interm xed with
phase chahge rEBreEd $gc Y by dhg sameproeess usad;te soupde hicabsinka10Mer mal | y

conducti ve nmatgfd ; t C er .or alum num or an
et RSN, 1 oy Bl P

al l oy of copper or” alumnum t ernal 201 is a
subst anti al | y gonductivedayen@s isforneedion packagt 107 amd heat sifkipdg8g to a surface of

i ntegrated cirgul | 3 as, sho i igure 1A or package 107 shown in

Fi gure 1B. The%%ﬁogb&?éﬁyg%@“@v%ﬁgggoﬁﬁ% flgw from paskegednachi ni ng or

ot her materi alintegmalﬁg;unrdmmsisc&gﬂﬁ&ggb@gﬂ@p@y&g%ﬁgﬁt&f_footpri nt that
0

Is preferably sig}r;i,ficantly | arger than thé surfface area I nt egrat ed

circuit e 10%T9pnding die\0a n package 107 a5 Andirsctly ceuplédtopackaga1@? body 201
r ef er abl r Opi fy@h - erring.heat from body 201 to the
p Y Pr b £t Sorkfefl ik S'100 plci A3 b o b B o g DO

30 surroundi ng "anbi ent envi ronment. er of fins
materials that participate in the dissipation of the heat produced by
integrated circuit die 103. These structures and materials are described in
more detail below. '

-

15 Figure 2 is a cross-sectional side view of exampie embodiments
of heat sink 100. Heat sink 100 comprises body 201 including 2 number
of fing 203 and cavity 205 including cavity surfaces 207-209, phase
change material 211 encapsulated in cavity 205, and a number of
particles 213 intermixed with phase change material 211,

20 Body 201 is fabricated from a thermally conductive material,
preferably a metal, such as copper or aluminum or an alloy of copper or
aluminum. External surface 215 of body 201 is a substantially flat
surface suitable for thermally coupling to a surface of integrated circuit
die 103 as shown in Figure 1A or package 107 shown in Figure 1B. The

25 flat surface is formed on heat sink 100 by machining or other material
shaping process. External surface 215 has a footprint that is preferably
significantly larger than the surface area of integrated circuit die 103 or
package 107. The remaining surface area of body 201 preferably
provides a large area for transferring heat from body 201 to the

30 swrrounding ambient environment. n one embodiment, a number of fins

4
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4 SUBSTI TUTE SHEET (RULE 26) WD 01/69677 PCTI US01/ 04565 203 are forg?%lf??ﬂﬂﬂ
the remai ning surface area of body 201 by machining or other nmateri
shapi ng process. Alternatively, the nunber of fins 203 are fabricated as a
separate unit and attached to the outer surface of heat sink 100 by

brazi ng, wesh@ss7y ng or wel ding. After machining or 5 att W Lins 203
provide a |arge surface area for transferring heat to ﬁﬁgﬁgﬁﬁﬁﬁénding

anbi ent environnment. The dissipation of heat in phase change nmaterial 211
allows the fins 203 of the present invention to have a height that is
about 10'/o0 to 20% | ess than the height of fins fabricated on a conparable
heat sink intended for use in a forced air cooling system 10 This creates
a lower profile package which is useful in cooling circuits in a variety
of devices, s#&harasomedionderiemniningmfagaarensttiody 20l bpmackisigp St ant s.

Alternatively,.d i of fins,203 is not reduced, then cooling
usi ng heat si%ﬁ(&ﬁ%}ﬁg{%rs%gi’grp%ﬁ é@gp‘i‘“ﬁ'ﬁlyp @H-E’gﬁf‘?f)ﬁ-“ﬁm%tandard si ze
package. 15 Caeifthﬁcﬂﬁ&aéﬁsépﬁﬁtﬂﬂﬁﬂaﬂd&ttb&ﬂ&t@ﬁloﬁ%?ﬁfage change
material 211.. sz 205 has,a volune that is surficient to allow

convection c?ﬂllf WM&OIWGIQMSWMDEH al 211 during the
ool NG i nt enr o SOUORA AP BOHIL § Bt o SR P Bt o T bocy 201
to 20 enhancetheurpradingt ambiest envifonmenh Hetwalissipatigeof fbtdhipBhse211 to the

the number ofPEhashel 13 5B s fmeris it e Pt ienariobewsa 201, Tho
of fins 208 2“%‘?%3;‘%2‘“???%? ik SO R R el B ompr ont 1 g

the struct ur af _ gpkﬁgg{degfqmsqm oraed ereoelirigaystemnt , body 201 i s
L2088, |10 e A A B S
Coupl i ng t he p¥ety,ef devices, such as mobile phones and personal digital
asgistants. Alternatively, if the height of fins 203 is not reduced, then
cooling using heat sink 100 is greater than cooling produced by a
standard size package.
15 Cavity 205 is included in body 201 to hold phase change material
211. Cavity 205 has a volume that is sufficient to allow convection
currents 217 to arise in phase change material 211 during the operation of
integrated circuit 103. Convection currents 217 assist in cooling
integrated circuit die 103. Cavity 205 is positioned in body 201 to
20 enhance the heat transfer from phase change material 211 to the number
of fins 203. Thus, cavity 205 is generally centered with respect to the
number of fins 203 located on the side surfaces of body 201. The
thickness of the wall between cavity surfaces 207 and 209 and the
numbser of fins 203 is preferably made as thin as possible without
25 compromising the structural integrity of heat sink 100.

In one embodiment, body 201 is fabricated from a pair of
symmetrical structures. Bach structure includes a cavity having a volume
equal to one-half of the volume of cavity 205, Coupling the pair of
symmeirica] structures together forms heat sink 100 including cavity 205

30 formed in the interior of heat sink 100, Coupling is accomplished by

5
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symetrical structures together forms heat sink 100 including cavit 9@;%@
formed in the interior of heat sink 100. Coupling is acconplished by 4
E-P 2004 SUBSTI TUTE SHEET (RULE 26) 1 4 S E P 2004 WD 01169677

PCT/ USOL/ 04565 brazi ng, wel ding, soldering, or any other suitable netal
fusing process. In an alternate enbodi ment, a bottom section of body 201
is fornmed ﬁ&@*ﬂb cavity 205 including caV|ty surfaces 2DGT/HI/O0IHS. A top
section of body 201 is formed having surface 207. Finally, the top 5
section of body 201 is coupled along the dashed lines 219 and 221 to the
bottom section of body 201 to form heat sink 100 including body 201 having
cavity 205. Coupling is acconplished by brazing, welding, soldering, or
any ot her suitable netal fusing process. Cavity surfaces 207-209 are shaped

to enhance the formati 10 conve r 217 in phase change
material 211 %‘158?;@?%‘%% 8hamt° %tsl%ﬁ‘;b; @ﬂﬁiﬁs pfocfﬁg Cavity
surface 208 sl opes IHI@ﬂ@It&nat&@iﬁﬁé(ﬂm@ﬁthW&ﬂ%éc’ﬁ%ﬁo?Q@d 201”.05' ow area 223
| ocated near the center of surface 208. Low area 22 egreferably

posi tioned in ﬁgaagdm!xmm 0vdincluding favibimarfaes 208 a@@@%ﬁ toto i ntegrated
circuit die 105%,:tl f%%g &%d]bﬁ"ﬁg %q g tthé( gbove t he hot spot
OSi

of integrated Ci rcwt 1 oni ng ’Iow rea 223 enhances
the fl ow »f cmwmnmﬁh@dynorrsrcbaplﬁdilonghcpﬂaﬁmﬂlmb@mwemdmemﬁie 211. For nost

integrated circujts, Lhe is.|locate r Qxi e in the center
of the die. @“ﬂ?ﬁh ‘EFf %2 ]eﬁ’fﬁgwmolﬁ?‘ﬁ%g‘? 2éﬁpart i cul ar
shape. In sorrehﬁmgqﬁ {s%&ﬂpl?sﬁ&ibfbﬁmﬂgma a smal | flat

rectangul ar area and surface 08 has the shape of "a mdor aflat top
pyramid. In al soddeningeorany othenavitabic metal fusing proosss. i s an appr oxi mat el y

or o cone. in stif1 R P00 Be ShiRe 3 uip® SRR 805 s o edge.
runni ng ihe | eds;givhctmh conents 91778 phasehaige\thiterisl 211 dagn@fhé al so contributes
Lo enhancing e Ll ool e SOTYSSh 30, Sl B bla llp s 205 1Y
toward cavity surface 209 from low area 223 located near the center of
surface 208. Low area 223 is preferably positioned in body 201 such that
when body 201 is coupled to integrated circuit die 103, low area 223 is
15 positioned directly above the hot spot of integrated circuit die 103. Such
positioning of low area 223 enhances the flow of convection currents 217
in phase change material 211. For most integrated circuits, the hot spot
is located approximately in the center of the die. The shape of low area
223 is not limited to a particular shape. In some embodiments, low area
20 223 is a point or a small flat rectangular avea and surface 208 has the
shape of a pyramid or a flat top pyramid. In alternate embodiments, low
area 223 is an approximately circular area or a point and surface 208 has
the shape of a flat top cone or a cone. In still another alternate
embodiment, low area 223 is a wedge running the length of cavity 201.
25 Cavity surface 207 also contributes to enhancing the flow of
convection currents 217 in cavity 205. Cavity surface 207 slopes upward
toward cavity surface 209 from second low area 225 located near the
center of surface 207. Second low area 225 is preferably positioned in
body 205 such that when body 205 is coupled to integrated circuit die
30 103, second low area 225 is positioned directly above the hot spot of

6
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toward cavity surface 209 from second | ow area 225 | ocated near the %ggéﬁr
of surface 207. Second |ow area 225 is preferably positioned in h§ ‘
such that when body 205 is coupled to integrated circuit die 30 103, second
| ow area 225 is positioned directly above the hot spot of 6 SUBSTI TUTE
SHEET ( R\do1498d771 4 SEP 1004 WO 01169677 PCT/ US01/ 04565 _integrated circuit
die 103. Such positioning of second |ow area 225 enhanEELUSHPHESow of
convection currents 217 in phase change nmaterial 211 as described bel ow
The shape of second low area 225 is not limted to a particular 5 shape. In
sonme enbodi nents, second |ow area 225 is a point or a small flat
rectangul ar area and surface 207 has the shape of a pyramd or a flat top
pyram d. In alternate enbodi nents, second | ow area 225 is an approximately

circular area LDl s ur, e 207.has, the shape of a flat top cone
or a cone. In fs&tiefg“ anot htg;kdla tglllﬁg?%mé?%’&ﬁﬁfmﬁ%@@fﬁﬁzﬁow 10 area 225 is
a wedge runni nenhahees thet fiew btvaivectioh caMité Y1728 phasechithdomapfiace 209 forns

an outer wall r cavity.205. As convection currents 217 are induced by
heati ng at suriglc@% %EGIPWOW up fromlow area 223, the convection

currents 217 are Spﬂés}!ﬁﬁemm{%*%?@?ﬁ%t%tﬁ?%ﬁﬁ%ﬁﬁﬁgmt oward cavity

surface 209. Cavity surface 209 S convecti ts 217 down and
al ong surf ace si@pe.tsame embadinentsase28a lowrarea 2256 pdinieni smapvi ty surface

209 conpri ses Uk f stant| | gt supfaces, In an alternate
enbodi nent , ca@?tty Sf‘%ﬁ:}aggrgaigggn@&ﬁ%&}%i% ok apyramid o aflatved surf ace.
Phase change n@wpeyranlid 2Inlalienatd @nisodimhéht®) Raa8d W ¥reR 255 iyl ¥ fills 20
cavity 205. The unfil| dc.gogtion of cavity 205 provides roomfor expansion

of phase chang®PRYtEALe 8GR PheyPeiRtand surfacei 20/ has theishapegrfat ed circui t
103. Heat si nkfid ' ' teri 211, exhi bits superior
@b cdn ol ¥ dbik) mgﬁﬁ%&ﬂ&wr@o% SE?"HEI

heat dissipation properties when conpar hat does not
i ncl ude Phase #Ba saedge ninning mlorgiths length afl gevity285nat eri al 211 absor bs

heat and provides ORISR 768 et biker i for cavity 205, As
convection currents 217 are induced by heating at surface 215 and flow
up from low area 223, the convection currents 217 are split at second
lower area 225 and routed toward cavity surface 209. Cavity surface 209
15 | directs convection currents 217 down and along surface 208 toward low
area 223. In one embodiment, cavity surface 209 comprises a number of
substantially flat surfaces. In an alternate embodiment, cavity surface
209 comprises a substantially curved surface.
Phase change material 211 in the solid phase only partially fills
20 cavity 205. The unfilled portion of cavity 205 provides room for
expansion of phase change material 211 during the operation of
integrated circuit 103. Heat sink 100, including phase change material
211, exhibits superior heat dissipation properties when compared with a
heat sink that does not include phase change material 211. Phase change
25 material 211 absorbs heat and provides conductive cooling during the
power up cycle of integrated circuit 100. Phase change material 211 is
especially effective in cooling local hot spots and thermal ‘transients that
occur on die 103 during the power up cycle. In addition, phase change
material 211, by circulating in a liquid state, provides convective cooling
30 during the steady state operation of Integrated circuit 103. In one

7
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power up cycle of integrated circuit 100. Phase change naterial 211 is
especiral |y effective in cooling |ocal hot spots and thermal - transi éné SEP At
occur on die 103 during the power up cycle. In addition, phase change
material 211, by circulating in a liquid state, provides convective cooling
30 duri nWOtne9e8T eady state operation of integrated circecrus®disdsn one 7
SUBSTI TUTE SHEET (RULE 26) 1 4 SEP 2004 WD 01/69677 PCT/ US01/ 04565

enbodi ment, phase change material 211 conprises TH58. A phase change

mat eri al designated as TH58 has a nelting tenperature of about 58 degrees
centigrade, an average density of about 1500 kg/nB, and a |atent heat of
bet ween about 175 kJ/ kg and about 225 kJ/kg. Phase 5 change material s
suitable for use in connection with the present invention include hydrated
salts, eutectiGmbaﬁnsmaphmpahumﬁmuwmhmﬂhbmmnhﬁseTHﬁ&ngmhmmaterials may al so

be suitable for nect t he_present invent A nunber of
particles 213 gl}aél Fm%?}#ﬁmﬁﬁs?ﬁﬁg mc&"{’%l The nunber
of particles 2 @Jg%r]ﬁ él H! N N phase change
material 211 w?j hig tre P ’on rr%% B’rts°ﬁ@%°§§§}4 %c?%g on novi ng
parts, heat si mmwiﬁbmmnvm@mdmmsmmgheh&uu d mixing inside

cavity 205 increases the ability of heat sjnk 100 to dissipate heat
t hrough cbnvecf r“??&m%“tﬁtl’;& é‘s?rﬁ’c"é’PP%ﬂmEE”é‘tg ¢ PIESRURIVERRAN: | ¢ i n t he

number of par t ifhafe Y drkted aite edlbic RS afd pLRmak m&bﬁﬁﬂuaﬁ'ﬂ@k to the

density of phase change mat erial 211. Eac particle in the nunber of
particles 213 mas@qhmeﬂemwﬂn@hle@rusappmmm;h&pmm shape. In one
enbodi nent, th r of particles 213 are solid SiQ2 spheres. In an

al ternat e enbodi nent, the 20 nunber of particles 213 are hollow Si Q2
spheres. In still ammmmoﬁpmacmmam&mmmtﬁ thapge of particles

gﬁgngree éare';: ;%?ifi%%qganu ty_ of Eart icles interm xe?h\ém th phase
parti ¢l 'eéez‘ig"i“?,"&ﬂﬁ“‘ﬁﬁf‘ﬂ%i’ % th'“ﬁ*hﬁ“‘“*%ﬁ“ﬁn@“”b“ o

parts. By not relying on moving parts, heat sink 100 is highly reliable.

Enhancing the fluid mixing inside cavity 205 increases the ability of heat

sink 100 to dissipate heat through convection in phase change material

15 211. Each particle in the number of particles 213 preferably has a

density about equal to the density of phase change material 211. Each

particle in the number of particles 213 also preferably has an

approximately spherical shape. In one embodiment, the number of

particles 213 are solid SiO9 spheres. In an alternate embodiment, the
20 number of particles 213 are hollow SiO9 spheres. In still another

altemate embodiment, the number of particles 213 are particles of sand.
The quantity of particles intermixed with phase change material 211 is
selected to be large enough to enhance the convective cooling in phase
change material 211, but the number of particles 213 should not be so
25 large as to significantly decrease the conductive cooling provided during

a phase change of phase change material 211.

The number of particles 213 also provide a secondary thermal
dissipation effect. As the number of particles assist in mixing phase
change material 211, they move through areas of cavity 205 having

30 different temperatures. As the number of particles 213 move through
8
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25 large as to significantly decrease the conductive cooling provided
during a phase change of phase change material 211. The nunber ofl 4 SEP 2004
particles 213 also provide a secondary thermal dissipation effect. As the
nunber of particles assist in mxing phase change material 211, they nove

t hr ough cavity 205 having 30 different tenper t he nunber
i iyl

of parti nove through 8 SUBSTI TUTE SHEET ( RUL EP 2004 WO
01169677 PCT/ US01104565 areas having a | ower tenperature, phase change
material 211 congeals on the nunber of particles 213. The congeal i ng of
phase change material 211 on the nunber of particles 213 increases the

wei ght of the particles and causes themto fall to warnmer surface 208.
After falling to warmer 5 surface 208, the nunber of particles 213 are

recirculated wihin: [ fL,CLent nuf a i n f heat sink 100
I s achi eved bwng%§¥%°%%%¢%°%g&m%%? %@#‘s?ﬁk 100.
Symmetry is nire mimbenofipdrticles 2 B30 Fhegohgralingofyhasedhahgegateftd and cavity 205
10 symretri cal I?{ about %diili di,rlg%ili ne that separates heat sink 100 into
two subst ant iZ3H (of themmbeg of partelos 4l 3 mergases the svepght obthe parickegient i cal , a
machi ning pr NG ei’%iﬂ‘ﬂ@é f A4 Ardmeavity 205 is
devel oped fo?ﬁgrééhsﬁﬂhﬁgqgnl y j}%ﬁha f. A%(%sér&?é\?\o a t\‘/)es a?g fabri cat ed,
the hal vés arsurfacsi 208ths pumberof pertigles B3 afiemegirculatedavithimycayity ot her sui t abl e
metal fusing %sprocess to formbody 201. Injection hole 227 is drilled in
body 201 and a “im xture of phase change material 211 and a nunber of

particles 215 is iBfficiehtatanufdcturing\of hyat 23k 100 Beachiey&hy on hol e i s seal ed,
and the fabrication, of heat sink 100 is conplete. The volune of the

i nj ected mi xt JREDIAIMNE §yRRcEyy the degign of et sink 180, BgBmEREI the operati ng
tenperature ofm&%ﬁbp%@@engﬁg&&%sgm?{%ﬁég Il cavity 205. Sone

volume in cavity 20515 reserved for expansion o ase change materi al
211 durilfg t heSympestrigally abousfa dirgding dine that @parates heat sink 108 indo peer specti ve vi ew

of exanpl e emgaiMENNS i@htibd Balves. Since the halves are identical, a machining

process for cutting the number of fins 203 and cavity 205 is developed
for producing only one half. After two halves are fabricated, the halves
are joined by a brazing, welding, soldering or other suitable metal fusing

15 process to form body 201. Injection hole 227 is drilled in body 201 and a
mixture of phase change material 211 and a pumber of particles 215 is
injected into cavity 205. The injection hole is sealed, and the fabrication
of heat sink 100 is complete. The volume of the injected mixture, if
injected at a temperature less than the operating temperature of heat sink

20 100, does not completely £l cavity 205. Some volume in cavity 205 is
reserved for expansion of phase change material 211 during the operation
of heat sink 100.

Figure 3 is a perspective view of example embodiments of the

present invention showing heat sink 100 thermally coupled to integrated

25 circuit 301 included in wireless communication device 303. In one
embodiment, wireless communication device 303 is a cell phone, Inan
alternate embodiment, wireless communication device 303 is a personal
digital assistant. Heat sink 100 is capable of cooling integrated circuit
301 in wireless communication device 303 without forced air. Integrated

30 circuit 301, in one embodiment, is a processor. In an alternate

9
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present invention show ng heat sink 100 thermally coupled to integrated 25
circuirt 301 included in wireless comunication device 303. In one 14 SEP204
enbodi ment, wi rel ess conmunication device 303 is a cell phone, In an

al ternate enbodi nent, wi reless comunication device 303 is a personal

di gi tal wedssant. Heat sink 100 is capable of cooling potesgiassd circuit
301 in wireless comunication device 303 without forced air. Integrated 30
circuit 301, in one enbodinment, is a processor. In an alternate 9

SUBSTI TUTE SHEET (RULE 26) 14 SEP 2904 WO 01/ 6% 7 PCTf US01104565 enbodi nment
integrated circuit 301 is a digital signal processor. Portable devices,
such as wireless communi cati on device 303 produce a significant anmount of
thermal energy and heat sink 100 is al so capabl e of dissipating t he heat

wi t hout increaindihd i %r &Qﬁ 'sﬂ%ia!%\d Q%Ig ts wireless

conmuni cat i onangéevi ce%b‘g 0 g@%mﬁfb?é%‘vfpb@ ac age sink 100 is
not limted taieu'mes isnch:asmmmsomnmnibamwdzmsosqimdmces Si nce heat sink

100 is nore eff n at,i t he en y than andard heat
sink heat si nk“ T}gefﬁi"%‘tl@%%@‘# ?Bkéi&i% Pi}er mal energy
in integrated Mﬁﬁh&%&&&%&u@ﬁi&ﬂhﬁ%&eh@%ﬁt Sﬁﬁchédf‘éffﬂk,a@hﬂcﬂpt op

conputers, savers, and engineerin stations, that generate a |large
amount of5 t herliFElFlltéiiii"e1i€=@9s mmmmmgndWMBaomYmbwmﬁtmbru cating and

usi ng the heat has been described. The hat sink is thermally coupl ed
to an int egrate 5 circuit die. The heat sink includes a cavity
containing a phase Hea sipk 1mtmdhmmwmemm5cﬁﬁnvnwﬁheleﬁs for enhanci ng
convection in hegt E?](‘jlié(}n the cool i n of the i nt egrat ed circuit
die. The heat O s fisERdled cool i ng

characteristi C&WQM@M% '00'%&313&1311@ 6% | Ncl ude a
cavity containing a phase 20 change material and a nunber of particles.
Al t hough1&peci dipsipating danmmal anergy in entegseted ¢irquits usesiin domputingiescnbed herei n,
't w1 be appi&eded!dath BV 1ahidP EompPlted! dvad' Xnégﬁggﬂeéﬂg YvB8stations,
that generate a large amount of thermal energy.
A heat sink and a method for fabricating and using the heat sink
has been described. The heat sink is thermally coupled to an integrated
15 circuit die. The heat sink includes a cavity containing a phase change
material and a number of particles for enhancing convection in the heat
sink during the cooling of the integrated circuit die. The heat sink is
highly reliable and exhibits enhanced cooling characteristics when
compared to a heat sink that does not include a cavity containing a phase
20 change material and a number of particles.
Although specific embodiments have been illustrated and
described herein, it will be appreciated by those of ordinary skill in the
art that any arrangement which is calculated to achieve the same purpose
may be substituted for the specific embodiment shown. This application
25 is intended to cover any adaptations or variations of the present
invention. Therefore, it is intended that this invention be limited only by
the claims and the equivalents thereof.
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art that any arrangenment winch is calculated to achieve the sanme purpose
may be substituted for the specific enbodi ment shown. Tins applicali{o§fphp
i*'s intended to cover any adaptations or variations of the present
invention. Therefore, it is intended that this invention be limted only by
the clains_and the equival ents thereof 10 SUBSTI TUTE SHEET (RULE 26) 1 4
SEP 2004 Wibatis daimediified is: 1. An apparatus conprising: a phase change
material; a plurality of particles interm xed with the phase change
material; and a conductive structure encapsul ating the phase change

mat eri al dnd t #m gpparaalsidoynpridingparti cl es, the conductive structure

i ncluding a cavipily having a first sloping surface, wherein the first

sl opi ng surfacé P%ﬁfi’é“%l"p%é‘teﬂalﬁrom a first |ow area positioned above a hot
spot of an int i Ide i G EPRRE igmyl, wherein the
conductive st rE%ﬁ%@fﬁpﬁg;&é%@?ggﬁﬂghsecon?ﬂééhgggi{aﬁgiagua?ﬁ?ace, wherein

t he second sl opicogdstive atractetecqmeapsulaniag dhe flrasachange ovtatial and theqdunabtyi t i oned
above the hot spot of an integrated. cjrcuit di.e.. 3. The apparatus_.of claim
5 her o1 Al PRUCEaC R FoBRuIIE GUUH T et ST haing t et SRR TG
currents 'vﬂﬁt]éﬁ‘i'ﬁﬂ first §lﬂ;§in@ bdsRe SRPRISpWRE FFdrdh fird-low RAfeadfiRRIAEY Bbde o€ i M
1, wherein the cavity has a cavity surface including a ‘plurality of

st ruct ur ehot gpot dhan inpapaated ciscugifdiel ai m 1, wherein at | east one of the
plurality of particles conprises Si02. 6. The apparatus of claiml,
wherein the phase change material congeals on the plurality of particles

i n cool er oregi qig aBharhtl§ oPHIBRE | CHRGER tHEEGIdudlive structliefiMPRAEGHpEsef Claim
1, wherein the die Includes a processor. 8. The apparatus of claim]l

wher ei n the comdgeondsslopinguarface wherpini thessecarph sloping surfape skopphpwarl of

claim 1, o & Iseréo}lcrll fo Qraeg %os(;:i Toned: abg% the' h%lt 5190?%?5}1 isn?ésgre-ﬁtﬁ’gi'rcu]ig' die.

3. The apparatus of claim 2, wherein the second sloping surface is shaped to split

convection currents included in the phase change material.

4, The apparatus of claim 1, wherein the cavity has a cavity surface including a
plurality of structures.
5. The apparatus of claim 1, wherein at least one of the plurality of particles

comprises Si02.

6. The apparatus of claiom 1, wherein the phase change material congeals on the

plurality of particles in cooler regions of the phase change material.

7. The apparatus of claim 1, wherein the die includes a processor.
8. The apparatus of claim 1 wherein the conductive structure comprises copper.
9. The apparatus of claim 1, wherein the phase change material comprises TH38.
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