WO 01/ 69677 PCT/ US01/ 04565 APPARATUS AND METHOD FOR PASSI VE PHASE CHANGE
THERMAL MANAGEMENT 5 Field This invention relates to renoving heat froma
system awmoonewees particularly to renoving heat from an i ptEYs@t@sssCi rcui t
di e. Background 10 An integrated circuit, such as a processor circuit,
produces heat in a circuit die or substrate. Failure to efficiently renove
the heat fromthe die results in failure of the circuit. One nethod of
renoving heat froma 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
hel d comruni cation devices or in personal digital assistants. In addition,
forced air cooling has a nunber of significant disadvantages, even when
used in cooling systens, such as servers and engi neering workstations,

that have tradi yspneRlyrus RN Mo ForophissgvE31R9e clirandyent age
orce

associated with air cooling is that 1t 1s expensive. Custoners who
purchase systens conposed of THERN AL MIANAGEMENT such as conputers, are
interesteg in reducing the operating costs of those systens. A fan noves
air by drfving a fan blade with a notor. The notor requires energy to
operate. Using a fan to provide forcegj@gr 25 cooling in these systens

i ncreases the operating costs of the systens. As the circuit density on a
di e i ncreases, nore Thesinvédioproldies éaireprovingleead fremamsystens adil momeeds to be

cooled quickly to.avaid circuit,.failure.. To .cool the die quickly, the rate
at which air i gaﬁlg}lféxglaq%g%%vgng Pieea%ﬁré)g{ ar%ﬁng%r?tggcy%u&ﬁ'cgg‘sed. I ncreasing the
rate at which air is forced across Bh&ghqaid si nk 30 generally requires a
fan having a larger blade and a |larger notor. The |arger notor consunes

nore powdf and i ncr fasiategraied yuiitesHch e RPrPGEESOr SUBST PTUEeSMEE ( RULE 26)

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 interested 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 PCT/ USO01/ 04565 costs. Another significant disadvantage
associated with forced air cooling is that it is not effective for cooling
hot spot svonrevssubstrate. Heat is not generated uniform ycowsel/idbes surface
of an integrated circuit 5 substrate. This uneven generation of heat
produces hot spots in the substrate. In sone systens, hot spots maybe
cooled sufficiently to prevent imedi ate catastrophic failure of the
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 inventjgn. Brief Description of the Drawings Figure IAis a
perspective view of exanple enbodi nents of the present invention show ng a
heat sink thernmally Amtipr egnifeaaindisadvegpgd ®&docidtbd evithcforded alri gure 1B is a
perspective view of exanple e gﬁhﬁ; ts of the resent_invention show ng a

heat sink thgrﬁﬁ?lil%fv’_’éél%ﬁﬂ!ﬂéﬂn?‘be éﬁ?‘&f@d@ép&éﬂiﬂ?sﬁw&ge. Figure 2 is
a cross-secti onfly Rifde giicBiePhin %Wbﬁer%@&@faﬁgﬂfﬁlin@r?&d Ei?&lit{‘gat sink of

i
the present invention. "Figure 3 is a perspective viewof exanp
enbodi ments of substratgrBsemevemgentriton «hesi prgdureh batt spsisrik theher mal |y coupl ed

to an integrate circuit included in W reles omuni cati on devi ce.
Descri ption 2§‘%W4%3HF8@F8W?+BS’%8_{ gﬁ%‘&%g%&?‘ﬁﬁ‘ff‘gﬁgﬁf&f %?e i nvention
reference is pRéRnt ihdtBatd e W Atudlahd@rcuttlishily hrRedar part hereof,
and in which is showm, by way of illustration, specific enbodinents in

whi ch the i nvepeling buegvebtimgr Bdltfede@dequatelyeodd hatvbneisleadsitee nuneral s
descri be subs i | .81 m r.co ent,s, t hraughout the several views.
These 30 errbod&’?r%?léftglleaf%{%uragghr%i %féaﬁl)%ggﬁ%t?‘} I&?aég}fequogtsg?tf' to enabl e t hose
skilled i10 For these and other reasons there is a need for the present

invention.

Brief Description of the Drawings

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

2
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2 SUBSTI TUTE SHEET (RULE 26) WD 01/69677 PCT/ US01/ 04565 the art to
practice the invention. O her enbodinments may be utilized and structural,

| ogi cal, whigbestri cal changes may be nmade wi t hout depar tachgusofogest he
scope of the present invention. A heat sink and a nethod of fabricating and
using the heat sink 5 are described herein. The heat sink is thermally
coupled to an integrated circuit die and dissipates heat produced in the
integrated 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 relia . j-bi.Ls:.en i ract-ery sti cs when
conpared with aﬁlet ra ﬁrf;%r?gﬁ%llﬁk%%gﬁhgg?&geﬁl@gﬁﬁff}?%n% %te %nl}al%% %fcdt uri ng of

t he heat sink i struciodal, dogchljandaelyion thianged may bangesevithoof ddpagingeat si nk
structures. Fi ggﬁrqtens A is a perspective view of exanple enbodi nents of the

present inventi R 9fdhg Ef’qﬁlkmi’é@t_lqrhernnl ly coupled to integrated 15
circuit die 103. Heal glapkinl 9Rd h Shetd I fBiGH %Qnd?ﬁﬁﬁ%g{e%aﬂ onnection
with a particular type of integrated circult ? bri cat on die 103. Digital
circuits, 5such as desotedderan. Ghehdadkinkighatmallyomepkdrte an ardgreedmuni cat i on

circuits are all. sujt.able for use in connection wth heat. sink 100.
Sinilarly, anal 8]_501{4 ﬁal&?fl&glfss@ﬁtfﬁﬁ% PQ%E‘F?Cﬁnetbg Inteeraie C&ﬁ‘f}_f &Pi ﬁﬂ’g radi o 20
frequency anpli héfisfk iROIB8&d @S KPdohIRRS: a Rde CRAQUONGY b 8rs are al so
suitable for use in connection with heat” sink 100.” Thermal Iy conductive

| ayer 105 is fonwibeiorf parteclasgar emungiap corvecton iy tbmbaattsirdy drainigyihe conduct i ve

gel, paste, tap other. the L 1y. ondljg%tive. teri.al. \% n_.heat sink
100 is affixed ?%&{%eorér%gllﬁltﬁgr s Sttt g7 HedettsiplCrs gt aetiabldnd o0 4

| ayer 10%50provi ggsibids édtanead copBhdcliadi@atics ivikn d8pdre@Mithiant egrated circuit
die 103. In operation, heat sink 100 dissipates heat produced in

i ntegrated circtipditignd fingsd heat sinkt Effeipeianemieciuting eftbe ppadsiktisi nvent i on,
as descri bed

achieved by a symmetrical arrangement of the heat sink structures.
Figure 1A is a perspective view of example embodiments of the
present invention showing heat sink 100 thermally coupled 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 frequency amplifiers, phase-locked loops, and frequency filters are also
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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above, are effective in dissipating heat froman integrated circuit
directly 30 coupled to heat sink 100. However, the present invention is
not |i m tved 01/&6¢3UBSTI TUTE SHEET ( RULE 26) WD 01/ 69677 PCTPUBD1045G5 to
such 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 showi ng heat sink 100 thermally
coupled to integrated circuit package 107. Heat sink 100 is 5 coupled to
package 107 by the sanme process used to couple heat sink 100 directly to
integrated circuit die 103 shown in Figure A Thermally conductive |ayer
105 is forned C 107 & I .100 | ff.ixed to thermally
conductive |ayg$3@3€£ﬂ%?£ﬁ%§%t@ﬂ?ﬂﬁg%Fﬁhgg%c %ﬁgﬁfﬁﬁﬁégéwhted circuit die
103 is coupl ed dissipasiaghee iy a pyckiapeal disbiFedire 8B fis 4 Perspctioeidinngf di e 103 in

package 107 or is djrectly cou d to package 107 ., by a heat spreader. Heat
sink 100 i ncl u&éémaierﬁﬁ‘ﬁ%’él}m%ts g’%%ﬁ@ﬁﬁ?@@ on ﬁ]&‘t"{élﬁlgi‘%t sikatO0par t i ci pate in

the di ssi pati oga@haiiheohifad toihR RNt o Habedr.ci L Gui ie 103. These
structures and natg??afgﬁare degg%?g%QMfﬁbaﬁégé@Zé?ggﬁéﬁﬁ}%%§ 15 Figure 2
i's a cross$-sectbuplad icpatkaga Wi f the xanppwcesshised tossnuple leht dielat 06i nk 100.

Heat sink 100 co i ses, bo 201.incl uding a nunber fi 203 and cavity
205 i ncl udi ng. @E\?N%&%slﬂ 01%‘?-%1#" %ﬂg@én%é%ﬁéé- %FEP-’Q%I 211 _
encapsul at ed "&oﬁcﬁi&'ti%’la%@ﬁloﬁi@%ﬁléa Elcfe 1003nk hEh@Fm2iod kNt erm xed wi th
phase change material 211. 20 Body 201 is tabricated froma thermally

conduct i ve mat @ffbeed to thenealy eridpciaverayer 105s (Tbk hast fiop frem mckadedni num or  an
al | oy of copper | um.nym ternal, surface f bo 201 is a
substantial ly flrlltgér ate?tf rf“’%%élesl&gﬁ%ﬁ?@? Jr Pﬁﬂéﬁgﬁ&ﬁ@-‘/g%%ﬁ?&ﬁﬁt 5 a surface of
i ntegratad cir euirbundiigedit 083 aspaRevd 07or s BuERlyldupled RepAREE: 1@7 shown in
Figure 1B. The 25 flat surface is tornmed on heat sink 100 by machi ning or

other materi al bY$Hgpt iseadei ddens sinkd08 ingdndes armaber ofigristigessaridoot pri nt  t hat
I's preferably paterials 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 example embodiments
of heat sink 100. Heat sink 100 comprises body 201 including a number
of fins 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. In one embodiment, a number of fins

4
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significantly larger than the surface area of integrated circuit die 103 or
package 107. The remai ning surface area of body 201 preferably provides a

| ar ge ar eqydf Afgoévansferring heat from body 201 to the 30 grmeendiszg
anbi ent environnment. I n one enbodi nent, a nunber of fins 4 SUBSTI TUTE

SHEET (RULE 26) WO 01/69677 PCT/USO1/ 04565 203 are formed on the renaining
surface area of body 201 by machining or other material shaping process.

Al ternatively, the nunber of fins 203 are fabricated as a separate unit
and attached to the outer surface of heat sink 100 by brazing, soldering
or welding. After machining or 5 attachnent, fins 203 provide a | arge
surface area f @03 areafosfied on thg remainirntgsurfbearsa pf oedydl 0l pyamikhéming envi r onnent .

The di ssi pati h i h h terial 211 all.aows e Ens: 203
of Cthe- pr oeent oF REhERISHAL SRRERErareo R Grita it The ot PO AID 2006 i eas

than the hei ghtyrfabfibdied 4odchadicAthiOhd AaSRARE HRDdRe@AhcSbMieal Nt ended for
use in a forced air cooling system 10 This creates a | ower profile package

whi ch i s usef ulsinknl O8dwIbrarang iseldeting ol weldmey dxffesmyachininipati ces, such as

nobi | e phones apd,per al.~digital .assistants. A.terpatiwvel if the
nei ght 6f 11 ns Dot IR 208 RLAF « |RESFBE R M gt ion 100 15
greater than ceg dugupdiag de®tbnbyndronsieat dBdisdig@iondE kagen phseCavi ty 205 is

i ncluded in body 201 to_hold phase change material 211, Cavity 205 has a
vol ume that iscBurepinatenal 24 badewpihedms 28 of B1¢ present BNewiopto heve ari se in

phase change i ; b I . i ircuit 103.
Convection cup?%%#{s&%tl Jaéglgﬁgt/gg)nédg/g(l)ﬁ%?%aﬂtﬂ:leg&é%té)tf (Iglgé %?)El?%tl%& Ogi e 103.

Cavity 205 is pesidphabktheatsitiotyerded fdrais2th & idragicair tddingedterhr ansfer from
phase change erial 211 to t nunber ~of .fins 203. Thus, cavity 205 is
gener al 1§ cen?&&@&rﬁt?srﬁ ]t"@@b&o?‘?? pAckags Whighatysesi 19 poRling@Hopibtiit ed on t he

28 o 5 Sl s Wy ARSI il e sty
as possi bl e wi nbsduiants. 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
number 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. Each structure includes a cavity having a volume
equal to one-half of the volume of cavity 205. Coupling the pair of
symmetrical 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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25 conprom sing the structural integrity of heat sink 100. In one

enbodi nent, body 201 is fabricated froma pair of symmetrical structures.
Each strwouoar/eérncl udes a cavity having a volune equal tpCDUSOIMEFES of t he
vol une of cavity 205. Coupling the pair of symretrical structures together
forns heat sink 100 including cavity 205 30 fornmed in the interior of heat
sink 100. Coupling is acconplished by 5 SUBSTI TUTE SHEET (RULE 26) WO

01/ 69677 PCT/ US01/ 04565 brazing, welding, soldering, or any other suitable
metal fusing process. In an alternate enbodi nent, a bottom section of body
201 is forned having cavity 205 including cavity surfaces 208 and 209. A
top section ofbrimey wadingsolderingdrhay otigr switabkosetaDiisingipnedessy, the top 5

section of body 201 _.is coupled alqng th shed,.lin and 221 to the
bot t om section of b&Hf}‘nﬁg‘ig‘f‘@ ef‘g’ioa*rﬁeé‘é’tael%‘gﬁ? 558 ﬂgﬁ?fé’l]ﬁ)d Body 201 having
cavity 205. Coy; éa%dvﬁga&qmbsﬁi&ﬁmi@fcakﬁég%mgoesm%@go9. Kabgering, or

any other suitable netal” fusing process. vity surfaces 207-209 are shaped
t o enhance t he sediomaifibody 801 istformsehbatng vuface2PBnFimaldy, thé topphase change

material 211 during the rati on.of integqrat Cid QUi t . sCavity

surface 2%8 s| C?B‘géoq‘dﬁ{kgfi}ﬂBBFWPBﬁéﬁiﬂnlg;}f‘%g?sﬁﬁ‘ign?‘ojggfarngr#?gmr ea 223

| ocat ed near t h@te@NeBliorPdf boayPhRe® fo2Ritheat Mk 20@cRihd Sodgraefier abl y

positioned in bod%/ 201 such that when body 201 is coupled to integrated
ng

circuit di e 10davingwauite20R2Goupdingss gesinpligeddydirpzeg.weldiBeve t he hot spot
of integrated ciycuit die 103 S kL4 oni f low area 223 enhances
the fl ow of coﬁegc%lp%nor@ﬁ}'?gﬁf%ul%ﬁt}m?[?%%lgggrc gsgge material 211. For nost
integrated circuits,Cdvitg stiffices ROT-209 Srd shapddid eappicexhdii@hior 6f t he center
of the die. The shape of low area 223 isnot |imted to a particular

shape. | A0sore centrsiprepients fbivnahase dungomatesiah2 odwingdhe a smal | 1 at
ectangul o epealfy SRt ERk e ey R eRg o per a1t cor
circul ar area aswardpaviny safide 209 fraoeloR08ehH 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 area 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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t he shape of a flat top cone or a cone. In still another alternate
enbodi nent, |low area 223 is a wedge running the length of cavity 201. 25

Cavity supwiopameg? al so contributes to enhancing the fl owpfruweoyRsti on
currents 217 in cavity 205. Cavity surface 207 slopes upward toward cavity

surface 209 from second | ow area 225 | ocated near the center of surface
207. Second | ow area 225 is preferably positioned in body 205 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 ( RULE
26) WD 01/69677 PCT/ US01/ 04565 integrated circuit die 103. Such

posi tioning of second, ka(‘!ﬁigtFig"ig%zéu “%%@%ﬁﬁg ) ection currents

217 in phase change naterl 1 as desc ape of second
| ow area 225 i senimhcdsithe fled dfecomvaotion cwudras 2 B/ miphpse cHangsmariahbodi nent s,

second | ow area flﬁS IS int or a small flat rectangular area and
2(18 daghdidel

surface 207 has A-pyramid or a flat top pyramd. In alternate

enbodi ments, second RYKIRNLERT dband FovRBrea 2DP 5N MliRkNo GipafithBl area or a
poi nt and surface 207 has the shape of a flat top coneor a cone. In still

anot her aldt er nashepenboshinmesmbodmenintgetawl 10% aex222i23 Hosntarwetgl r unni ng

al ong the length of cavity 205. Vi urface 209 forns.,an quter wall for
cavity 205. As H%t(fﬁ?}@&gqlﬁr%arl}degﬁf%%ﬁ% %’Fé}f“? HE 8 a pyrapud of ?Iglaét surface
215 and flow uRpfiyeamildo\sh ak&aatd 2eboliiieer®s BYRGH 1R afddN8RS $n 217 are split
at second |ower area 225 and routed toward cawta surface 209. Cavity

surface 209 15 ¥prexmately pivadarnaser Gy panand zutfa s dhesshepgobar f ace 208

toward |ow are .1 n _aone odi cavity surf.ace 209 c ri ses a
nunber of subs %ﬁ%ﬁgﬁeyorfal A g'rsTng} %Q{c@s&hﬁf%ﬁ%a |6{I§}°ﬁg{l%nteﬁ%%fﬁ)1§§’m1 cavity
surface 1209 cospiR3ei awsdgestmiing alony tealeugtl of usfiaCcEs. Phase change
material 211 in the solid phase only partially fills 20 cavity 205. The

unfilled portion of ECAVDESHrHEEs207 Eyingan opiss watldpr 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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expansi on of phase change material 211 during the operation of integrated
circuit 103. Heat sink 100, including phase change material 211, exhibits

superi or Wead1/edéasi pati on properties when conpared with apdigadorsissk t hat
does not include phase change material 211. Phase change 25 material 211

absorbs heat and provi des 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 operabiRitnef h%ébt&ﬁﬁ%at Btefihl ZUi dombPBes THSONA phése SUBSTI TUTE
SHEET (RULE 26) WO 01/ 69’(?77 PCT/ US01/ 04565 enbodi nent, phase change

materi al 211 cochatigsasatdiggesigngiehacl idhharer melting itethpateluiqelabedt as TH58 has
a nelting tenperature of about 58 degrees centigrade, anﬁaver age density
of about 1500 k§Bwsgreanerniigradss araveraggdersitypdeheidd 588&etm1r28dRI/ kg and

about 225 kJ/kgilatgrnql%gt&b%%g%g%tﬁrﬁ;}%@ta%gia{sjgﬂztg?fkgﬂ(lggc add? connection

with the present Tnvention 1nclude Ic salts and
par af fi ns.5 O hechpipeseataidngatableefoetdedh sonmytion sithhke presdniiivenfion use in
connection wth_the presen i nventio

. A nu r of particles 213 are
i ntermxed w t hssevdr %altioeWIeﬁﬁéﬂanéff%gﬁ% é@ﬁb@b&sefh%fu cles 213
enhance fluid mpekhidney 8o bt BGitdBEAok Dk choﬁﬂ&%%n%ﬁﬂﬂ@ﬁg@&ﬁ“ al 211

wi thout relying on noving parts. By not relying on novi parts, heat sink
100 is highly reéveabdbe. Enhancing the fluid mxing inside cavity 205

increases the ability of heat i nk 0 t.o, di ssi,pat.e heat. t hrough
convection in phase &%%Qerr?éi’@%c!]ﬁs Zigaﬁgt_engg@ﬂ%ﬁéml}aé? %hqnﬁeth_e nunmber of
particles; 213 pogh&iAbl Y. MTRSn@nbdITPhitKled ROYbnAEa MulOmtbe; dans ty of phase
change material 211. Each particle in the nunber of particles 213 also

preferably has & heaping okphase ehange piagariat 211 withpe relymgoeremewingdi ment , t he

nunmber of 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 SiOy spheres. In an alternate embodiment, the
20 number of particles 213 are hollow SiO spheres. In still another

alternate 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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particles 213 are solid Si 02 spheres. In an alternate enbodi nent, the 20
nunber of particles 213 are hollow Si 02 spheres. In still another

al t er nat ewgyaadéent, the nunber of particles 213 are partpcal®e10isessand.
The quantity of particles interm xed with phase change material 211 is
selected to be | arge enough to enhance the convective cooling in phase
change material 211, but the nunber of particles 213 should not be so 25
| arge as to significantly decrease the conductive cooling provided during
a phase change of phase change material 211. The nunber of particles 213
al so provide a secondary thermal dissipation effect. As the nunber of
particles assist.j 134 i 11; t hr ough
areas of cavi ty&rg%%haﬁiar%% %%W%g%efée@gﬁ%%tsg%&p% g?il?}%ga%zkis%eemﬁ\gﬁber of
particles 213 niheautdbeoofpurtides ZOBTHe ToigeaBrERT pliReIcRa2S)mandidl 1/ 69677

PCT/ USO01/ 04565 reas havin | ower, tenperature, .phase change material 211
congeal s on t he? Huftb nﬁpbﬁg?’?ﬁaéﬁlégé@%ggpr 5 n‘ﬁ%‘gﬁ(ﬁgh%? %%e change
material 211 opdda@sddundiBio Bl tBarduine! 8%fadd 208. NAfieeHAmtBYvaaEOht of the
particles and causes themto fall to warner surface 208. After falling to
war mer 5 sur f acerf208208,tke numbgsrof partighes 21 % preyegitQ@iaie@withii qayliy at ed wi t hi n
cavity 205. Efficient manufacturing of heat sink 100 is achi eved by

mai nt ai ni ng sy try in the design of heat sink 100. Symetry is

mai nt ai ned by arr angEfizidnh eanupbriingbf hédd sinRAB0anstieantty 205 10

symmetrically about a dividing |line that separates heat sink 100 into two
substanti al | y | @amfaiyag syamesy in theqlesizn wEhepd sipkd 08r Symaesitiigal , a machi ni ng
process for cutt] . ; i i i s devel oped for
produci ng only %lh%gaﬁ%%bfﬂ?w%??%;ngtq&%L@P%@ﬁ&?gg? g@éllb%‘é ed, the halves are
j oi ned byloa br asinmgetricsllydatogt a dotidieg lingthat septufaess hewl digldbl @) s o f usi ng 15
process to form body .201. 1njection hole 227 is drjll.ed in bhady 201 and a
m xture of phas%lgéqar%‘ég’ lﬁﬁlﬂt&aﬁéarlvﬁi Pingsdhehalyesiaas 1dsptical, 4 ashiging 15 | s

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 number 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 fill 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, In an
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
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injected into cavity 205. The injection hole is sealed, and the fabrication
of heat sink 100 is conplete. The volune of the injected m xture, if

i nj ect ed vad oB6dsenper at ure | ess than the operating tenperarar@sefosbesat si nk
20 100, does not conpletely fill cavity 205. Sone volunme 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 exanpl e enbodi nents of
the present invention showi ng heat sink 100 thermally coupled to
integrated 25 circuit 301 included in wireless comunication device 303.

I n one enbodi nent, mﬁreless communi cation device 303 is a cell phone, In an

alternate enbodl reI i.catid Q 58 303 i r sonal
- n¥m egﬁ% i%cu[ 18% &1 g%%é TOCESSOT, oﬁa‘tﬁ? .

di gital assi stamt S capab Mg 1 htegrated circuit

301 in wirel esgeviogssivhCatwitdless @umaRmadBontieeds0F priodest @i r. I ntegrated 30
circuit 301, in one enbodinent, is a processor. In analternate 9
SUBSTI TUTE SHEEEN{fRepmeynt oo sserey pat hemeirkoUXss alse&wéﬁl%%t

ncegrated of  alhdflubhel Wil sorclgodhe IEQRGTN naPOREAPLE, devi ces,

such as wirel ess nication device ce a signi |cant amount of
t her mal efer gy pemdtshemtles coknnlifiication dkgioe Baipai)lhaare(aflowqusﬁllepatl ng the heat
W t hout i ncreasi the height of the heat sink, which 5 permts wreless
communi cati on H8%*€€ 303 to have a low profile package. Heat sink 100 is

not Limited Lo use TapanResYisam i 1§ i@lifesmaladl sehwRage heat i ni

100 is nore efficient at dissipating thermal ener an a standard heat
si nk, heat si nkeviOgs. |Smw;w‘c$mlt 1§0 usndralefﬁcmﬂrntwdmmmr[galﬂlemgalt her mal ener gy

o0l od L RSP IR AR P S EShoHBB R, P, 1 ar go
SR oo e U e BRI AL 10
to an i ntegr at éevices, such as laptop computers, servers, and engineering workstations,
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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15 circuit die. The heat sink includes a cavity containing a phase change
mat eri al and a nunber of particles for enhancing convection in the heat

si nk duriwgot/6m7Tool i ng of the integrated circuit die. Thechesti/msesk is

hi ghly reliable and exhi bits enhanced cooling characteristics when

conpared to a heat sink that does not include a cavity containing a phase
20 change material and a nunber of particles. Although specific enbodi nents
have been illustrated and described herein, it will be appreciated by
those of ordinary skill in the art that any arrangenent which is
calculated to achieve the sane purpose may be substituted for the specific
enbodi nent shown. T@h&u%ﬂﬁ" %Hgon 25 is intended to cover any adaptations
or variations of the presen i'nvention. Therefore, it is intended that
this invention be limted only by the clains and the equival ents thereof.
10 SUBSTI TUTE_SHEET (RULE 26) WQ 01/69677 PCT/ US01/ 04565 What is clai ned
is: 1. An apparfat us AAPRTEYSFEMPTISNEhase change material: 5 a plurality of
particles internierﬂM£J¥#£%ﬂﬂggﬁ .change material; and a conductive
structure encapsul ating the phase change material. 2. The apparatus of
claim 1, ®herein thephrakty ofiparigesnstenixed withGhe piwse ckage Thib&ial3. The
apparatus of claim1l, wherein at |east one of the plurality of particles
has an approxi A8t ely spherical shape. 15 4. The apparatus of claim 3,

wherein the conduct ia‘é%n&lc&i%Et&'ﬁ&meieﬂﬁﬁﬁgﬁﬁngﬂfe@ﬂaéé/c}ﬁﬁéé ReRriAAVI NG a

plurality of structures in contact wt t he phase change material. 5. The

apparatus of claim4, wherein at |east one of the plurality of 20
structures 1s 3. "aMRpe apparatus of claim 1, wherein the phase change material

10 comprises THS8.

3. The apparatus of claim 1, wherein at least one of the plurality of

particles has an approximately spherical shape.

15 4, The apparatus of claim 3, wherein the conductive structure
includes a cavity surface having a plurality of structures in contact with

the phase change material.

5. The apparatus of claim 4, wherein at least one of the plurality of
20 structures is a ramp.
6. The apparatus of claim 1, wherein the conductive structure is

fabricated from copper.

25 7. The apparatus of claim 1, wherein the conductive structure

includes a plurality of fins.

8. The apparatus of claim 1, further comprising:
a device operable for producing heat wherein the device is

30 thermally coupled to the conductive structure.
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6. The apparatus of claim1l, wherein the conductive structure is
fabricated fromcopper. 25 7. The apparatus of claim1l, wherein the
conduct i weosisaset ure includes a plurality of fins. 8. Thecwappaw@sass of
claim1l1, further conprising: a device operable for produci ng heat wherein
the device is 30 thermally coupled to the conductive structure. 11

SUBSTI TUTE SHEET (RULE 26) WO 01/69677 PCT/ US01/ 04565 9. The apparatus of
claim8, wherein the device is an integrated circuit. 5 10. A nethod
conprising: formng a conductive structure having a cavity; injecting a
phase change material into the cavity; injecting a plurality of spheres
into the cavity; and sealing the cavity. 10 11. The nethod of claim 10,
wherein form ng a conductive structure having a cavity conprises: form ng
a conductive s®ruct Uihe apparbtng oficlaaw B whemimnl thellevgcaisaamtegratedur f ace havi ng a
plurality of rapp structures forned on the cavity 15 surface. 12. The

net hod of cl ai fT9¥E wherein injecting a phase change nmaterial into the
cavity conprises: injecting TH58 into the cavity. 20 13. The nethod of
claim 10, wherein injecting a plurality of spheres into the cavity

conpri ses5 injdbti ndA mefllodrcamiptiyingf sol i d spheres into the cavity. 25 14.
The nmethod of claim.0 mhere'n.seq%k%ﬂe%he cavit¥.conprises:

fornming a conciuctlve S aving a cavi
injecting a phase change material into the cavity;
injecting a plurality of spheres into the cavity; and

sealing the cavity.

10
11.  The method of claim 10, wherein forming a conductive structure
having a cavity comprises:
forming a conductive structure having a cavity including a cavity
surface having a plurality of ramp structures formed on the cavity
15 surface.
12.  The method of claim 10, wherein injecting a phase change
material into the cavity comprises:
injecting TH58 into the cavity.
20
13.  The method of claim 10, wherein injecting a plurality of spheres
into the cavity comprises:
injecting a plurality of solid spheres into the cavity.
25 14.  The method of claim 10, wherein sealing the cavity comprises:
closing an injection hole in the heat sink.
15.  An apparatus comprising:
a circuit package;
30 a conductive structure including a cavity, the conductive structure

12
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closing an injection hole in the heat sink. 15. An apparatus conpri sing:
circuit package; 30 a conductive structure including a cavity, the
conduct i vecsilgegtzure 12 SUBSTI TUTE SHEET ( RULE 26) WO OcaA8s601/04565

PCT/ US01/ 04565 thermally coupled to the circuit package; a phase change
material at least partially filling the cavity; and a plurality of
particles interm xed wwth the phase change naterial. 5 16. The apparatus
of claim 15, wherein the phase change material changes phase at a

t enperature above about 58 C. 17. The apparatus of claim 15, wherein the
cavity has a cavity surface including a plurality of structures. 10 18.
The appar at us of i (M=t . one of the plurality of
particles corrprit&é@é&o%ﬁplfg@@%ﬁe&g%&gégﬁ%’ of claim 15, wherein the phase
change material 15 coplgsakbange ndteigbltieadtipaytiatly fibing thelcewityi; and ool er

regi ons of the phase change terial. 20. A nethod of cooling .a circuit
package conprising: abRYf 3%@%?15@1@9?%%‘&5}3&8@%?@6%%% Hé&e change
material 20 thermally coupled to the circuit package; transferring energy
by convective m xing of the phase change naterial; and enhanci ng energy
transfer tShr oughl@onvEat dpperatisxifietpiof 15 whersiathe phateahgegamaterialal usi ng

spheres. 25 21. The nmethod of claim 2 furt oconprising: transferring
ener gy by congea‘f aﬂéestp%’tgsepﬁélstgm9?&%%%?@%?%%80 'a surface of a sphere.

17.  The apparatus of claim 15, wherein the cavity has a cavity surface

including a plurality of structures.

10
18.  The apparatus of claim 15, wherein at least one of the plurality of
particles comprises SiO».
19.  The apparatus of claim 15, wherein the phase change material
15 congeals on the plurality of particles in cooler regions of the phase
change material.
20. A method of cooling a circuit package comprising:
absorbing energy in a phase change of a phase change material
20 thermally coupled to the circuit package;
transferring energy by convective mixing of the phase change
material; and
enhancing energy transfer through convective mixing of the phase
change material using spheres.
25
21.  The method of claim 20, further comprising:
transferring energy by congealing the phase change material on a
surface of a sphere.
30 22.  The method of claim 20, further comprising:

13
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30 22. The nethod of claim 20, further conprising: 13 SUBSTI TUTE SHEET
(RULE 26) WD 01/69677 PCT/ US01/ 04565 transferring energy by directing the
flow of tWe) @RpPeres with structures | ocated on the surfacediuaieaésty.

23. An apparatus conprising: 5 a die; a heat sink thermally coupled to the
die, the heat sink including a phase change material interm xed with a
plurality of spheres. 24. The apparatus of claim 23, wherein the die
includes a circuit for a 10 wirel ess comunication device. 25. The
apparatus of claim 23, wherein the die includes a processor. 26. A

Wi rel ess conmmuni cati on system conprising: 15 a phase change material; a
conductive structure @ﬁﬁgegﬁh%@i{é@}gb}}aﬁeo@ﬁ}gsﬁe ghagedRhers dhich and a die
coupled to the conductive structure. 20 27. The wi rel ess comuni cation
system of cl ai mst@cfunestlneated emthsrsuefherpf acapityr al i ty of particles interm xed
wi th the phase change material. 28. The wirless comunication system of
claim?27, wherein at least 25 one of the plurality of particles is a sand

particle. 14 SUBSTI TAH Bpariehd cdiffbliding26)
5 a die;
a heat sink thermally coupled to the die, the heat sink including a

phase change material intermixed with a plurality of spheres.

24.  The apparatus of claim 23, wherein the die includes a circuit for a

10 wireless communication device.
25. The apparatus of claim 23, wherein the die includes a processor.
26. A wireless communication system comprising:

15 a phase change material;

. a conductive structure encapsulating the phase change material;

and
a die coupled to the conductive structure.
20 27. The wireless communication system of claim 26 further
comprising:
a plurality of particles intermixed with the phase change material.
28.  The wirless communication system of claim 27, wherein at least
25 one of the plurality of particles is a sand particle.
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