M CROWAVE COVMUNI CATI ON | NTEGRATED CIRCUITS Field of Invention The
present wiemoiem is generally related to the field of inPEHGRBOEUSE? r cui
and, nore particularly m d and apparatus for cooling integrated
circuits. Background T wmmmmummw M‘dl o firequencies (RF) and m crowave
frequenci es have been utili, .for nost of the 20th century to provide
comuni cations. Early uses of RF and m crowave technol ogies involved radio

conmuni cati ons, both br@@ﬂg@gLE@@%t%TwLﬁmﬂi@Mn and radar for
detecting incomng aircraft. is_earl technoll\%gy was devel oped

the 1940's to help |nM?qR§Hfﬁ§°WISAWP PTECRA TR C“HRE RF and

m crowave technol ogi es were extended into other comunication ar

Tel ephong 6@NaRLES t4sed M crowave technol ogies to carry volmmmummmm”m

conmmuni cati1ons across areas in which it was inpractical to

transm ssion lines, such as, for exanple, in very nountai nous tePrn.

frequenci es vreerassotubegnbion he semergilygreletedits she ifigudtaty to carry

televisi megfa:@dwmlw aQaQM&S' pdRIBSLaMIPS & ot Rahdtnb@|£Mi ShdRab®d For

recei ved ttfe bro dca'%&td ¢ cgl More recently, RF transm ssions have been

used to carry sateilite Signa %, both for mlitary and conmercial use as

wel |l as, nore recently, for deIivering tel evision content to subscriber's

honmes asgameblovdg access to the Internet. RF and m crowave frequencies are

al so used to provide wireless (cellular) tel ephone services, these services

i ncl ude anal og, digital and personal communi cation services (PCS). The

transm ssi on B¥paes tof sfdignfetwereindi RO oA Micaevayss tameteiesRmve

transm sisde@nstils zéketreknhdedobthehsotr aBgegf té rpeofm&q iy i S Gidak S

(bandw dtf), and %P%bng,@%cpéwaw% Lélolg ]LLL}%VQE‘ glbj corsmun%cs%gjf Sssed
(cyc

in bits per Ysecon secon es per secon

nor e ancPor?Br]%rqaﬁFB?%ﬁPPoW"i §a>b€I°H‘§j-‘"tlFaW“P§ﬁ‘| t 2R refFo G gh Weﬁ’flr”@uﬁ@mlag need
for greatiecrg@ndwingithobhashiarésay tarhhanglyewididevenpeaase npad/af o meipon
transm tial m§vvggﬂdt‘p;r kandwi dt hs and channel capacity of RF, VO
02J~91US PC1'7CBB /0569 2 cellular, and mcrowave systems are |linited by
the signal-to-noise (S/N) ratios of the anplification and filtering process
wi t hi n t he sysittem t{ane@at NRET fanniteivied tHeohhsleheas aretrbeexbeMNd@tihes IS to
reduce LdigekNaiiihi 015 ol OWGLINGLOG APSIALI 0 GIRRLELYT € Of the

circuits. Theref ore, desirab have an apparatus system
and net h‘Efd:hf“a]r"geSBI‘?%ﬁaFéﬁ’ 8P+%|°P%m%5ﬁt%°ﬁata%rﬁés [RS8 0t WB1Ghdt cfisnnel

capaci t yimpfrat hicaRFtibutld ttsacauilsdidie Limer, easad as SUMVAERGADEe THR &MENTI ON

The presgibch At i QN aPE OViRHES Al RARRAN S RN LEQPK NGhe2Brd YL BT at ed
circuit C(q)lggonent such as a field effect transistor circuit used in a

radi o fredaEheyy™t PEISITEY o 637 e tetRaFion RFRIPPET T2sPEttof hd oAt efitFon
provi desthgnrapgaratis sers coodiveg the bredeast cfigeal.i ntegrated circuit,
conprising: a cold pI ate thermally coupled to a selected elenent of the
integrated cifrcuit; Ehernnelectrlc coqQler thermal|ly coupled to the cold
plate; and a W3¢ E‘Tcaetné Yh&F BRI IY ™t BUpre s R958 PIRE D T38EY ridcetbidi%er

wher ei n $ieaels s bpeimPeedniitoary [f@d commercial use as well as, more recently,
for delivering television content to subscriber’s homes as well as access

;e3el ji| 6T) EZ9%\D 02/ 49105 1 THERMOELECTRI C SPOT COOLERS FOR RF AND gsj
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to the Internet. RF and microwave frequencies are also used to provide
wireless (cellular) telephone services, these services include analog,

digital and personal communication services (PCS).

The transmission capacity of an electronic communications through RF
transmissions is determined by the range of the frequency signals
(bandwidth), and the number of channels in the bandwidth. It is expressed
in bits per second, bytes per second or in Hertz (cycles per second). As
more and more information is being transmitted through RF circuits, a need
for greater bandwidth has arisen to handle this increase in information

transmittal. However, the bandwidths and channel capacity of RF,



selected elenment of the integrated circuit through the cold plate and
transferred to the hot plate through the thernoelectric cooler; and heat is
di ssi pat adohi/ews he hot plate. In one enbodi nent) the coolpicngcEppaleat us
includes a cold plate thermally coupled to the integrated circuit

conponent, a thernoel ectric cooler therarally coupled to the cold plate; and
a hot plate thermally coupled to the thernoel ectric cooler. Heat is renoved
fromthe integrated circuit conponent through the cold plate and

transmtiagd, i they mtcrmaa,teesmreggqﬂet bﬁmttbergy)@h@glghsl GQOL&Ise ThAnhot

plate is located at a surface of an_integrat circuit such that heat

t ransmi t1&d°f 5 £0F r PR HEAE RGPt B e MEUPTCESRPETEAT 576 T ¥EMpat®™®§ into

-t he at nosyerants metisunde niictrhesd nheg/at sxtios ricuitt widiupe the tiromhgrnoise

embodi meny 5 Lherg b Bpovdded @éﬂ\p@%&@t&s £hOlc1¢0@1dNg ﬁfér@k@&e”lt Of an
integrated circurt, conprising: a cold plate thermally coupled t

sel ect ed"B1anknegtrane Fhiayy af't“eﬁpiﬁrf"&‘tﬁ t SYS e HbEPERAY |f8r cF(S’BHa‘fg RE

t her mal | yircoupd edch c-hiahetteobdngiidties aaddchanhet cpbatigyt berviel RE c¢ouplted t o

t he t hergmghkesd e &QRker; wherein the hot plate is thermally coupled to
sink heat into a bulk substrate of the integrated circuit; and WO

02/ 49105 PCT/ GB01/ 6469 3 heat fromthe integrated circuit elenent is
transported fromthe col d pl aSBMARY 0RR)AHE HAVEREYO¥pel ectri c cool er and

di ssipated into the bulk - substrate through the hot plate. BRI EF

DESCRI PTI ON qr: THE DRAW NGStPr eferr: dd enbodi rrentts Pf t he .invention wll now
be described 1N BBFE Tet TSIy RRQY 6F FXERBTE8RI§°" GPTHPeterence to the
acconpanw%grd?%nqsllltncwmnt Fﬁg@h es 4 Ai¢E8 @éf)?@t teppsgigitor diitagens of
exanpl esyofa Ly pi qrahur 3dbQuenkl eOMRBEM L RF) rBEELMLL S that benefit from cool
operation; Figure 2 depicts a graph of a typical tenperature dependency of
t he quallty factor of on-chip spiral inductors; Figure 3 depicts a

hi gh-1 evel bl &tle 8ixryr anpesft ahqﬁerfﬁﬂtrébemnoi%d{a)ehiwa(r#@@) fde\dogdiiq an
accor daneg:méht hot bg ﬂi’t@§ﬁsﬂ:tedi BRI E ORombtHiGURS: 4 dem ehstd chepnalhgnar vi ew
of direct, EQ't%daC%Oﬂe%Eéd mgn‘%o'ok% | G RE ré?éédc‘é' %‘1'” aG! Qlﬂngoae’ige W.th the
pr esent Fvent i on: ure elcts curr -contro Iedat er moe Tic
cool er (‘l‘Eé)erc‘f*‘reéE}f‘%lYi ﬁo‘éR:léérEl%lr’f@é Wlldhpltal’fé p?ré’sén"éoq RY@% tBREMaELYur es

6A- 6B depdupliel Ofp €hé -taiadyodlleatdic adslee; GaRrsegtheanals veewedofran pad t er ned

col d Pl 2l 0la G90hLNT BFAC,GLRULLe cLp-accordange.ul Lhd e.or eagnt

i nvention; gures picts top cut-away nar 0ss-secti onal

views i | FIASEERF g tRlitheckot ﬁéﬁ‘?ﬁalthéﬁlﬁﬁl Fify tb?r“éfeéﬁ?ﬂréle fpaUsrt FEILMFPA and
body/ subs¢ raateigaeel sroaf cin noat@geat ed circuit (1C in accordance with the
present invention; Figure 8 depicts a cross sectional view of an exenpl ary

t hernoel ectric spot cooler fabricated over an RF CMOS | C i n accordance
In one embodiment, the cooling apparatus includes a cold plate

thermally coupled to the integrated circuit component, a thermoelectric
cooler thermally coupled to the cold plate; and a hot plate thermally
coupled to the thermoelectric cooler. Heat is removed from the integrated
circuit component through the cold plate and transmitted to the hot plate
through the thermoelectric cooler. The hot plate is located at a surface
of an integrated circuit such that heat transmitted to it from the
integrated circuit component is dissipated into the atmosphere surrounding

the integrated circuit chip.

In another embodiment, there is provided an apparatus for cooling an
element of an integrated circuit, comprising: a c¢old plate thermally
coupled to a selected element of the integrated circuit; a thermoelectric
cooler thermally coupled to the cold plate; and a hot plate thermally
coupled to the thermoelectric cooler; wherein the hot plate is thermally

coupled to sink heat into a bulk substrate of the integrated circuit; and



with the present invention; and Figure 9 depicts a cross sectional view of
an exenplary RF spiral inductor circuit wherein the thernoel ectric cooler
i S i ncorpwoatedosn the WO I12/-49105 4 PCT/ G BO 1 /CS. PCI/GiE8 95468

i nductor and the heat is rejected into the bul k substrate in accordance
with the present invention. DETAI LED DESCRI PTI ON OF THE PREFERRED

EMBODI MENTS Wth reference now to the figures and) in particular, with
reference to Figures I|A-IE, circuit diagrans of exanples of typical radio
fF r equenfx <(:| RFmeatre ECHh tt%ethﬁitegpﬂfé%f bir&lwr@m?ﬂm qeerﬁhfp&@gef%pts% ed. :

i gure epicts assive antenna.system . Figur epicts
an exarrpf%ldog&?rﬁ;pﬁ?r?ugw ﬁm}gel s?(t-,*e%r??ﬁllgﬁréfscﬁﬁﬁsa) i i‘PQISlP%t%IBeprtg iba%
-exanpl e efbsthetentkepuadt agedictnpl@teRF circuit. Figure 1D depicts an exanpl e
of a quadrature oscillator. Figure | E depicts an exanple of a power
anplifier (PA) at the out S of these circuits and
"the filters enployed in tﬁ%&gf}%gfugﬂq’?ﬁﬁé)ri‘e?%%%gr\ﬁ}{%d by the quality
factor of the passive inductors and capacitors, and the thermal noise
VO: tages in tb&ﬁe&@é@ieﬁb%ﬁen@t& the igualdiby Jiaat fbw aBdaddaer v 1ﬁoﬁo&e
vol tages are strongly dependent on t operatin erature . Wt
referenceatnow 'y I‘f uorfeeg'—’““pqe onlﬁ’h J{‘L% %)feerenc Qtoe'rerhpr‘ragrafomrpg ﬁendency of
t he qual Rrawihgetisy Wb#Chon chip spiral |nductors i s depicted. The graph
depicted in Figure 2 relates the quality factor of a 150 x 150 un? 3.1

nanorenty (N albala badihar £oil. ! MLAIRNt S Lanifle of agks generator of a

CMOS test chip rsus t equency o eration gi gahe
three t eAPRIUGPEN d&F) AT TSAYWN CPAC Fiegetie Srom Keohw&PFRY°Pact or for the Spl ral
i nductor coil ri ses conti nuously as the tenperature of the inductor is

decreased for g ea%%%%uas? r?BF r att&l&{k'alFgémp%ga%{l‘%ug%&n]dggép)%% ayre of

100 degrees Ce Sl us actor he I'n
appr oxi nA¥EIFY| FRGtRB ‘?faﬁgeC}GP ?Plgaév’érdut:wsfrequency range of 1.0 to 10.0
GHz. As the terrperature of the inductor coils is decreased to 25 degrees

Cel si us) the 9&'&1:‘ ¥ e%EEQJ 'p %ﬁ%@@%ﬂf BQ%WHEQ&aFKBLP'aYTF anoe‘i’ sarre

frequency range era ure e inductor coils Is urt
decr easel°td"s 1ﬁ@cﬂe‘§er"é€§ ’@elagf‘ti‘?a“f’?lé’lﬁﬁeﬂhiet Dr988t O VEREI®ases even
further to approximately 15.0 to 18.0 over the same range of frequencies.

Thus, a signikigant 4henetis J %oé(ﬁihﬁafxe@l@&’ JrCAUGIRI- SRS QRELAL I G or
tenperature of 1ihe |nduct|ve coil's. Simlar benefits in tenperature

reduct i of°OrPacHi &Fett At he df‘h%‘?cﬁéa?ﬁer ¥t She IIESPHad8YHYi'SB! L, of the
oscillators are also directly affected by the operating tenperature of the

circuit. The pesneratdie-dependence- mntwﬁeraheseemeeié&r@é Jots@eps(frrgbi ators
are gi venlrb%lt he foll ow ng Wl%uatl on: WO 02/-191U5 5 T~R~F~~~

t in accordanc h the present invention;

Figures 6A-6B depict top cut-away planar and cross-sectional views
of a patterned cold plate for cooling RF IC circuits in accordance with

the present invention;

Figures 7A-7B depicts top cut-away planar and cross-sectional views
illustrating direct thermal coupling of a cooler with the LNA/PA and
body/substrate levels of an integrated circuit (IC) in accordance with the

present invention;

Figure 8 depicts a cross sectional view of an exemplary
thermoelectric spot cooler fabricated over an RF CMOS IC in accordance

with the present invention; and

Figure 9 depicts a cross sectional view of an exemplary RF spiral

inductor circuit wherein the thermoelectric cooler is incorporated in the



L{~~} = W ps~~~a~ where PCT/G B0l /OS5~ R = effective resistance of the
(LG tank (tenperature dependent) wo = center frequency of oscillation Ow =
frequencyv@bf/gees F = termrelated to noise fromactive defCT&BIPgighal =
power |evel of oscillation T = the absolute operating tenperature in
kelvins Fromthis equation, it is evidént that phase noise increases as the
tenperature of the oscillators increase. Therefore, it is beneficial to
have an oscillator operating at |ower tenperatures to decrease the anount

of phasg,uel$& inMdhr! HILERNGRAL 0 FirGi R ed) iR oNE vh eV @hinbE 0tk di agram of a
Thernoel ectric Cooling (TEC) device 300 is depicted in accordance with the

present AOETRICE N SPEC QB P LB 3619 5 *PBref erabl y connected to the integrated

-circuit device near the tenperature sensitive elenment. Thernoelectric
cooling, a well Kknewpffebnsidekerrion dRSaE ikreRerPalddimidd ect, by which
DC current from power source 302 is applied across two dissimlar materials
*causi ng heat to be absorbed at the junction of the two dissimlar

mat eri al s. A Hiypi efleretes noeltecths igos agd.dévi perticilarz esih rgfryence

sem CconduC FOgurd@412Nnd, Neilr¥Re: QG FABISCIRENBRE sanRgpishedadal weequapepr

el ectri c&lF)conduct or.s 058ntepak fggn\(e ood eheato cgpedléctl g 4pr q,pertl 83 As

el ectrons nove pe sSem con uc ore304 e semm conauct or 306

vi a el ecepi-elat aéo???ﬂl‘é%%rOfSECBasﬁhﬂée SREPRfP QY%HE@ ofFilghée dBegerints %5 rai sed
d]lc,lfe to f?a&pw%;fgynpalbsmvbadléer Qﬁpﬂ&?'ér§0(lm§£) 31£1gu‘£bi35c abpmahas thfeI
effect a nsferrin at_energy soyrce | tron ow
t hr ough pa%n§p% osfeﬁrl1 cgn uctsg?geioﬁgaaﬁdﬁglCelgt%rl}tcal p:(':on \épg f?lg heat si nk
316. The*eMets 96nd WrBFrTuge e9dhbttEnerRjguse thed¢m0Fﬁear9|eé@mR1|eca¥ aconduct or
31 0 and goekeaseliherhest) apefi@y outpudD ORfe- £2HAE1 GeeRedt fviBF1ds LtEEsAED Wt h
referenc .gur to | anar,_.Vvi ql for
cool i ng ﬁqég\?{#%??{ut?l? sgil;heég em@tE ed dflnglatchceorg:L él(r%fé ggt % %gggn&q,egqo the

i nvent i GR21ERY ef@F’é‘f”eﬁfc‘i%ﬁf‘%szLA’GOl‘}dh‘EF‘Bl’ffegn@ \fﬁpé‘t‘)tﬂ"éﬁs 34’94':%(}1‘&%1

t her mal Inpieeupliedgd0 ipassl Yearsfist@ts.COBIthdOe qConitgr Sadid4 amd t48fmaray be

i npl em‘v"ﬁo@ige a@:lt&&és g%.(@rgyrgn ]I/EQe \13%9@ o%oghé %pgi‘&lﬂng t?em LPaJ-J}'e

enbodi ment) the cold plate ot “cool er 406 is coupl ed iTectl y to one end of
t he passi ve spiral coils 402 using via structures 408 and 4/0. Via
structures 408itante#iOnandob awerFideeed, iangesgonnectydlchlarengretereabl y
thermal |y E@H@lerﬁlye&t hga%dax emqee&.l %2 GORRRS sgmpma&%rsme dggléteﬁl ate of

cool er 40 directl her nal coupl ed he ot her end spi ral

coi | 40FPepPEIRY %‘P’;Ftaﬁs’dl S‘f*gﬁecﬁp’iféﬁt%r?ﬁﬁs‘ﬂtallbw Ipgtey. Glfls df5°cbd158rs 404
and 406 a8 el hamsiehhe (GR) rtir&Diinadédraesi Icansiandatad iwi dHdl B1éde sane

| ayer of ter&lt nt e?r atcﬁgl ctl rcwht 4980rsu;r € 8lger connect 414 LS constructed in
a lower 959 He “I'ht egrat edfcl FEUr t 00" §561T X Kat "B >t he* Spiral coi |
402. Al t%agﬁrtdeb%@eéonghﬁge tSREPTOGHETS 409 -40Bn tig Ebpirespi rtdle ewility02, a
singl e ceker Leutikk Beitdli khdaedonscdael hselslou\mteﬁuodshg isll\lﬁh@O&Hn@éSa‘dMiéki ng
s ANdeMR ROV R LA &lecCOR NG00 1§ N SBLIAL (Y a0 LRAN

single cooler an el duce any therna ent Get ween  di erent

sect i onsi™GPcEPre tg'ﬂ?err&F“’éeoloff h@zdeﬂeéét ‘F‘?]@é}‘s1 §6Fa‘ﬂaéht3beflaﬁé% Eobter 406
and passindecs@i cail< k| aghidxmatebe Jﬁthhe\tﬁdgeby)fUSJm@véﬂrthenfrdmdﬁc}cl rcuits

or by u J%Qe(U&E raot 9o & gh?‘:t s Ce AR S, %k oﬁy&re 17UERBS. Shgm cal  vapor

deposi tion I con di oxide or anodi zed alum num Anodi zati on of

al um nurASc&=ps é?aaf?l e \VER IS PE ¢ SRS 0T GR i Ble fBEERUdBCIR3BOS ngthonet er (nm)
di el ect rapprbaimeitslg anobsoreabe |amk of vegdenAndanidee tAerthal tempadigirevod yhof
al um na {al.upd.num pxi;de), icfe PelLeladeRar, Ui@& %rééé 'cg%uu@' O Gua WL

reference now to Figure 5, a current-control hernoel ectric cool ér ( TEC

circuit ’?asctaép“i“(‘f‘f%?fels e‘ée(fb(’;}lﬂ'ﬁﬁéet%afﬁr‘f’ﬁé‘ab‘?lé’séf‘lto iFRvEhL BYer the same
« Current -cogerof |feequrECied r cUnts, 58 0siigni firapk arpleéinfisaachieredtbympedicdng cui t

whi ch mByLehgpds@dnd rteﬁgéuatmgéloqntm tRaQldi9etcHaWP! @dnennl BLSAQQ L order
to maintain electrical |solation of the coolers 404-406 from passive spiral

ccoi | 4025C"BHFFBIE- TSWEFHIN 80 FBESETT ¢hFR BBET iRicFiRfddtHh- chaimd2Fs el d
ef fect tnemsi si.ops G@2e508 latpwhamellst rdmsesiyorE£es®@8¢d hynvbe taperstihg and

512- 514’teglggr;-§ge5ép thc]_-@r%&ﬁ: ha%h@- tggﬁer%QQrélﬁpémengé S&' RAL '[ﬂ)gsgezﬁatls@nd a

cold end 0 which is thermally coupled to the device to be cool ed.
of the oscillators are given by the following equation:



WO 02/ ~910~ 7 PCT/ GBOLl/ OS5~69 The gate of transistor 508 is coupled to a

bi as control voltage Vbc as well as to the input of inverter 510. The

out put ofwonpyenber 510 is coupled to the gate of transistecrTEdi/oIwe drain
of transistor 506 and the drain of transistor 508 are coupled to the source
of transistor 512 and to the gates of txansistors 5l 2-514, so that
transistors 512 and S14 are in a current mrror configuration. The drains
of transistors 512-514 are coupled to ground Ghd. The source of transistor
514 is coupled to a second end of TEC 5l 6. Thus, current-controlled TEC
circuit 500 maintains a constant current flow lo through TEC 5l 6 based upon
bi as voltage Vbc Even if the cold end 520 of the TEC 516 is electrically

bet ween the TEC 516 and the devi ce. Alhus A he—tuyrrent-node bias circuit 500

-connected to the device, by Kirchoff's | aw, (;)h;:e is no current flow ng
I'[ r
PtV

ensures electrical isolation foK,ihe TEC 5T th reference now to Figures
6A and 6B, Figure 6A depicts a top planaP, yjew of a patterned cold plate in
an integrated circuit chip for cooling RFI1C circuits and Figure 6B depicts
a cross-weeceional view of the section of the integrated circuit chip in
accordance W h thedekiesaRbitdiedtdORne | et Nskemhagde ke as an
alternative to usgn direct-coupl ed coolers as depicted in Figure 4, a cold
pl ate 602 is piraced underneath the RF circuit 650, such as, for exanpl e,
one of the RFeCkrocuwices fdephotaydof pskitjatésn1-5. By pl acing cold plate 602
under the RF gi r_cgiré $..080..¢karge areas of inductors and capacitors within

® aclréang%(flfeﬁ. However, cold plate 602 is not physically in

the RF circuit 65
contact with BArrytefm trhéatedr cainedsov irenmpREveidegifess 650 but is separated by
an di el ectri cppt er péke604ve1Cat o2l 8141602 is thermally coupled to the

t hernoel ectric cooler 606 by via thermal conductor. 60B. If cold plate 602

i s constructell T FBMINEPHItCaiRr 1251 ¥ G RFTFEHT HE ¥5iddBfors within the RF
circuit 650, then cold plate 602 is patterned to avoid the inducenent of
circulating e e & a%:iiog t'h:eigeetvélderll a¥.§£t ! %ggl t Qge fil;lgzr’r(]a ns%gngé i e
coupling with the indu¢tors.’ The integrate cﬁ’lp 66(5‘8‘@)/ COnt al n- ot her
areas ot HEPSEHATCt e TRE TALIATES 6B rEMR- dBPH6ECTenét dtebarridgeéek siove
anount dfavieeat @rdlldconoipengethat ot hewedletgderathuss tandeidenssd ameyamdunpowner
savi ngs ds achl eved. by the present invention by spot cooling only the
portions (i.e. RF circuits 650) of the integrated circuit 600 that generate
significant heat and need to be cool ed. WO 02/ 9105 PCT/ GB01/ OS~@@ 8 Wth
ref erence nowith Fefpuesse TA Biyhré83, ki glyre ldvkldBpidi sidgra@pofcwt - anway pl anar
view ill ' ir . 1.h I ypl i .of . a. o) u

body/ sub%tgrrg%ie,{}g\igél scg g%lrgn??%?egggﬁ%gdh%?rlgu?e%%%% qgn%ceglgir%%c% ggt%ggfcts a
cr 0ss- seTtEAAI*VERW R oG cHRVIFS P U & RFeGPTaddY THEFAE EB8UPISi ng of the
TEC cool srteghatoudghbitdug t bizgh £s uleat r tee tbrpeehsuef samsiicntegnaned .circuit (10

i N accorfangse Wdkhid Reopr ,egltwellmv}e&%g&invi@l%,79;1,;;&1 tReERIky: £oupl e a
cold pl a 762 of the 1 C 700 to_the body/substrate |evel 752 of IC 700.
Body/ substrat e Fel®1°m78S Fagtontadl ROFoh-S8F Se 38Apis PPRYCEi 3¢FEsTThe col d
pl at e 762 sefinBEC nowirépls |c4usings besr abelk Rbernbeleathotly/ Bubstiomapé tlevel 752

of 1 C 708yb¥iédin@¥E R0 NBE Al iaZ 84101 AR Rbe 1%L HE: |cBYEIY ddfhceAN

el ectri cuatlilcl:(z)ensc,jquor 7§r(n)ic%91 pltes M}g P; tlﬁ_@e i mpurit A t her nggl enent 758 to
the n-type inpuli t¥FT ReToar eneht > 756 ¢ HiS YRS ISSW%odyEﬁ?‘?reﬁ B P ERFr om

el ect ri cHtveemdrer 0Tl e768i dalir ornghctdrs ADR|tdaeitaye 76®daheht7 §8ndrrdinut t hr ough

el ectri cgdopeonisCt or 76 cAbcElostmdveatidn bS8t bdd.cohffibRldgs egnducting
hot plate 764 is.in d%ré}_/gri Gak contact w th elg%ct ri callr? cg%duct ors 766-7?8

al | owi ng* WeBE 18 Fr W HPom f hePnbeT Srefit’s S78E°T88 118t o™ Mo pi%t E°¥64°% wher e
t he heatthfaglettennpd sdraiFegated toWeals eefuor exiserbeviron Fegtireugce a31@r 0SS

 sect i onathii prodeks athsexedREasIt bt ek &6tihl heSPUdnetg9! Blomf Rdit cated over

Z‘Qesgl SI’\%/E l/lCa Ie%egl.el%ncyf?cgw ItHroau%%O;r)— ayrI])(e:eséMithn u@goPrB%ieanr}d Ieﬂ\a/cq:q’tilcgp' In this
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enbodi ment, integrated circuit (I1C chip 800 includes a | ow noise anplifier
(LNA) transistor 808 which is fornmed as a silicon-on-insulator (SQO)
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constructed from other substances™ and co an those depic
cooler (TEC) circuit is depicted in accordance w1th the present 1nvent10n

Current-controlled TEC circuit 500 is an example of a current-mode circuit
which may be used in conjunction with direct-coupled coolers 400 in order
to maintain electrical isolation of the coolers 404-406 from passive
spiral coil 402. Current-controlled TEC circuit 500 includes p-channel
field effect transistors 502-506, n-channel transistors 508, inverter 510,
and 512-514, and TEC 516. TEC 516 has a hot end 518 for dissipating heat

and a cold end 520 which is thermally coupled to the device to be cooled.
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sectional view of an exenplary RF spiral inductor circuit wherein the

t her noel agOR/@910d0l er is incorporated in the passive i nduCavGBm@stdee heat
is rejected into the bulk substrate is depicted in accordance with the
present invention. 1C ( chip 900 includes spiral inductors having
conponents 908 and 910 visible in the depicted view Spiral inductor
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purposes of illustration and description,  and is not intended t

exhaust | V&P i SR E 16 §9e it n\?én?li‘y(fﬁcf‘wﬁ B FBEATIVSER GERdot l\'?ﬁﬁy
nodi fi catiomstand tiar iRAt ¢Orgivg 650 Daitappatepatatteg bhomedbflegrdinanyessiall | i n
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the pringi pI estherman i cher!)trl 55 the practical application, and to enable
others ofY ofdi nary skﬂn in‘the art to understand the invention for various

enbodi ments with various nodifications as are suited to the particul ar use
contenpl at ed. 1¢ éA@dop?l/agéoﬁ)z is constructed from metal and is used under the

inductors within the RF circuit 650, then cold plate 602 is patterned to
avoid the inducement of circulating eddy currents in the metal layer

resulting from magnetic coupling with the inductors.

The integrated chip 600 may contain other areas other than the RF
circuits 650 that do not generate an excessive amount of heat and do not
need to be cooled. Thus, an efficiency in power savings is achieved by
the present invention by spot cooling only the portions {(i.e. RF circuits
650) of the integrated circuit 600 that generate significant heat and need

to be cooled.



12 CLAIM5S PCT/C BO 1 /0S-469 1. An apparatus for cooling an el enment of an
integrated circuit, conprising: a cold plate thermally coupled to a

sel ect edwad e@mis of the integrated circuit; a thernoel ect PCTGBIUDHH?
thermally coupled to the cold plate; and a hot plate thermally coupled to
the thernoel ectric cooler; wherein heatt is renoved fromthe sel ected

el ement of the integrated circuit through the cold plate and transferred to
the hot plate through the thernoelectric cooler; and heat is dissipated
flrom the hot Vﬁltgt%fegen&ﬂ?@@w ]gligvtﬁeapmrad& n;ga,fj Pigirai TR hepm(}gr 8i fp thﬁ hot
plate is exposed at a surface of fhe.integrated circuit t I.SSI pa eat
into t h&SarrOuRIFIRY ‘é’f%égﬁ‘ésrtér?t?g ghrezfgpér%eﬂ" iS¢ glrncﬁ ﬁg at(;r% gl %0;11%1
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plate is thermal Ly coupled to n eat into, a substra t he

- i ntegr atcéjd‘pgllr%gcﬁlfttfhesggé ctoﬁ% i %ié”é?u rghn% Itbﬁéy/isﬁl %gﬁaéteeicjevfitlrscilétagel enent is

t r ansf erimedgfated cirsuipl EC| it ecedndpugh ik thisepTRFEPECITVIERt 0| e¥iagnd

di ssi pated -t 14 anbh@aihyl kowpubsd caie@ diatough éhenboic pbatw. the An apparat us
accordi t ny _one.of 1 pr.e j g I rei ur, i i ded
fo the CRarRoRrbefrs 4% e ot 100, v IRpsbPRL AR AL Vo8 Moy Rl

i nt egr at’eW-ePtEuPIRLIZigY Hiifcwitssai Tef FeldPetfedf2 o AWEFOZPLY1UI 1431 PCT/ G BO1
| OS- 469 ddpanstdit @foehs ol pelivskeadd Yeeaupbedt oc Saiodo harabealnesgri ¢ cool er

by a via, sthyetyr .an(‘&./ An apparatus agcording to any one of the preceding
cl ai ns, wherei n the cofd plate is thermally coupled to the sel ected el enent

of the integrated circuit by a thermal conductor, the thernmal conductor
provi di ng at Aeastcfpdrhl alonehaetr 7omkoisesaticop- ofpet hepwxakd plate fromthe

sel ecte I e | j J to
oy one BEFRE et J58ed AHEMVBE SRLELLy) pndimopletBE ST ¥ LB, AGIPEAA0
i Nt egr at BEFTENE &G £19v6 F5OT CAASTECRE WRAutteE T GhpTEtet R MPRETIREF Ty %Coupl ed

t o both #ndalreas rnanslita tBodtighee Bictkhealt ranBicss07668. rdnebppatailly accor di ng
to clai nlgdlam,e\:gert(ng§l}; %Hé&c%fig& Hot ?ult%"“r&lp'iéeirﬁgnlzéifc!a@rc&{t%_%'v?ittﬂ_r- 9.
An apparatus according to clarm or claim 8, wherein the transistor is a
sili COﬂ-?ﬁ?pﬁff?ﬁ% E?%ﬂﬂ§F%{§)F§5'759 allowing heat to flow from thermoelements

756-758 into hot plate 764, where the heat may then be dissipated.

With reference now to Figure 8, a cross sectional view of an
exemplary thermoelectric spot cooler fabricated over an RF CMOS IC is
depicted in accordance with the present invention. In this exemplary
embodiment, integrated circuit (IC) chip 800 includes a low noise
amplifier (LNA) transistor 808 which is formed as a silicon-on-insulator
(SOI) transistor in buried oxide 894 that lies above a silicon substrate
890. A thermoelectric cooler (TEC) 832 is placed above LNA transistor 808
for cooling LNA transistor 808. A second transistor 806 to provide a
current source for TEC 832 is also formed as an SOI transistor in buried
oxide 89%4. A conductive via structure B1l0 through oxide layers 816
couples the drain 826 of transistor 806 to TEC 832 to provide current to
the p-type 838 and n-type 840 semiconductor material of TEC 832. P-type
838 and n-type 840 semiconductor areas provide a similar function as

p-type semiconductor 304 and n-type semiconductor 306 in Figure 3.

The heat spreader 830, which acts as a heat sink, such as, for
example, heat sink 316 in Figure 3, for dissipating heat is thermally but
not electrically coupled to the hot side element of TEC 832 through layer
834. Layer 834 may be constructed, for example, from ultra-thin oxide or

alumina. Heat spreader 830 could be coupled to layer 834 by solder.



10. An apparatus according to any one of clains 1 to 6, wherein the

sel ected elenent of the integrated circuit is a capacitor. 11. An apparatus
accordi nwde/Aams one of clains 1 to 6, wherein the sel ect BAT/6B8NEHOY of t he
integrated circuit is an inductor. 12. An apparatus according to claim11,
wherein the inductor is a spiral inductfor. 13. An apparatus according to
any one of the preceding clainms, wherein the selected el ement of the
integrated circuit is utilized in a radio frequency circuit. 14. An
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-t #7S B ASBSTBCH/ sPg$ovided through conductor 932, which in the depicted example,
lies in the second metallization layer M2. Thermoelectric cooler 902 also
includes a second thin thermally but not electrically conductive layer 918
to provide a thermal coupling to via 920. Via 920 then provides a thermal
connection through oxide layers 922 to hot end 924 at substrate 926. As
heat is generated in the spiral inductor, it is transported by TEC 902
from cold end 904 to hot end 924 and into the bulk silicon substrate 926,

thus coocling the spiral inductor.

Although the present invention has been described primarily with
reference to dissipating the heat either into the bulk substrate or into
the atmosphere surrounding the integrated circuit via a hot plate located
the surface of the integrated circuit, the heat may also be dissipated by
other means. For example, the heat may be rejected via heat pipes rather
than directly in air. Furthermore, the thermoelectric coclers are not
limited to a single type of thermoelectric cooler, but may be implemented
as any one of several different types of thermoelectric coolers, such as,

for example, quantum point coolers.

It should also be noted that the present invention allows metal
structures with photoresist or dielectric supports to be easily
incorporated in the cooling process. Furthermore, it should also be noted
that the present invention is not limited by the exemplary structure

depicted and that there are a large number of alternative structures which
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The description of the present invention has been presented for
purposes of illustration and description, and is not intended to be
exhaustive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of ordinary skill
in the art. The embodiment was chosen and described in order to best
explain the principles of the invention, the practical application, and to
enable others of ordinary skill in the art to understand the invention for
various embodiments with various modifications as are suited to the

particulaxr use contemplated.
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comprising:

a cold plate thermally coupled to a selected element of the

integrated circuit;

a thermoelectric cooler thermally coupled to the cold plate; and

a hot plate thermally coupled to the thermoelectric cooler; wherein

heat is removed from the selected element of the integrated circuit
through the cold plate and transferred to the hot plate through the
thermoelectric cooler; and

heat is dissipated from the hot plate.

2. An apparatus according to claim 1, wherein:

the hot plate is exposed at a surface of the integrated circuit to

dissipate heat into the surrounding atmosphere.
3. An apparatus according to claim 1, wherein:

the hot plate is thermally coupled to a passive element for

dissipating heat.
4, An apparatus according to claim 3, wherein:

the hot plate is thermally coupled to sink heat into a bulk
substrate of the integrated circuit, such that heat from the integrated
circuit element is transferred from the cold plate through the
thermoelectric cocler and dissipated into the bulk substrate through the

hot plate.

5. An apparatus according to any one of the preceding claims, wherein
current is provided to the thermoelectric cooler from a field effect

transistor within the integrated circuit, a drain of said field effect
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the cold plate is thermally coupled to the selected element of the
integrated circuit by a thermal conductor, the thermal conductor providing

at least partial electrical isolation of the cold plate from the selected

element of the integrated circuit.

7. An apparatus according to any one of the preceding claims, wherein
the selected element of the integrated circuit is a transistor and the
cold plate is thermally coupled to both a drain and a source of the

transistor.

8. An apparatus according to claim 7, wherein the transistor is a low

noise amplifier transistor.

9. An apparatus according to claim 7 or claim 8, wherein the transistor

is a silicon-on-oxide transistor.

10. An apparatus according to any one of claims 1 to 6, wherein the

selected element of the integrated circuit is a capacitor.

11. An apparatus according to any one of claims 1 to 6, wherein the

selected element of the integrated circuit is an inductor.

12. An apparatus according to claim 11, wherein the inductor is a spiral
inductor.
13. An apparatus according to any one of the preceding claims, wherein

the selected element of the integrated circuit is utilized in a radio

frequency circuit.

14. An apparatus according to claim 13, wherein the radio frequency

circuit comprises an antenna.

15. An apparatus according to claim 14, wherein the radio frequency

circuit comprises a passive antenna.
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18, An apparatus according to any one of claims 13 to 17, wherein the

radio frequency circuit comprises a quadrature oscillator.

19. An apparatus according to any one of claims 13 to 18, wherein the

radio frequency circuit comprises a power amplifier.

20. An apparatus according to any one of the preceding claims, wherein

the thermoelectric cooler is a quantum point cooler.

21. An apparatus according to any one of the preceding claims, wherein
the cold plate is partially supported away from a surface of the

integrated circuit element by a support.

22, An apparatus according to claim 21, wherein the support comprises

photoresist.



