10 May 2007 1 APPARATUS AND METHOD FOR FLUID-BASED COOLING OF
HEAT-GENERATING DEVICES Field of Invention 5 The present invention relates g NG y %H‘f
cooling of heat-generating devices, and more particularly, to an apparatus and a method for cooling
multiple chips using fluid. Background The demand for compact, high speed, and multi-functional
semiconductor devices or 10 chips, as they are commonly known, is ever increasing. As these chips
are shrinking in size and performin ma%tasks atlhigi:h speeds during operation extremely high

amounts of heat afeR LE’S%B@TQ}&& dv k@'ﬂ frieke dh%@dﬁé%ﬁ@n IQ;\QH-WJ%QE, the heat must

be efficiently extracted to lower theptgrppeEtug=ef A ehinsey peegrjuired level. A conventional
cooling technique involves mounting a heat 15 dissipating material, such as a heat sink, onto the

surfaces of the chips to dissipate the heat. Another cooling technique requires mounting the chips on
a printed cirgyi|dpepravdnaB), and running coolant over the exposed surfaces of the chips. Yet another
cooling technique requires mounting the chips on a PCB over througgh-holes_in the PCB. Coolant is

then fedPovel BRPHSABHVERHERR SelathsIeRRHR NI A HRE (RoRIYIA 98 IBEA RSB I8V FR GO D these

techniques igdratpanic dar\susfane iaranar tad Surfese efotte SiMgsi liiptoBlass vsiiythaigoolant,
therefore limiting the amount of heat removed from the chips. Other more advanced conventional
cooling techniques are described in US Patents 25 5,380,956, 4,879,629, 5,978,220, and 5,901,037.
In US PatenBagigt &t @ multi-chip cooling method is proposed. Chips are mounted on a plurality of

substrates in_such a manner that portions of the top and bottom surfaces of the chips are exposed.

The subtrat e SR GE ASPAE o R S oA S B L0 TGRSR Rl the

coolant s in giiptaat Wity dre exipassily peGlonsiobilke inpeaasithpoienthstefacies afdtlkeritkipg thereby

extracting heat from the chips. A limitation of thi(%_t chniggje lies.in the sequential an ysﬂerigl flow of the
t

coolant over th& 2R AL REEITTR! A% TG B3 Eral (hEDr SRRESSH SHHRGS ORFAUNL £RYG WBhips
mounted on jhnswesifdies arcangad yownrsiteamTef Keefltwspathisy dperdfiomtdyar2@@drable,

the heat must be efficiently extracted to lower the temperature of the chips to a
required level. A conventional cooling technique involves mounting a heat
15  dissipating material, such as a heat sink, onto the surfaces of the chips to dissipate the
heat. Another cooling technique requires mounting the chips on a printed circuit
board (PCB), and running coolant over the exposed surfaces of the chips. Yet another
cooling technique requires mounting the chips on a PCB over through-holes in the
PCB. Coolant is then fed over the bottom surfaces of the chips via the though-holes.
20  The disadvantage of these techniques is that only one surface or a partial surface of
the chips is in contact with the coolant, therefore limiting the amount of heat removed

from the chips.

Other more advanced conventional cooling techniques are described in US Patents
25 5,380,956, 4,879,629, 5,978,220, and 5,901,037.

In US Patent 5,380,956, a multi-chip cooling method is proposed. Chips are mounted
on a plurality of substrates in such a manner that portions of the top and bottom
surfaces of the chips are exposed. The substrates are arranged inside a module so that
30  when coolant flows through the module, the coolant is in contact with the exposed
portions of the top and bottom surfaces of the chips, thereby extracting heat from the
chips. A limitation of this technique lies in the sequential and serial flow of the
coolant over the different chips mounted on the different substrates. This means that

the chips mounted on the substrates arranged downstream of the flow path of the



coolant are not effectively cooled. This is because by the time the coolant reaches these chips, the
coolant having extracted and retained heat generated by the chips upstream is not therefore capable
of effectively cooling these chips. A further limitation lies in the way the chips are rd8ug28i0he
substrates. Significant portions 5 of the surfaces of the chips are used for adhering the chips to the
substrate. Thus, it is not possible to expose the entire surface of the chips to the coolant. US Patent
4,879,629 describes a methad for concurrentl cooﬂng a plurality of integrated circuit chips mounted

on a substraf8CtPRis3E NieTeqthir yasetiefcddisnts DECaHUEY EaHRESHe AR BeIRREERShe
elongated fingeat iy atity ebbrRAt inkng Thearabwalily Pirbaiinea R Rifacaesitamn rhimlity of

heat-conductinﬁg[éstu s that are attached to the Iurz%plge( of integrated circuit chips for receiving heat
t

generated byRAEEIRel§r A1ty BREETRTENRD2RE | ATULTREINAYS @PERD ANSs pe e mOuAtEdn a
substrate angrti@tfsPRESER ieecRpPIRE dii R apidhidateedifietrelslipiaiads keighmpineydieiwig coolant

thereonto, thereby indirectly cooling the chips. In US Patent 5,901,037, elongated micro channels are

formed i a SBRESHEASE OB ANEAMES T BFhioa4PaHERIOF GlUBS EbtaRHSTats thFBUyH e micro

channels forngpqietiig fhexpest trereriie digmdndheéaiggeinasosysational cooling techniques, the
coolant either does not cool the heat-generating devices directly but through intermediate materials or

extracts heat 25 only from a portion of the surface of the heat generating devices. Thus, the cooling of

the devices iggeptigtediterthe mausatiptdeahibmiateinadintarrontsriatonag dissipateyobthe amount

of heat the coolant is capable of extracting, respectively. Therefore, the amount of heat removed
using the coVERRUFEAPHRAGALPR TIRHRLES 5 AR HtrorbRiSiRuASBEHEH oA PRRALERRER that there

is a neggl fortarviay ichandeRUateledisainade hradlbiomatdactisyrdacepditimhephganairéingisevices in the
limited physiclal gﬁace that is available. 1OBI\(§I($y 2007 3 Sum In agcordance wi%1 a first aspect of
I

the inventior? HEYYiObREALSEHS AEHRIRGRTH iRa2 PN ¥ gl r%f‘??é‘ PRI SR, 08U YEs, the
method comgiigingttethtepisiaiitnofi Misgradteaira@sneiping deviieingtieeat iifsiapaeippyohtne surface

of a first 5 carrier; S
Integrated circuit chips.

15 In US Patent 5,978,220, chips are mounted on a substrate and the substrate is coupled
to a cold plate. The cold plate is kept cool by flowing coolant thereonto, thereby

indirectly cooling the chips.

In US Patent 5,901,037, elongated micro channels are formed in a substrate that
20  carries one or more transistor dies. Coolant is fed through the micro channels for
extracting the heat from the dies.

In the foregoing conventional cooling techniques, the coolant either does not cool the
heat-generating devices directly but through intermediate materials or extracts heat
25  only from a portion of the surface of the heat generating devices. Thus, the cooling of
the devices is restricted to the amount of heat the intermediate materials can dissipate
or the amount of heat the coolant is capable of extracting, respectively. Therefore, the

amount of heat removed using the conventional methods is limited.

30 From the foregoing description, it is apparent that there is a need for a way to
adequately dissipate heat from the surface of the heat-generating devices in the

limited physical space that is available.



spatially displacing the heat-generating device from the first portion of the surface of the first carrier
for forming a first channel therebetween; stacking a second carrier and the first carrier; spatially
displacing the second carrier from the first carrier for forming a 10 second channel betiegr2@@®brtion
of the surface of the first heat-generating device and a portion of the surface of the second carrier;
enclosing at least a portion of the second carrier, the heat-generating device and at least a portion of
the first carrier; and introducing cooling fluid into thé enclosure and into at least one of the first 15 and
second chamé’cooling fluid being substantially electrically non-conductive and for extracting

heat from ang thetraneeNing AtilepsiReeorftHaaiventioeAEAINopERYies anskiidedst AoR.Of the first

portion of the surface of the first carrier and the portion of the surface of the second carrier, wherein

heat generabAtFHEOREYAENSRHSRRERLI BH REYICESalit SREHOP SRR SN & theielsBlce of the first carrier

and a portion of thensaliftie) aftiba-serend wpeicdhstoertivn pbriersuffaresafrtee Brst aastier being
substantially parallel to and facing the same direction as the portion of the surface of the second

carrier. th ad®@Hfince with a second aspect of the invention, there is provided a cooling 25 assembly

for fluid-based coolipgtrifeaispROBIGLNG HeaticRAetEngoOdaSERM MY BRNPORIBE: of fiFet carrier; a
heat-generating device mounted on a first portion_of the surface of the first carrier; 30 a first channel

formed by sS4tAR5 Af<PERINLCATEG dr- FRAUAG et iRRNe L HEREHVEE Bortion of the surface of the

first carrier; a secorehgiaries sedmRietatier irft Madisacandegarriers are stacked; 10 May 2007 3a a
second channel formed by spatially displacing the sec,:ongr carrier from the _first carrier, the second
(emsiniech f B

channel being the SPAH& 309 dAfo RSP Ie CEITEICE A (s HUSE GBH IS iy BENRY 2hd a portion

of the garfaceedribekaamdeareer; apdraoreotivruserfaceotiorifgat leashenpeition @dize second
carrier, the heat- S%e_neraﬁin% device afciélt least aqﬁqrtipn of the first carrier, whereby cooling fluid is
introduced it REYHORS F@ a’ft‘rﬁfﬂﬁ:&o ¢ a@FBH@ rIer,

enclosing at least a portion of the second carrier, the heat-generating device
and at least a portion of the first carrier; and
introducing cooling fluid into the enclosure and into at least one of the first
15 and second channels, the cooling fluid being substantially electrically non-conductive
and for extracting heat from and thereby cooling at least one of the heat-generating
device and at least one of the first portion of the surface of the first carrier and the
portion of the surface of the second carrier,
wherein heat generating devices are mountable only on each of the portion of
20  the surface of the first carrier and a portion of the surface of the second carrier, the
portion of the surface of the first carrier being substantially parallel to and facing the

same direction as the portion of the surface of the second carrier.

In accordance with a second aspect of the invention, there is provided a cooling
25 assembly for fluid-based cooling of heat-generating devices, the cooling assembly
comprising:
a first carrier;
a heat-generating device mounted on a first portion of the surface of the first
carrier;
30 a first channel formed by spatially displacing the heat-generating device from
the first portion of the surface of the first carrier;

a second carrier, wherein the first and second carriers are stacked:;



the first and second channels, the cooling fluid being substantially electrically non- conductive and
being for extracting heat from and thereby cooling at least one of the heat-generating device and the
at least the portions of the first and second carriers, 10 wherein heat generating devi¢gga\§ 2007
mountable only on each of the portion of the surface of the first carrier and a portion of the surface of
the second carrier, the portion of the surface of thefirst carrier being substantially parallel to and
facing the same direction as the portion of the surface of the second carrier. 15 In accordance with a

third aspect of the ibvERERFh CHIERS| SRS BasRatRIN oY TB1acTs e SBEPRE IR &r Fhe®t H8nerating

devices, compsisiagridie HiescefidMeEAHEIdhei hg A0 ehR@begvderiaeBRIBradf fidsiHRBobthe surface
of a first carrier; spatially displacing the heat-generating device from the first portion of the 20 surface

of the first cARGIERTIRIFRAHE G URLCE RAARNHIAR 0L RS 3R Hdhe SEARAARESIEHCE being

substantially receivasl svitlisureCRitCaNtTgsihe AoRXVEVBRIBE derMeddibHiediisieatiehand defining
the first portion of the surface of the first carrier, at least a portion of the first channel extending within

the conCavityeoBRMII8 At Bt At drAel-ArRIYAR RFdPeinskranietpatially displacing the second carrier

from the first carrienfiesr@imioslimgsegiend mirsnekbehieer amestionr ahihpeuafasgsoblaafirst
heat-generating device and a portion of the surface of the second carrier; enclosing at least a portion

of the secont' &AM SHOL FIRBREHH e tRALNGRHULY Igeajé‘QaSHB?mH%b‘[ﬁéeﬁFQPE Yridand 30

introducing ceplingtidnatoding enciostaing theatdrahieast drepY it firkf sandhaasanerehannels, the
cooling fluid being substantially electrically non-conductive and for extracting heat from and thereby
g Klesangit e ite Bagaeraldlio

cooling at le B8R GHRNBIAHRD HEXICE ARerd AREIaRs EShARRS PR GHIBE DT the surface of

the firsigarrier and irerbthMeat 3efsratreodtioinaf dhermuiiaaBlobille s8c0R cRtiehdhRRs@Tcavity being
shaped and  dimensioned for assage of the cooling fluid therethrough, wherein heat generating
ki S AL P e

devices are FH%&HE & 9% réehpéﬂ%?rtﬁ@ 8r98ﬂ'8'ﬂ HEES SCeARiEHAL ortion of the

surface of theosgend trre@fateeotinofiiencatiie salrgeatstihealissparlisribeing Rubsfansally parallel

to and facin%the dsame direction as.theP rtion Pf the_surface of the second carrier.
ame direction as the portion of the surface of the second carrier.

15 In accordance with a third aspect of the invention, there is disclosed a method for

fluid-based cooling of heat-generating devices, comprising the steps of:

mounting a heat-generating device onto a first portion of the surface of a first
carrier;

spatially displacing the heat-generating device from the first portion of the

20  surface of the first carrier for forming a first channel therebetween, the heat
generating device being substantially received within a concavity, the concavity being
formed in the first carrier and defining the first portion of the surface of the first
carrier, at least a portion of the first channel extending within the concavity;

stacking a second carrier and the first carrier;

25 spatially displacing the second carrier from the first carrier for forming a
second channel between a portion of the surface of the first heat-generating device
and a portion of the surface of the second carrier;

enclosing at least a portion of the second carrier, the heat-generating device
and at least a portion of the first carrier; and

30 introducing cooling fluid into the enclosure and into at least one of the first
and second channels, the cooling fluid being substantially electrically non-conductive
and for extracting heat from and thereby cooling at least one of the heat-generating
device and at least one of the first portion of the surface of the first carrier and the



Brief Description of the Drawings Embodiments of the invention are described hereinafter with
reference to the 10 following drawings, in which: FIG. 1 shows a cross-sectional front view of a
cooling assembly in accordance with a first embodiment of the invention; FIG. 2 shows a
cross-sectional front view of the cooling assembly of FIG. 1 illustrating the electrical intBrMENnERHENs
between the various elements of the cooling 15 agsembly; FIG. 3 shows a cross-sectional side view
from side A of the cooling assembly of FIG. 2 illustrating the electrical interconnections between the

various elenRAH9Bf GheR&Sikie Mg $8e9Nd ACGHHIs H'8rE588 8 HoM&ITELNIRAA G4 cooling

assembly in gZAERHERRSENI RS SRCONAECEIBAAYTTRAE Bhdhen tion; FIG. 4B shows a
cross-sectional top view from the plane B--B of the cooling assembly of FIG. 4A; FIG, 4C shows a

cross-sectional bott8hS NSRS PENEHRM HRICES GaBOWHBRI L AMBRFBOEIRE RASE BfG. 5 shows

a cross-sectigpalfant \GemeFirsceating %ﬁﬂ%‘f}iﬂ)"tiﬁna@ﬁﬂf@'@l]ﬂ@cw&h Adhiseopmbagisreicof the
invention; and F]G. 6 shows a cross-sectional front view of a cooling assembly in accordance with a

fourth emboARFEMT Bf the SHUEARE G 1ae Bk SREiED BGOSR R i LR RUBBIIAG apparatus

and a methogh/iqy gipediingh e atdpneiciing e eRsasEeIiecitiearBeeiments of the invention are
described hereinafter. The description is provided with reference to the figures of the drawings,

wherein like elements are identified with like reference numerals. 10 May 2007 5 A fluid-based

cooling asseBtidy besaeigRreingrhe Hrshanayzodiment of the invention is shown in FIGs. 1, 2 and 3.
The cooling asresgegrﬁ%% 10 includes.an enclosure Aj%bonde or.otherwise attached to a substrate 14 to

form an outer Qtﬁltﬁﬁlirtvoi’%‘fﬁﬁt'earﬁé‘?s QDA oRERFHRANE pWLit P B FeeR-dRn¥ating
devices®6 (fonpigingairai@idgd, andisshistribution carrier 30. A concavity (shown but not indicated by

e e e Ok &l ous 2ettioNal Front view OF & cooting Assembly in accerdance
with a first embodiment of the invention;

FIG. 2 shows a cross-sectional front view of the cooling assembly of FIG. 1
illustrating the electrical interconnections between the various elements of the cooling

15  assembly;

FIG. 3 shows a cross-sectional side view from side A of the cooling assembly
of FIG. 2 illustrating the electrical interconnections between the various elements of
the cooling assembly;

FIG. 4A shows a cross-sectional front view of a cooling assembly in

20  accordance with a second embodiment of the invention;

FIG. 4B shows a cross-sectional top view from the plane B--B of the cooling
assembly of FIG. 4A;

FIG. 4C shows a cross-sectional bottom view from the plane C--C of the
cooling assembly of FIG. 4A,;

25 FIG. 5 shows a cross-sectional front view of a cooling assembly in accordance
with a third embodiment of the invention; and

FIG. 6 shows a cross-sectional front view of a cooling assembly in accordance

with a fourth embodiment of the invention.

30 Detailed Description
An efficient fluid-based cooling apparatus and a method for cooling heat-generating
devices according to embodiments of the invention are described hereinafter. The
description is provided with reference to the figures of the drawings, wherein like

elements are identified with like reference numerals.



receiving the corresponding one of the plurality of heat-generating devices 26 therein. The outer
casing is preferably fabricated using an in-situ molding process compatible 10 with the conventional
chip packaging process and preferably made of materials such as metals, plastics, ?8 heg 7
materials, which are capable of containing fluid. The outer casing serves as a robus chlﬁ% age
containing one or more chips. The enclosure 12 hgs an inlet 16 for receiving coolant and an outlet 18
for expelling the coolant, in which the coolant is used for removing the heat generateo_l by the heat 15

generating dRVitdd-beed 9ok arsenbly AQaserdinttoib iRt SRORIUBRN AL NB B eBHBBdRe to each
other with thentgt ilo-rsatedbam@re sitecobilif) assdrmneLbIrNtitRanayiiesskélacaisrien the

opposite side of the enclosure 12 as shown in FIG. 1, Although other arrangements are also possible,

this arrangeMeAtBRAEARMRDIO paHDRbakR 1B HE BbRRELSHINZirA R EIBNNY £84Bmbly 10
when enteringreii1202Q ig)eInl@IABR depiingith srughitihereriteigl 8eibis av g mens@ssienhances

heat dissipation by alleviating the tra in%;f the coolant inside the enclgsure 12. The enclosure 12
S,

may alsd ha@BhfufiSIEhHIAY SAHTEL AR SRR WP LAYLIRPE AN &Y JElRE R closure 12
for receivingrajnsbedpalinariieicaplaath Ffrthrrpriclither evstarass reodideranseabiaiyeen the
inlet 16 and the outlet 18. The variQus 25 structures inside the cooling assembly 10, as well as the

viscosity of tFRELYBIAMICSRRESRARINIA QLG AR RlY i UsaREUNG- RISHI Y PUMRER into the inlet

16 by an external close-circuit micro- pump (not shown) and distributed into a plurality of channels 24

that are generally 30 parallel and further redistributed into a plurality of upper sub-chanpels 24a and
pliviiep it Tttt P i e ek
excharl@eL (20 Irtm sbmnhﬂmvgrpaa@lamw%@i@mﬁ aﬁ;‘u Imfdfie%mwarcdﬁ@eﬂ-mgt@nalmigm pun(;r;
system.T e coolant expelled from the outlet 1 an pe channeled to other modules to be used for
oy pupaded eI BRI LA ATt o TG A8 FBl G HABE IS A

assembly 10A¢r thasivrpERMESSES ibiastgEhipeprakaes cohraiials ohe N esoirtaigipeiactiwith the
various structures inside the cooli embly . 10, thereby efficiently remqving heat from the various
Structures. THE BOMTEE L5 Aol Bhy el Yl el O AT SRHEEA RS EAS ro-carbon
(FC) 72, 5 FeddlartCoAwhcH thang dhentike eedling fleidoving tHe hemperaddanily iscapable of
absorbjng h%%%g‘#iatﬁﬁ& LERNSng ! a(:';[:si.c AFDQMTAILAG the bekarnere tpi)rrlgferably disposed
opposite to each other with the inlet 16 located on one side of the enclosure 12 and the
outlet 18 located on the opposite side of the enclosure 12 as shown in FIG. 1.
Although other arrangements are also possible, this arrangement provides multiple
parallel paths for the coolant to flow in the cooling assembly 10 when entering by the
20  inlet 16 and leaving through the outlet 18. This arrangement also enhances heat
dissipation by alleviating the trapping of the coolant inside the enclosure 12. The
enclosure 12 may also have multiple inlets and outlets, each positioned optimally on
the sides of the enclosure 12 for receiving and expelling the coolant. Furthermore,
there exist pressure differences between the inlet 16 and the outlet 18. The various
25  structures inside the cooling assembly 10, as well as the viscosity of the coolant cause

the pressure differences.

The coolant is preferably pumped into the inlet 16 by an external close-circuit micro-
pump (not shown) and distributed into a plurality of channels 24 that are generally
30  parallel and further redistributed into a plurality of upper sub-channels 24a and lower
sub-channels 24b that are also generally parallel, and finally out of the outlet 18 to a
heat exchanger (also not shown). However, the invention is not limited to a closed-
circuit micro pump system. The coolant expelled from the outlet 18 can be channeled

to other modules to be used for other purposes. That is, the coolant is not being



devices 26 (a-c) being cooled. Furthermore, the fluid may undergo phase changes as the temperature
changes. Thus, in some cases, the fluid enters the enclosure 12 in one phase and exits in another.
For example, it is known that the FC72 changes from 10 liquid into gas at about 56 deoké®g ZJgius.
Hence, it is possible that the FC72 enters the enclosure 12 in the liquid form and exits the enclosure
12 in the gas form if the temperature inside the coaling assembly 10 is 56 degrees Celsius. The
plurality of channels 24 is formed by space created by stacking the plurality of 15 chip carriers 20 (a-c)

and spatiallyPHRBBRERRGHOINER B2 SAAHNGASI R L i SHBRCaRLaR ARTSBS ArBHA KRS ¥REGHSer
connectors ZR4anels, @ne@binatshaneribrdhistovaias ey theusasesise teesoiiie) heitomisurface of

the chip carrier 20a and the top surface of the distribution carrier 30 with the one of the channels 24

extending witin!BREERYO AEAR/RY UK TBEARYIBA B HEPBh AP Ma RS SHERNYE oy THE 99 Tbdtween the
bottom 20 syyigferapfytneadistiuiEleceacaRy ABrRpshtiR pubauRISUh dshRuPiLEaiiBP{RbpMpels 24 is

formed by space created b stackiﬂtg the plurality of chip_carriers 20 (a-c) and spatially displacing or

separatihg e5Ch cHit 84rifoAnthDe ke cao! g [ty DicfricPRpHaL: OBy 1852PaBlse of the

channels 244s fgisaasingd hyath@/BRase QeURERIGarhaltamosttirgatotsherehiesageiesraagand the top
surface of the distribution carrier 30. Apnother one of the channels 24 is formed by the space between

the bottom sPRYACES SPtifs WidFBY GORBAr e LAy enihe e Aav YNeeref BfapRGhane etferating
devices 26 (g€ rdragepafll i alibhgédnHe Uip sbpetaseSGHeneinalirs rieier @@ s @ ghiheniptact pads 38

(a-c) as shown in FIG. 2. The heat- generating devices 26 (a-c) are mounted on the chjp carriers 20
(o6) 25 <hoRME FIE B B Ebor G TR Sis GG Tp! A Bl SN R P e hemt
generating deyites$id dasek dbisuposIIbiRds melnismPrghteai RNsobplegracating7deyiees on each of

the chip carriers 20 (a-c). Each heat-generating device 26 (a-¢) is 10 May 2007 7 spatjally displaced
ftom the surt B LT SpdErE BAHL P& SO ) D ASHER o eHTp SRS 38 ey

S

Alternativelytdinpaehiuvé insitetiegpotirafinge teWces i2 6date)rbesdeRils for use as input-output ports,

the leads can be directly connected to the respective chip carriers 20 (a-c). In this way, each lower
sub-channel 5 24b is created by the space between the top surface of the respective chip carrier 20

(a-c) and theTheturaityfacehahitbl rRsRHolivehBREgRRaTRIRG B§\deeldfg e pusuliythese leads.
Each o{ghe %ﬁﬁ)ecra?ng_g 98 QQ—%SSar% aspi)atfarﬁ? tcﬁgplf%mge OSIp s%;c)grgﬁr%\g%g&t@ﬁp carrier from the

other by a plurality of carrier connectors 22 (a-c). One of the channels 24 is formed

by the space between the bottom surface of the chip carrier 20a and the top surface of

the distribution carrier 30 with the one of the channels 24 extending within the

concavity. Another one of the channels 24 is formed by the space between the bottom

20  surface of the distribution carrier 30 and the substrate 14.

The plurality of channels 24 is formed by space created by stacking the plurality of
chip carriers 20 (a-c) and spatially displacing or separating each chip carrier from the
other by a plurality of carrier connectors 22 (a-c). One of the channels 24 is formed
25 by the space between the bottom surface of the chip carrier 20a and the top surface of
the distribution carrier 30. Another one of the channels 24 is formed by the space

between the bottom surface of the distribution carrier 30 and the substrate 14.

Each of the heat-generating devices 26 (a-c) has a plurality of input-output ports,
30 hereinafter referred to as chip contact pads 38 (a-c) as shown in FIG. 2. The heat-
generating devices 26 (a-c) are mounted on the chip carriers 20 (a-c) as shown in
FIGs. 1 and 2. Depending on the size of the chip carriers 20 (a-c) and the heat-
generating devices 26 (a-c), it is possible to mount more than one heat-generating

devices on each of the chip carriers 20 (a-c). Each heat-generating device 26 (a-c) is



top surface of the respective heat-generating device 26 (a-c) and the bottom surface of the respective
chip carrier 20 (a-c) with the exception of the upper-most chip carrier 10 20c, wherein the upper
boundary of the channel 24 and the upper sub-channel 24a is the ceiling of the enclgétwa(}],%ﬁé?
shown in FIG. 1. The chip carriers 20 (a-c) are preferably made of silicon substrate. Each of the
plurality of chip carriers 20 (a-c) has carrier contact_pads 36 (a-c), carrier traces 33 (a- 15 c¢) and 34
(a-c) patterned or laid on the surfaces of the chip carriers 20 (a-c), and a plurality of carrier vias 31

(a-c) for useSREYALBrHarIacedr SrasHEWH PR Y. B8 TESRECHUE . P SHEH TS 6Lt front view
of the cooling|aggrbly cHipiltirnatirest?e @l%trigﬁltéﬂﬁﬁflﬁ@g{ﬂﬁﬁﬁm hsttwReRedewRsiatifgiements of
Sl

the cooling assembly 10. FIG. 3 shows a cross-sectiona e view from side A of the cooling

assembly 179H 8 stRGNET IERHTERintes h YR REN the 1Ra98 R I8mMEHESEY the cooling
assembly 1G:dnHekes 1©ark ebfeaarsiehipLafiel2s @-Blurnlitiiohwa e nieiBesiptendprnectors 32

(a-c) and a plurality of carrier upper peripheral contact pads 35 &a-c) disposed on a portion of a

surface of the SRRy AMgReFRare BEFMLRD) HoF FRRaNAFRTC B LG RRRSHNR SR CAES e SRective

carrier connggley i - Gobb S IR SR PeSRetiRdReRy8Refatitly Tbeidurel B of eanger surface
contact pads 36 (%\é:é ngs'%)sed on another portion of the surface of the resl%ecctive chip carrier 20 (a-c)

is for receivitiSel aFeghald oA SESFRURRISAG LD RTeatan iy Be SRACeRRMESUMSity of carrier

lower periphgiiakgeratacifipe sedpetiing Riaposaetaihyel-anetherpeltion aidhetdwilaneaeb e respective

chip carriers 20 (a-c) is for receiving electrical signals from 30 the respective carrier traces 34 (a-c) or
the respecti /B SEARER M AHGLAAE PG Ao £ CTRAOP GG BPGet i Ra il iae

connegtors 32 {av@croinnget @ipeirnangigpalstiieahthadespaativecapper spenaepheasalscontact
pads 35 (a-c@o the res Ective carrier Ioweh&eripheral contact pads 37 (a-c). The plurality of carrier
traces 33 (a- GSHHQC? § %ﬁ’f@é‘?sﬂb‘?w%aﬁé ‘fﬂb‘?&'{gb&ive carrier surface contact 10 May 2007 R

pads 36 (a-c) to the respective car.rier upper peripheral contac'F pads 35 (a-c). The plurality of carrier
(e, bt 1 SR e BN B e BRI MR R RILosh (LS gk e CafHr v 31
(a-c). The uggwréling oflighrabtyanfierc20rardy haesadddacohantdRdd 3cjds Yepaivtaricen 3Bgaequirements
of the glectiga 194N e ) Perma S Ria o f6 SRaER (e thib RANeN 90 i mediate
plurality of carrier vias 31 (a-c) for use as interconnectors as shown in FIGs. 2 and 3.
FIG. 2 shows a cross-sectional front view of the cooling assembly 10 illustrating the
electrical interconnections between the various elements of the cooling assembly 10.
FIG. 3 shows a cross-sectional side view from side A of the cooling assembly 10
20  illustrating the electrical interconnections between the various elements of the cooling
assembly 10. Further, each chip carrier 20 (a-c) has a plurality of carrier intermediate
connectors 32 (a-c) and a plurality of carrier upper peripheral contact pads 35 (a-c)
disposed on a portion of a surface of the respective chip carriers 20 (a-c) for receiving
electrical signals from the respective carrier connectors 22 (a-c) or the respective
25  carrier traces 33 (a-c). The plurality of carrier surface contact pads 36 (a-c) disposed
on another portion of the surface of the respective chip carrier 20 (a-c) is for receiving
electrical signals from the respective chip connectors 28 (a-c), and a plurality of
carrier lower peripheral contact pads 37 (a-c) disposed on yet another portion of the
surface of the respective chip carriers 20 (a-c) is for receiving electrical signals from
30 the respective carrier traces 34 (a-c) or the respective carrier intermediate connectors
32 (a-c). The plurality of carrier intermediate connectors 32 (a-c) connect electrical
signals from the respective carrier upper peripheral contact pads 35 (a-c) to the
respective carrier lower peripheral contact pads 37 (a-c). The plurality of carrier

traces 33 (a-c) connect electrical signals from the respective carrier surface contact



connectors 32 (a-c) and carrier traces 33 (a-c) and 34 (a-c) are made of electrical conductive
materials and are easily fabricated using conventional processes known in the art. For example, the
carrier traces 33 (a-c) and 34 (a-c) can be fabricated using 10 known additive or suiﬁfﬁgvezom
metallization process such as sputtering or plating deposition methods. When the chip Carfiers' 20
(a-c) are made of silicon substrate or the like substrates, semiconductor devices other then the
heat-generating devices 26 (a-c) can also be 15 faricated on the chip carriers 20 (a-c)_using the

conventionaPRte Gi8FLile UG ABRREGINS SAEHES SBRURH RS A HiARIET PRSogRaldnR: prit@sses.

Therefore, thighiy Qﬁrﬂﬁﬁ?%é@e§)310(!i)6ﬁﬁrs@@&rﬁ@&‘(%I@@tﬂ@élséi@@ﬁmﬁfﬁ} gt REPIGOeCcapable of
being used as substrates for fabricating other heat-generating active semiconductor devices thereon.

20 The distrifAfiSh B4TAET SBNLDrERIREE (Axde Vi IACHR SERNSEHYS. GAHE RN RST tRREMBlstribution
carrier 30 is ¢arliztripatie Ure(Rlbyalipo@iie petigaisianaisat recelvesEnmse o e pniaiy be plurality of

heat-generating devices 26 IEa-cg via the varigus, connectors and carrier traces for connecting to a

pluralitybf sGHEIPAHEACER B AHEH &N 5 @iekie GRSSHERE A% e FRIMFRsRRDTH Phibe aletilitreinafter.
The distributigitpry derROhiSHSiat lisiaced pa-the Swestiatality b it afityrafediatabution

carrier connectors 40, thus creating one of the plurality of channels 24. For heat-generating devices

with a low n&H{B’@F@F?nﬁ%t(é'&)pﬁ%&ﬁg]%é%‘?&f’ﬁﬁ%t@ﬁ):éﬁ?e?éd%ﬂyaﬁ%mger Uited e chip

carrier 20a is@igactRieahieepialReing Hseshasyfapal NbB Qg dbHlag it geositssleaticaligignals. The
distribution carrier 30 has a lity of distribution c%rri r ba;to contact agjsg45 disposed on the
f BRiee

lyra
bottom surfat &Hd &OpRIAIK G U MBUBOH ST {81FLARTE p&Gs e t"Sp surface of

the digtpibutigivearietdeCanpastingitee distlibaion qaatesdaticmaanshiereantactpReidg 45 and 46
are a plurali%ﬁf distributi%n garrier intermediate connectors 42 and a 10 May 2007 9 plurality of
distribution R YLREAgS

and 44b as shown in FIGs. 2 and 3. The plurality of distribution carrier
bottom contact pads 45 transmit or receive the electrical signals received from or transmitted to the
respective distribution carrier trac%%}44a and distribu 'c%\.carrier trances 44b ﬁgg distribution carrier

intermediate HECEDHR 5856 Vdard aRre ks PRl IS0 SUPFLRIE 27 B LRt

semiconductor devices other then the heat-generating devices 26 (a-c) can also be
15 fabricated on the chip carriers 20 (a-c) using the conventional integrated circuit
fabrication processes such as etching and lithographic processes. Therefore, the chip
carriers 20 (a-c) no longer only serve as passive carriers, but are also capable of being
used as substrates for fabricating other heat-generating active semiconductor devices
thereon.
20
The distribution carrier 30 is preferably made of silicon substrate. The purpose of the
distribution carrier 30 is to distribute the plurality of electrical signals it receives from
or transmits to the plurality of heat-generating devices 26 (a-c) via the various
connectors and carrier traces for connecting to a plurality of substrate contact pads 17
25  on the substrate 14 as described in more detail hereinafter. The distribution carrier 30
is spatially displaced from the substrate 14 by a plurality of distribution carrier
connectors 40, thus creating one of the plurality of channels 24. For heat-generating
devices with a low number of input-output ports, the distribution carrier 30 may not
be required. The chip carrier 20a is also capable of being used as a way of
30  distributing low-density electrical signals. The distribution carrier 30 has a plurality
of distribution carrier bottom contact pads 45 disposed on the bottom surface and a
plurality of distribution carrier top contact pads 46 disposed on the top surface of the
distribution carrier 30. Connecting the distribution carrier bottom and top contact

pads 45 and 46 are a plurality of distribution carrier intermediate connectors 42 and a



distribution carrier connectors 40. For example, with reference to FIGs. 2 and 3, in the electrical
connection of a heat- generating device 26b having four input-output ports or chip contact pads 38Db,
the 10 four chip contact pads 38b of the heat-generating device 26b are connected toghaaghirpoarrier
20b through the plurality of chip connectors 28b. Each of the chip connectors 28b connects the
respective chip contact pads 38b to the respective garrier surface contact pads 36b for transmitting or
receiving electrical signals therebetween. The chip connectors 28b also function as a spacer to create

space betwedHaEYLBtBisrRHEQR L8 6f (HacRe Afte SRErAfR dH el BLRARS: tRidpisurfge of the
chip carrier ZpraliRerepyfariplthihedaneer sotophaitneit4pater e aantamt terassfisotgh. Heat

produced by the heat-generating device 26b is dissipated from the surfaces of the heat-generating

device 26b &R 81908l FarRiNGT H0Y Ak RagMRthPHIp EBSRRSI 2 BISEIRYBBL S T8Giation as

well as by cap@ustion \dadhfiseiwialiy ehetip aanaacions 2f2@ktbthp iR Garriate?PediAt the coolant
passes through the lower sub-channel 24b, it comes into contact with the bottom surface of the

heat-geRerafif8EREe 460 hiNeHiRSRYANECRHESTEE £ BSulac¥iar the CRPEEYRr 20b and

removes thedigabuherefianr esnhbgasteatrical signals at the respective carrier surface contact pads
36b are transmitted to or received from the respective carrier top peripheral contact pads 35b through
the respective carrier traces 33b that traverse the top surface of the carrier 20b. Alternatively, the

electrical sigpaleriteeanpatve aaities SUdace sanBanphdsRelicandmt@snyitachtator received
from the respective, Iowlé&&eeri eral cont?ct pads 30 37b through the respective carrier vias 31b and

the respectivi ARG tHAY G VRV E AR BYHRY RQTFaRE SHRWECEL TP B3 dBE electrical

signalsigre festhenipapamatipadoIshrereiy eddroanthaiolinetacsiooB Qe tboanghdi eorgrpsipve carrier
connectors 22b which eIectriBalrl%/b (éTnnEctt e r{'espective carrier lowe heral contact pads 37b

and the resrSaLHEE 20 taroygh e BRALN. oL SR SODREC TS LR, (RADONAE S8 LONBSH S earrior 20a.
the electricabgigatmaditheheerpetiveecetifecomper paripbeacoriastppeaiia AaarRiesiigaseitted to or

e 8 T B b S Ve o
37a are furthudii® temnecidie 8b clgedaiveibirem dhpaeapaciiveath iphsdiopraasietnpaesiact pads 46
15  surface of the heat-generating device 26b and the top surface of the chip carrier 20b,
thereby forming the lower sub-channel 24b for the coolant to pass through. Heat
produced by the heat-generating device 26b is dissipated from the surfaces of the
heat-generating device 26b and heat is also transferred to the neighboring chip carriers
20b and 20c by radiation as well as by conduction via the plurality of chip connectors
20 28D to the chip carrier 20b. As the coolant passes through the lower sub-channel 24b,
it comes into contact with the bottom surface of the heat-generating device 26b, the
chip connectors 28b, and the top surface of the chip carrier 20b and removes the heat

therefrom.

25  The electrical signals at the respective carrier surface contact pads 36b are transmitted
to or received from the respective carrier top peripheral contact pads 35b through the
respective carrier traces 33b that traverse the top surface of the carrier 20b.
Alternatively, the electrical signals at the respective carrier surface contact pads 36b
can be transmitted to or received from the respective lower peripheral contact pads

30  37b through the respective carrier vias 31b and the respective carrier traces 34b that
traverse the bottom surface of the carrier 20b. These electrical signals are further
transmitted to or received from the chip carrier 20a through the respective carrier
connectors 22b which electrically connect the respective carrier lower peripheral

contact pads 37b and the respective carrier upper peripheral contact pads 35a. At the



of the distribution carrier 30. The electrical signals at the respective distribution carrier top contact
pads 46 are further transmitted to or received from the respective distribution carrier bottom contact
pads 45 through the respective distribution carrier traces 44a and 44b and distribution carrier
intermediate connectors 42, and are finally 10 transmitted to or received from the reggertie Zodptrate
contact pads 17 through the respective distribution carrier connectors 40. The electrical signals at the
plurality of substrate contact pads 17 are then tradsmitted to the respective substrate connectors 15

through a pIGPARPERHR-ARe fiesHirabrianals Ah K ErePgrIveItattisy. HaReJaTiRbetph ca8 e rier vias
and carrier qeyeptarsreeftihat PRy eraie shewram Il dgReme daseeviter SefipRaad 3. At the

same time, other electrical si%nals from the heat-generating device 26a are also being transmitted to

or received frBAAGHREET 1R UG NeFRAESY HENBHEF IR HBE Mt COBREHRS gRediféfent

respective C@ré'tﬂfi&ra?lcgligﬁéé thattHavessetheotosr 29&#%@?& Qfdﬂilﬁc@aﬁéﬁﬁ 297 Aréhmewgldifferent
respective carrier vias 31a and different respective carrier traces 34a that traverse the bottom surface

of the carriel2BSMBeH R RerE YR IR ESRARRY S EISHIRHUPR SRSl RSO BRAR AR, other

electrical siggpipéremstanigishoenaatisg davieekeaie bigndsranspitepdetive Weeivatddrom the
respective carrier top peripheral contact pads 35c or carrier lower 25 eriFheraI contact pads 37c

through tho FELIEICIR GGt BRYSeAb ke, TUFDRLAAA TSR AP 5 TRERNAL, [TPMANS ERPEF M gement as

described alypsteiblitiercedfitdr trReesn Gaitaet M@@ aBdlﬁ@UQﬂAftﬁ@ﬁéﬁfé&ﬁw elrtimsutoiheaheat-generating
devices 26a and 26¢ and the carriers 20a and 20c are shown as dotted lines as seen.in FIGs. 2 and

3. 30 In the fEGHMG BIAHAERY HELRAIAR GUHENULSHERE RIS PR F O trite ndt-Yeriidihg devices

26 (a-qgavmmtt@bimmnt&%piﬂ$r8& (@cretheching ehiteayicoriaa g@gwnsﬁnm@wcﬂg@hcarrier
intermediate connectors 32a and chip carrier connectors 22a as compared to the secon ip carrier
200, Simirart RS EHOP BT S0 PR e 15 AT s Al AP ors 32 sl

chip carrier $00vteste2O6htadtlpadnnectossizabtamoninparedte thepéitileibseatictaivasseen in FIG.

3. The factor, of increase&if carrier intermedijate conn

t b f chi t hip | i
e o R T S e AL B AL B Sttt R ements of
the heat-geneiedn)gdaviceiaaattaam@piestdyridroentcssrigengially abethieoampcasiiarzleseast to the

substr 14, namely, the chip carrier 20a, requires the
%e seenrpn II—yIGs. 2 an83c. 9

At the same time, other electrical signals from the heat-generating device 26a are also
being transmitted to or received from different respective carrier top peripheral
contact pads 35a through different respective carrier traces 33a that traverse the top
20  surface of the carrier 20a, or through different respective carrier vias 31a and different
respective carrier traces 34a that traverse the bottom surface of the carrier 20a to
different respective carrier lower peripheral contact pads 37a. Similarly, other
electrical signals from a heat-generating device 26¢ are being transmitted to or
received from the respective carrier top peripheral contact pads 35c or carrier lower
25  peripheral contact pads 37c through the respective carrier traces, carrier vias and
carrier connectors in the stack arrangement as described above. The carrier traces,
carrier vias and carrier connectors relating to the heat-generating devices 26a and 26¢

and the carriers 20a and 20c are shown as dotted lines as seen in FIGs. 2 and 3.

30 Inthe foregoing example of the stacking arrangement with each of the heat-generating
devices 26 (a-c) having four chip contact pads 38 (a-c), the first chip carrier 20a
requires more chip carrier intermediate connectors 32a and chip carrier connectors
22a as compared to the second chip carrier 20b. Similarly, the second chip carrier

20b requires more chip carrier intermediate connectors 32b and chip carrier



most connectors to cater for the plurality of electrical signals transmitted to or received from the other
chip carriers. A further advantage of such a stacking arrangement lies in its heat distribution 10
characteristic. Heat generated by a heat-generating device is transferred to the neigtﬂch'gr? 586’7
carriers via the various connectors and traces. This heat distribution characteristic is advantageous in
situations where a heat-generating device generates more heat than the other heat-generating
devices inside the cooling assembly 10. In this caskl the heat is not overly concentrated at the

heat-generaffY 8e A2 aMaEs S GIREsd d0siRR SH h EBIP 158Er8 R S8 888 Rd e Rrefgh bR RG ©hip carriers

via the variogp jreRRSCIRr SRNAWRSES SoftHie Batiambreineantcthemmiciers Hsicampesdaisr22 (a-c), the
chip connectors 28 (a-c), and the redistribution carrier interconnectors 40 are preferably solder balls. It

20 will be apf IR JAsianeshRrRodave (dnsniest denandserbinseleriicdl COARRHSRS known in
the art. It will@jgadiReARPErant thatithenBramie e olceo AT LBRTexRYNABRISFS, BRtegarrgiaky, connectors,

and traces required are dependent on the electrical connection requirements of the heat-generating

devices?As HicATih&EAIEERISELRHBR RIRSIALS At BEME bhd e Y BiRY VRt tEGs. 1, 2

and 3 are 25vperelyriesdibistiativer@umiopses driRrfiabpnadbeien| appaossivlennagcaydance with
the requirements of the a%%gcations. A second embodiment according to the invention is shown in

FIGs. 4A, 4BSSRYFEAThLEHH RIS, ess of removing the heat generated by the plurality of

heat- 30 generating devices 26 (a-c) in the cooling assembly 10 is substantially enhanced with the

addition of a plyrality of heat dissipation enhancement microstructures 50 and 52,  The descriptions in
relation to th SRl ACVBRIGA ALoHEBY S PHESE HEAHEREB 5D A o the SHEIRE described

in the firgt ercihodbteestiof thecuvgstiemataditbyrefereacgdwiirg tedicanid Irargfiresdpraied herein. 10

May 2007 12 The heat generated by.the plurality of heat-generating devjces 26 (a-c) in the cooling
e by 10 GGGt R RS A YA T o SRS B BBty heat

also transfershiieidhstisUiacearvidbeuplinalityapbhe alteenaratiagyrdexiegsdatita-garerthss plurality of
chip carriers 20 (g-c) by radiation as well as by . conduction vig, mainly, the pluraljty of chip connectors
28 (o). ms HBLEEAL eI GH ORI EMEER i BB N EEM A Coring into
contact with tii¢ case, the heat is not overly concentrated at the heat-generating device that

15  generates more heat, but is dispersed to the neighboring chip carriers via the various

connectors and traces.

In the first embodiment, the carrier interconnectors 22 (a-c), the chip connectors 28
(a-c), and the redistribution carrier interconnectors 40 are preferably solder balls. It
20  will be apparent to one skilled in the art to use any of a number of alternative
connectors known in the art. It will also be apparent that the numbers of contact pads,
connectors, intermediate connectors, and traces required are dependent on the
electrical connection requirements of the heat-generating devices. As such, the
electrical connections described in the foregoing with reference to FIGs. 1, 2 and 3 are
25  merely for illustrative purposes and variations thereof are possible in accordance with

the requirements of the applications.

A second embodiment according to the invention is shown in FIGs. 4A, 4B and 4C,
wherein the effectiveness of removing the heat generated by the plurality of heat-
30  generating devices 26 (a-c) in the cooling assembly 10 is substantially enhanced with
the addition of a plurality of heat dissipation enhancement microstructures 50 and 52.
The descriptions in relation to the structural configurations of and positional
relationships among the elements described in the first embodiment of the invention

with reference to FIGs. 1, 2, and 3 are incorporated herein.



various heat carrying structures inside the cooling assembly 10 removes the heat. The effectiveness
of heat removal therefrom is substantially enhanced by incorporate the 10 plurality of heat dissipation
enhancement microstructures 50 and 52 to the plurality of heat-generating devices 26 (a-c) and the
plurality of chip carrier 20 (a-c) respectively as shown in FIGs. 4A, 4B and 4C. Thq@lmgytmﬁ-peat
dissipation enhancement microstructures 50 and 52 can be fabricated separately and then bonded or
otherwise attached to the surface of the plurality &2 heat-generating devices 26 (a-c) and the 15
plurality of chip carriers 20 (a-c) respectively. These heat dissipation enhancement microstructures 50

and 52 are prateraklyysheefealipereopveaigrsT Realeapriey dvnater@iaanthesedsinegion in the
same manner as the conventional heat sink. However, to avoid this bonding or otherwise attaching

step, which AStEaMYLehdsRatRsdgHER RuiRGrsQliHPhy &l IBL P TREa AR NG AR Dt Battaching
mechanism ¢zp)207RPRER hewt trangies terehrieencticoplualpi el ipardissingtirragngancement

microstructures 50 and 52 are preferably fabricated from materials used for fabricating the plurality of
heat-geReraflRY SFSfGe873 Eﬁ-%eaﬂlﬂ'@{é%%&h‘l‘y SREIRE CAriRshe Y radgtenaTel ArLY of

elongated preghiesast Wgnharsyu aiapi e diy abbhedtopp@eneyatng déevifing 26 {a-c) and the
plurality of chip carriers Zg/éa-c). 25 The dimensijons of heat dissipation enhancement microstructures

50 and 52 cAAGAPNIBNTBAHCAIRP, e UEStEm IR UREb HH 409 R ATURSHTER PTG EAE 400
micrometersvifriaeihdaisaity@ngtieupturadiisid et sisHiRpisRmPRAIT ainResTHemsitugthees 50 and

52 are preferably disposed adjacent to each other to form a . plurality of micro-channels having width
i o BN ERosth At T AECE RS SR AL SRR P A ot
the abqee pesilianip®BNshcatattnrRnBARBHEPDIME DS RICIRELYSOfdnes ansiepepdlapesgment

microstructures 50 and 52 on the plurality of heat-generating devices 26 (a-c) and the plurality of chip
Catriors 20 TS BO0H13 S0 JBBe0 N B BB R B NS e e o o

position additostawient FepsferenRneenient miyqsliathyres Atdbaisanoswingecoiie plurality of
the input-oulBU BIHE B RCIEAIR 57 OA GONR R e S e LAY R Toregomg
structures, itagagpp@nentriatiefdesycsuiagsi obithg of heat-generating devices 26 (a-c) and the
15  plurality of chip carriers 20 (a-c) respectively. These heat dissipation enhancement
microstructures 50 and 52 are preferably made of the conventional heat conducting
materials and these function in the same manner as the conventional heat sink.
However, to avoid this bonding or otherwise attaching step, which not only translate
into higher manufacturing cost but the bonding materials or attaching mechanism can
20  impede heat transfer therebetween, the plurality of heat dissipation enhancement
microstructures 50 and 52 are preferably fabricated from materials used for
fabricating the plurality of heat-generating devices 26 (a-c) and the plurality of chip
carriers 20 (a-c) to form an array of elongated protuberant members unitary with the
plurality of heat-generating devices 26 (a-c) and the plurality of chip carriers 20 (a-c).
25  The dimensions of heat dissipation enhancement microstructures 50 and 52 can vary,
but typically, these can be approximately 50 micrometers in width and 400
micrometers in height. Further, the plurality of heat dissipation enhancement
microstructures 50 and 52 are preferably disposed adjacent to each other to form a
plurality of micro-channels having width ranging from 40 micrometers to 200

30  micrometers.

It will be apparent to one skilled in the art that the above positioning and combination
of positioning the plurality of heat transfer enhancement microstructures 50 and 52 on

the plurality of heat-generating devices 26 (a-c) and the plurality of chip carriers 20



plurality of the heat-generating devices 26 (a-c) comes into contact with the coolant either directly or
indirectly via the various connectors, which are exposed to the coolant. Further, as the cooling
assembly 10 is filled with the coolant, every structure 10 exposed to heat is in con tl\xvéth %%(g_rf‘oolant,
thereby maximizing heat dissipation therefrom. A third embodiment according to the invention is
shown in FIG. 5, wherein the coolant may be diregied to the regions where heat is concentrated by
using under-fills. 15 55a and 55b to seal off certain channels in the cooling assembly 10. The

descriptions @ LIRS SAUERIVATEInTRIBARSAR!BITRIRLRBLEIGIAS FaIRAYIHERBIIMRBRY the

elements deggstbgshifdherfiificRntsernod b gNtRobde i vadess Withheeipirmgg kF FIGs. 1, 2,
3, 4A, 4B and 4C are incorporated herein, 20 In the stackin%arrangement as described in the

foregoing, cERATIHEIRMNERYIGTS Holaces Bale-YParbanals sitthehiih BONOThSWIAES Aiherefore, it

may be desirpisdeusivehthie ¢anianltpuvpere dieHagatiglrprEeRiBiRAdMOIglae ectively and
economically maintain the temperature of the particular heat-generating devices 26 (a- c) at a safe

level. FOY example, if the heat is mostly concentrated at the heat 25 generating device 26b region as

compared to thgcgistiapgtiavi @atne forgjom@rehibRireeat-gensiateng tavieeapsuigaienitigecoolant may
be directed to the heat- eneratingﬂ device 26b region by either s_ubstantiallg filling the channels with

the under-filPX43'8Y B, B LR ERE"RHRM FEV RS A LGP IS dGerontasE LR LeRMAIG. 5. In this

way, a substagtiliilesagr amagnsafycomantds/agedesareenshevtaenpamiskposether 3heooling

assembly 10 at a low level. The under-fills 55a and 55b referably made of electricall
non-conduchiR ATkier HeinayHE SRR EESE N4 0, a0 R R RIR B XSy b ss. 10 May

2007 14 A fexstRembatimest aceprdingviehtiecinveRiipntifeatgWhaKIMiGn§ hehedais thgogoolant is
only applied oé?g regions where heat is concentrated by providing an enclosure 60 to enclose only

the regions %oling is needed. The descriptions in relation to the structural configurations of
and positional relationships among the 5 elements described in the first, second and third

e, I theks AL A CLRERInHE 1S s Y B0 HRB o G SUREPAAEE devices 26
(a-c) dissipate shoeniigebdhiredhel edhbesrefereionerdtharays desitetsitoy using under-fills
15 55a and 55b to seal off certain channels in the cooling assembly 10. The descriptions
in relation to the structural configurations of and positional relationships among the
elements described in the first and second embodiments of the invention with

reference to FIGs. 1, 2, 3, 4A, 4B and 4C are incorporated herein.

20  In the stacking arrangement as described in the foregoing, certain heat-generating
devices 26 (a-c) dissipate more heat than the others. Therefore, it may be desirous to
direct the coolant to where the heat is concentrated in order to effectively and
economically maintain the temperature of the particular heat-generating devices 26 (a-
c) at a safe level. For example, if the heat is mostly concentrated at the heat-

25  generating device 26b region as compared to the distribution carrier region and the
heat-generating device 26¢ region, the coolant may be directed to the heat-generating
device 26b region by either substantially filling the channels with the under-fill 55a or
by blocking the channel opening using the under-fill 55b as seen in FIG. 5. In this
way, a substantially lesser amount of coolant is needed to keep the temperature in the

30  cooling assembly 10 at a low level. The under-fills 55a and 55b are preferably made
of electrically non-conductive materials and these may be applied using a

conventional packaging process.



10 apply the coolant to where the heat is most concentrated in order to effectively and economically
maintain the temperature of the particular heat-generating devices 26 (a- c) at a safe level. For
example, if the heat is mostly concentrated at the heat- generating device 26b regionﬂﬁmgg@géyre 60
may be provided to enclose only the heat-generating device 26b and the chip carrier 20b as seen in
FIG. 6. In this way, a 15 substantially lesser amount of coolant is needed to keep the temperature of
the heat- generating device 26b at a safe level. In the foregoingr,tésllthqugh only a number of

embodiment® JPHE I SRRAMEHE 2arerthae dOithf I BE BiYAAS e Bhdskifadbn YHERIPiAGiew of this

disclosure thajoldRtndraargupshigndesheadjfisatians @nekap B ioatanerN Be pradaiMgtaaut departing
from the scope and spirit of the invention. For example, the plurality of heat- generating devices 26

(a-c) may be"BpRAHIR MLBISREasH ARIXHBESGHIRNS V618 CRUBKLIRNERHRT - cANFHESSHRUBS Y one or

more supporingist Ueturessand:tirel RuriEYrRfceRiREARBestRItoA8I (Refatid@hipe BRGRELEhBY
alternative electrical connectors. 25 Similarly, the plurality of chip carriers 20 (a-c) may be spatially

displaced! fréif el GiereisAd i Hetaretand: datFe PR B o Hibrd RRPHORIMY Btructures

and the plunalfsyepteasraGEONNEI0IN2 K40 ARd)skRee RiRiGGRMAba: Aiéesiative electrical connectors.
Furthermore, not all the electrical signals need to be transmitted to the substrate 14. It is possible that

some of these electrical signals are for communication 30 with other heat-generating devices 26 (a-c)
within the stagking aBEKIOE MR RSN eSS RRECHLEE iIPregofbhgbihlylase 48R 7 hdh-Gdaimsint. A method

for fluid-based cooling of heat-generating devices, comprising the steps of: mounting a

ot omer Rt A B B L B GRS L T8 S oo B A S Being the
heat-geperatipglyeniceotirinm toevitisicoaisiorefitheosutaneiitite firsbairiey &éfetaveipmadirst channel
therebetween; stackinﬁ a second carrier and theéd}':]i t carrier; aFEtiaI% disrplacin the s %ond carrier

from the firsEEAPRBNEBHYOMAIRG!A t1% ERRGH AL 1R% BAGHRALR SSG9RSIEGHILIEY AR € Dk dhe first
heat-generatingidevigge angkh pegiosxahible, sififeee Infath® seosiy carnderitrated at the heat-

generating device 26b region, the enclosure 60 may be provided to enclose only the
heat-generating device 26b and the chip carrier 20b as seen in FIG. 6. In this way, a
15  substantially lesser amount of coolant is needed to keep the temperature of the heat-

generating device 26b at a safe level.

In the foregoing, although only a number of embodiments of the invention are
disclosed, it will be apparent to one skilled in the art in view of this disclosure that
20 numerous changes, modifications and combinations can be made without departing
from the scope and spirit of the invention. For example, the plurality of heat-
generating devices 26 (a-c) may be spatially displaced from the surface of the
respective chip carriers 20 (a-c) by one or more supporting structures and the plurality
of chip connectors 28 (a-c) may be replaced by alternative electrical connectors.
25  Similarly, the plurality of chip carriers 20 (a-c) may be spatially displaced from each
other and from the distribution carrier 30 by one or more supporting structures and the
plurality of carrier connectors 22 (a-c) may be replaced by alternative electrical
connectors. Furthermore, not all the electrical signals need to be transmitted to the
substrate 14. It is possible that some of these electrical signals are for communication
30  with other heat-generating devices 26 (a-c) within the stacking arrangement as

described in the foregoing.



enclosing at least a portion of the second carrier, the heat-generating device and at least a portion of
the first carrier; and introducing cooling fluid into the enclosure and into at least one of the first 15 and
second channels, the cooling fluid being substantially electrically non-conductive and for extracting
heat from and thereby cooling at least one of the heat-generating device and at Ieagqug}pgﬁ@;ﬁrst
portion of the surface of the first carrier and the portion of the surface of the second carrier, wherein
heat generating devices are mountable only on ead® of the portion of 20 the surface of the first carrier
and a portioﬁ:@'m% surface of the second carrier, the portion of the surface of the first carrier being

substantiallyparalled ty@Redasing e srmesdipetion rathereeitiag ebiesuwiagsiefigensecond
carrier. 2. The method as in claim 1, further comprising the step of expelling the cooling 25 fluid from

the enclosurs®BS §he method as in claim 2, wherein the step of enclosing the heat-generating device

and the at least thenp@utiang @hte Hert A $eeoid eafsiarsicoRtRtisnoAstaraet Brantgan
enclosure having an inlet for introducing the cooling fluid thereinto and 30 an outlet for expelling the

cooling fluid tAFfrom. 4. The method as in claim 1, wherein the step of mounting the heat-generating

device onto the firstRargipn efspiachivgt ariescqmnerasties e RieFroht siRofastossiEePbffahe
interconnecting an electrical contact pad on the heat-generating device and an 10 May 2007 16

electrical corthfassaH Bls IHStHAT 56MEA05IRG & IR HGUEANEER: wherein the first connector is

electrically conductivgsiind Recaeitnegrasriandan@ frsvdagrein the step of spatially displacing the heat- 5
generating device from the gﬁ?t Egrtion of the SUé'face_oft e first carrier com%rises the _step of using

the connector to sptFHiR)¥i IR IEPETOREr SRS UdtAEL HEnTIERk CRIYEL ARfoIPSRIPR Qurface of

the firstgarrigiedhdl iRnethngdvasmLleinidn wheieisutisstep b Siaakinattgenseanns eanider and 10
the first carrier coméjrises he step of l{ﬁclﬂé? connectar for interconnecting an electrical contact pad

on a portion %'fd(ﬁé) (Hhpad Hi’etﬁél ﬁ‘éqmgf?rélectrical contact pad on a second portion of
the surface of the fisatRRINGat/ledsicarpettion af ineCiaiiong. suheseinhd acstiegent spiatatlyisplacing the

second 15 Ca%r igtr Iggsrpatggr][‘igsr;[ gF\trﬁiee][i %ct)rp rﬁgﬁsaﬁ%e step of using the connector to spatially
introducing cooling fluid into the enclosure and into at least one of the first
15 and second channels, the cooling fluid being substantially electrically non-conductive
and for extracting heat from and thereby cooling at least one of the heat-generating
device and at least one of the first portion of the surface of the first carrier and the
portion of the surface of the second carrier,
wherein heat generating devices are mountable only on each of the portion of
20  the surface of the first carrier and a portion of the surface of the second carrier, the
portion of the surface of the first carrier being substantially parallel to and facing the

same direction as the portion of the surface of the second carrier.

2. The method as in claim 1, further comprising the step of expelling the cooling

25  fluid from the enclosure.

3. The method as in claim 2, wherein the step of enclosing the heat-generating
device and the at least the portions of the first and second carriers comprises the step
of forming an enclosure having an inlet for introducing the cooling fluid thereinto and

30  an outlet for expelling the cooling fluid therefrom.

4, The method as in claim 1, wherein the step of mounting the heat-generating
device onto the first portion of the first carrier comprises the step of using a connector

for interconnecting an electrical contact pad on the heat-generating device and an



displace the second carrier from the first carrier. 8. The method as in claim 1, further comprising the
step of: spatially displacing a third carrier from the second carrier; 20 mounting a heat generating
device onto the second carrier, the heat generating device being spatially displaced from the second
carrier for forming a third channel therewith and for further forming a fourth channel wi ’
carrier, the cooling fluid further passaging through the at least one of the third channel and the fourth
channel; and 25 substantially impeding the flow ofthe cooling fluid through at least onge of the first and

second charfigidiel fﬂ@t?ﬁhf’ﬁgd)%h‘hg@%ﬁpﬁi%@rglﬁ HEaGR pidhe GBSt &AtAgh WASEAEGhe flow of

the cooling fiiist eonnRERR IstBR IR suhgtentially filling at least one of the first 30 and second
channels with an electrical non-conductive material. 10. The method as in claim 1, further comprising

the step of coupling a heat dissipation enhancer to a portion of the surface of at least one of the

heat-generating demigemfitAband seepaehCarigiseld iaadDeT spatiblly ispmaHPthahiaclaim 10,
wherein the step of coupling a heat dissipation enhancer comprises the step of unitarily fabricating the

heat disSipafEREEHHEHER FolP Ttk HETS RREEATGH 8B IHERAE A& AU ANEPARAG IAAEANSirst and

second carriges bflRifyanelieresemblyiaidiyidipied aaoliaggthaatiogrriatngrogvines,
comprising: a first carrier; a heat- eneratintg device mounted on a first portion of the surface of the first
B ey

carrier; 10 a WRHHARST AL SHEHPI4ing the heat-generating device from  the first

portion of the surface of the first carrier; a second carrier, wherein the first and second carriers are
stacked; a second channel formed b s&?tiall displacing the secaond carrier froa;u the first carrier, the

second charfhel beiHFtREERIES e 1= Wt etﬁie%&ffél?@iﬂf]gl BrRE RN GEN 240G device

and a portiomhef firetstufeiee ebithsrisesand eapiest arthgnaeaoloruterfdoenatosiognatiegsta portion of
the second carrier, the heat- %eneratin device and at least portior& of the firs(} carrier, .
electrical contact pad on a portion of the surface of the second carrier and an electrical

contact pad on a second portion of the surface of the first carrier.

7. The method as in claim 6, wherein the step of spatially displacing the second
15  carrier from the first carrier comprises the step of using the connector to spatially
displace the second carrier from the first carrier.

8. The method as in claim 1, further comprising the step of:
spatially displacing a third carrier from the second carrier;

20 mounting a heat generating device onto the second carrier, the heat generating
device being spatially displaced from the second carrier for forming a third channel
therewith and for further forming a fourth channel with the third carrier, the cooling
fluid further passaging through the at least one of the third channel and the fourth
channel; and

25 substantially impeding the flow of the cooling fluid through at least one of the

first and second channels.

0. The method as in claim 8, wherein the step of substantially impeding the flow
of the cooling fluid comprises the step of substantially filling at least one of the first

30 and second channels with an electrical non-conductive material.

10. The method as in claim 1, further comprising the step of coupling a heat
dissipation enhancer to a portion of the surface of at least one of the heat-generating

device, first and second carriers.



whereby cooling fluid is introduced into the enclosure and into at least one of the first and second
channels, the cooling fluid being substantially electrically non- 20 conductive and being for extracting
heat from and thereby cooling at least one of the heat-generating device and the at legg PRYiiPNS
of the first and second carriers, wherein heat generating devices are mountable only on each of the
portion of the surface of the first carrier and a portign of the surface of the second carrier, the portion
of the surface of the first carrier being substantially'parallel to and facing the 25 same direction as the

portion of théurfadd®MAEILR AN CHBrLe3WRAE oBIf §eR S8 RBIP URdIR I8RNh HSBIRASFEIN the

enclosure compiiRes @RS aidRiEpBAINadnR Faslipaiflyiththerainispat aneartréderrexpelling the
heated cooling fluid therefrom. 30 14. The cooling assembly as in claim 12, further comprising a

connector, WRERSAISHEEH K d8RHERYHR e REsHAELEEALR LSS R al BB AL 85500 b FRIHE Rreat-generating
device and an electrical contact pad on the first portion of the surface of the first carrier. 10 May 2007
18 15. The cooling assembly as in claim 12, further comprising a connector, wherein the second

connectdr inférconiectO 8RR Mo fetcd Budr baved n5PRIRGf AheNedirasneraiide 6% carrier and

an electrical gsmgaeimad on a second portion of the surface of the first carrier. 5 16. The cooling
assembly as in claim 12, further comprising a third carrier spatially displaced from the second carrier;
a heat generating deliSEGH56hted onto and spatially displaced from the second carrier for forming a

third channel therewithangierdivithasfening aéawhCchanpertibh witththsutfiued efrerfivee cooling
fluid further passaging through the at least one of the third channel and the fourth channel; and a filler

for substantisiy'filing at least one of the first and second channels for impeding the flow of the cooling

fluid thegeinto, whetefirdhentiae lbRingetn By e it flgciisprhsing eersiacijednalisgiabvibe fforhhe cooling
assembly a5 fIRt portion f the SorFce of the first carnr - o
a second carrier, wherein the first and second carriers are stacked;
a second channel formed by spatially displacing the second carrier from the
first carrier, the second channel being the space between a portion of the surface of
15 the heat-generating device and a portion of the surface of the second carrier; and
an enclosure for enclosing at least a portion of the second carrier, the heat-
generating device and at least a portion of the first carrier,
whereby cooling fluid is introduced into the enclosure and into at least one of
the first and second channels, the cooling fluid being substantially electrically non-
20  conductive and being for extracting heat from and thereby cooling at least one of the
heat-generating device and the at least the portions of the first and second carriers,
wherein heat generating devices are mountable only on each of the portion of
the surface of the first carrier and a portion of the surface of the second carrier, the
portion of the surface of the first carrier being substantially parallel to and facing the

25  same direction as the portion of the surface of the second carrier.

13.  The cooling assembly as in claim 12, wherein the enclosure comprises an inlet
for introducing the cooling fluid thereinto and an outlet for expelling the heated
cooling fluid therefrom.

30
14.  The cooling assembly as in claim 12, further comprising a connector, wherein
the first connector interconnects an electrical contact pad on the heat-generating
device and an electrical contact pad on the first portion of the surface of the first

carrier.



enhancer coupled to a portion of the surface of at least one of the heat-generating device, first and
second carriers. 20 18. The cooling assembly as in claim 12, the heat generating device being
substantially received within a concavity, the concavity being formed in the first carrier and defining
the first portion of the surface of the first carrier, at least a portion of the first channel%@@ﬁéﬁ?é%\ﬁthin
the concavity and the concavity being shaped and, dimensioned for the passage of the cooling fluid
therethrough. 25 19. A method for fluid-based cooling of heat-generating devices, comprising the
steps of: motmting AMFERYBEASEAPERTIB BliB L firdHPBRiGRTBPHISENE A RE A fikdRetelrier; 30

spatially displrcigigdhe keatdeneintineornyies omdbeifaptdentton pidhsh sufasmafdheardist carrier
for forming a first channel therebetween, the heat generating device being substantially received

within a conéHUiRGe tAEIER SRSRAY BRI FBAABFIRFIHEYCRNErHRR%AA ashAMY MRXHRBIPdAfon of the
surface of thg,figle eRkHE iRt tRaset@ portion of the first channel extending within the concavity; 10 May
2007 18a stacking a second carrier and the first carrier; spatially displacing the second carrier from
the first arrier for forming a second channel between a portion of the surface of the first

heat-generatipg devige casithg ReEinnphing sldifaae aisesesepdisiagier; 5 enclosing at least a
portion of the second carrier, the heat-generating device and at least a portion of the first carrier; and

introducing cooling NG HEE wm%%sal?&%ﬁt%ﬁ (RS SEEAMSPIETirst and second channels, the

cooling fluid being gulstiaguiriixtRlg eksigad yrioante@oatctivg spathitr @xplactn &rheahs esaomad thereby

cooling at least one of the heat-generating 10 device and at least one of the first portion of the surface
of the et CARTEPAI TEIGHoTOF I8 b A I RE Bh Lo TG TG BB Shaped and

dimengionedyfigh tihe pasrsageief tie eeoling i thetrthroaghyin enedadrealeggnieedtiogderices are
mountable onlé/ Bn ‘f ch of the Ef)%rti n of tlheq s%[_fac of the first carrier and a portion of the surface of
the second ég if G aﬂ@b@ﬂ dhe PH{@SCU de e first carrier being substantially parallel to and

facing the a filler for substantially filling at least one of the first and second channels for
impeding the flow of the cooling fluid thereinto, wherein the filler being made of
electrical non-conductive material.
15
17.  The cooling assembly as in claim 12, further comprising a heat dissipation
enhancer coupled to a portion of the surface of at least one of the heat-generating

device, first and second carriers.

20 18. The cooling assembly as in claim 12, the heat generating device being
substantially received within a concavity, the concavity being formed in the first
carrier and defining the first portion of the surface of the first carrier, at least a portion
of the first channel extending within the concavity and the concavity being shaped

and dimensioned for the passage of the cooling fluid therethrough.

25
19. A method for fluid-based cooling of heat-generating devices, comprising the
steps of:
mounting a heat-generating device onto a first portion of the surface of a first
carrier;
30 spatially displacing the heat-generating device from the first portion of the

surface of the first carrier for forming a first channel therebetween, the heat
generating device being substantially received within a concavity, the concavity being
formed in the first carrier and defining the first portion of the surface of the first

carrier, at least a portion of the first channel extending within the concavity;



same direction as the portion of the surface of the second carrier. APPARATUS AND METHOD FOR
FLUID-BASED COOLING OF HEAT-GENERATING DEVICES Abstract Method and apparatus for
fluid-based cooling of heat-generating devices are disclosed. A heat-generating demicilig/rroonted on
a carrier. The heat-generating device is spatially displaced from the surface of the carrier, thereby
forming a channel. The heat-generating device and 8ae carrier are enclosed in an enclosure having an
inlet and an outlet. A substantially electrically non-conductive cooling fluid for introduction into the

enclosure and into SRS ARSCARE ePEIGOA W Hraica&iftiosure and for extracting heat from and
thereby cooling theshegaiige pspemglavicecaortitearaarrirbmFtaBreidt carrier for forming a

second channel between a portion of the surface of the first heat-generating device
and a portion of the surface of the second carrier;
5 enclosing at least a portion of the second carrier, the heat-generating device
and at least a portion of the first carrier; and
introducing cooling fluid into the enclosure and into at least one of the first
and second channels, the cooling fluid being substantially electrically non-conductive
and for extracting heat from and thereby cooling at least one of the heat-generating
10  device and at least one of the first portion of the surface of the first carrier and the
portion of the surface of the second carrier, the concavity being shaped and
dimensioned for the passage of the cooling fluid therethrough,
wherein heat generating devices are mountable only on each of the portion of the
surface of the first carrier and a portion of the surface of the second carrier, the
15  portion of the surface of the first carrier being substantially parallel to and facing the

same direction as the portion of the surface of the second carrier.
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