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M CROMVE COMVUNI CATI ON | NTEGRATED CI RCUI TS Fiel d of Invention PCT

GBOL/ 0540800880M082* The present invention is generally rebat&Boiosdshe field

~of integrated circuits and, nore particularly, to a nethod and appar at us
for cooling integrated circuits. Background The use of radio freguencies
(RF) and microwave frequencies have been utilized for nost of ,’M m ’""”m

century to provide comruni cations. Early uses of RF and m cro

technol ogies invol ved r agiefd et Catd: O85orend Fof ¥ qggcast and t""O’*W
conmuni cati on, and radar_for detecti ng i ncom n alrcraft. Miuch of this

early technol ogy was JETRIGYE FIMRNICATEONS INTEGRATED CEIRCUITENt i ng ,mm’"mm m}m“m
1. After the war, RF and m crowave technol ogi es were exttendﬁd

‘communi Ccald1QNofre@dsnt 1bgl ephone conpani es used nicrowave echnol ogi e

carry vm%:e cgmrunl?:taltlons across areas in which it was inpractical

Jbuild transm ssion lines, such as, for exanple, in-very nountai nous
‘terrain. RF ffwnemresmmneuai de gemedally t-ér&teﬂ&rogtmg £ibed @¢i sion industry

St h helr t el eyi si on
sets v ;Zz'.‘;?ﬁﬁ*’%"%‘ eﬁ’i%isgéii’? (oreOpAtINERL L IR OELP aolt ks i a6

been used’ m% SEALEE| TNt gnal s, both for m litary and comercial use
as well as, nore recentl y, for deli ver| ng television content to

subscri bgickerb@i@es as. well as access to the Internet. RF and mcrowave
frequencies are also used to provide wreless (cellular) telephone
services, these services include analog, digital and personal .
communi cat i onTheepge @fs r¢dHESfreqihaciesa R s5d micoapae i frgq@dncans aladet r oni c
communi oidro0i 1shEaUBh e bt RS 56 0RO LB el 1S AN0° Of the
frequency,.s g@s%l Sof (]ga :Lcrc}uia 1 CE g o charéne S I N © o

bandwi dt% P S expresseél1 T oBF € PR §é%%r’r6 5t eadie rcasmeming tdens . n
Hertz (chRHheRridraste@BAdhwo-may communication, and radar for detecting incoming

aircraft. Much of this early technology was developed the 1940's to help
in fighting World war II.

After the war, RF and microwave technologies were extended into
other communication areas. Telephone companies used microwave
technologies to carry voice communications across areas in which it was
impractical to build transmission lines, such as, for example, in very
mountainous terrain. RF frequencies were also used by the emerging
television industry to carry television broadcasts to péoples' homes where

their television sets received the broadcast signal.

More recently, RF transmissions have been used to carry satellite
signals, both for military and commercial use as well as, more recently,
‘for delivering television content to subscriber’s homes as well as access
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). Aas
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,



" mpgpiaggpgore information is being transmitted through RF ZirgNiis-— agﬁﬁbme
for greater bandw dth has arisen to-handle this increase in.informti
transmitt akusobbaever, the bandw dths and channel cagagish epfl.GRFanuLF? 703003
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and m crowave systens are limted by the signal-to-noise (S/N) ratios of
the anplification and filtering process ®ithin the. system One inportant

“method to increase the SIN ratios is to reduce the. thermal noise by
iowerin g the. operating tenperature of the circuits. Therefore, It would
be desirable to have an apparatus, system and nmethod for cooling RF
circuits sy t hat . bandwi dt hs and channel. capacity o the, RF circuits .
coul d be icﬁg!’rjuelaf‘gé ) ‘{ﬁgbm eﬁf’sr\i\%‘.ﬁ %“832""36& X g:%ﬁo?@?ag'tt?i'f’ﬁﬁﬁ (& ¥nent
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current to-t circuit elegent. The circuit is arr ed ‘'suc
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oper at i ngedxAudeatsuchhiiasoshe Yamdad dtios 40 SBanialc kapasity oof &he RFyedeniits

wher eby, aceid b&adginekessadt directly cools an active el ement of a

semt conduetor, to increase the efficiency of.cooling the active el enent.

DE- A-1DO 09 899 discl oses a devi ceggni ch is agt ached directly to a '

semi conduct i ng® ¢Hi B2EHG Tperst'ea’sl SCBTIEAF 13 SOFTWi5t PLEINRG . PRPRECb R # ng

coati ng beinruéh PRE TAHPTINgleqtade moohiny ehemanterdmpahaing itug.dighimpllar
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: ) senf..i Qventiqn provides apatus. for cooling an

i ntegrate r(%}l%%%&te&%% g%gnfj:m'sfucﬁ'sagrrzi‘n{g?‘gls&g%f 5g‘tﬂ7ter éﬁ%l’é‘f’o?"’iﬁef"ﬁwt

used in PIFEHT FOr e BRIt FETiT QoM IRG ol eiedi 2T 21| Aperating CupEsidct , there

i s provi d&égresf-apparatus for cooling an

JP-A-9 064 255 discloses an arrangement whereby a cooling element
directly cools an active element of a semiconduator, to increase the
efficiency of cooling the active element.

DE-A-100 09 899 discloses a device which ig attached directly to a
gemiconducting chip and operated electrically or optically. The coupling
coating between the cooling element and the geniconducting chip consists. . .
of one or’ more layers of metallisation. Several active cooling elements
can be directly attached to a sémiconductiné chip,

EUMMARY OF THR INVENTION

The present invention provides an apparatus for cooling an
integrated cixrcuit component, such as a field effect transistor circuit
used in a radio frequency transistor or receiver.

In a first aspect, there is provided an apparatus for cooling an
elemeqt of an integrated circuit, comprising: a cold plate thermally
coupled to a selected element of the integrated wircuit: a thermoelectric
cooler thermally coupled to the cold plate; and a hot plate thermally
coupled to the thermoelectric cooler; whexein the hot rlate is thermally
coupled to eink heat into a bulk substrate of thavinéegrated ¢ircuit; and
heat from the integrated circuit element is tranaferied from the cold
plate thxough the thermoelectric cooler and dissipated inﬁo the bulk
substrate through the hot plate.

AMENDED SHEET
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'el'e f an integrated circuit, conprising: a cold pla rmal |y
g‘?eni?o%o a selected element of the integrated ci rcwt t@t’@i?ﬂﬂbel ecGBQ10546

cool er thg coupled to the cold plate; and a f.e, rrrall

. coupl ed tobtgﬁdedzﬁter moel ectric cool er; wherein the hot p+%te %safiﬁ%’r:”néf’f’i/
.coupled to sink heat into a bulk substrate of the integrated circuit; and
beat fromthe integrated circuit elenenRais transferred fromthe col d

* plate through the thernoel ectric cooler and dissipated into the bul k
substrate through the hot plate. AVENDED SHEET 16-01-20@8 2 O JUN 2005

GBO10546 Ai 1S0 : 16 Jan ne e di rent there
is provided anlo“rg%%g entbygﬂt orggho%ﬁ o PAR %Féerrer#p%ﬁataﬁ %ﬁ &7 da‘tl rcuit,
conpri si nBFe"E A da’bl%mé?rﬁFWlt:cémréa A & Sddeptate élp@mﬁtly of the

i Nt egr at ecbupiled ot & ded ettt abaieactos che dnkegrdtedr airlchyt € auphethokleddigscol d
pl at es arhcaeRAGhePhAlG aaamldoythmum %qgte, tahg 4 %@;r@ht@%ﬁeﬁa er;

wher ei n heat e integrated

circuit t¥r Baﬁfﬁi tf’hgpcgg%mﬁ’?g%%rgﬁfm#?’any %‘?erié‘gg?ec? th FaeYed QP@ ¢ ough
t he ther riféPEYac pLemeab| & thaidtpgrmted grgpisitharuth themeltholaoe pidate. | n
anot her emwbosiferead tot bite @oDilage APRNEH the | thekksifscOr LOkHo1dzqt 8nd hgt mal |y

coupl ed ti@ amlbm_;ﬁglgggnpqhg|1{°Qu%,£atg9rrponent , a thernoelectric cooler
thermally coupled to the col ate; and a biot plate thermally coupled

to the thernoel ectric cooler. Heat .t renoved* fromthe integrated circuit
conponent t hr GRAPOERE: EBPerlineat o tAR (Porl i8E MPPRESFUS oingludenet cpldipaatd hr ough
t he t her thednedly icoupbsi eo. thehendwgiapddaberdit| cagosénnt aatdhbecRerd an
.0t egr at @eoKix EukxinaSHE Robbi t'@actmtéaasmat&?daﬁcﬁ al Jod pomRd . Qgentafﬂfgf S
circuit gg&gl pent :Lé tqll ssi pated int at rrpﬂorerg %urroun I ng

BRI T amoved Zxqly he \FREEIX£29003

Integrate IrCUIt
Au$000 §ﬁ¥lt 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.
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3 10 Preferred enmbodi nents o f.the invention wl desGB(]Jm46
in more detail, by way of exanple only, with reference to the '
acconpanyy; ganﬁr@wl ngs in which:. Figures | A-18 dep| t CI rcuit diagrans of
exanpl es of typical radio frequency (RF ) cixcuita -tRendedcpage:t 16 anwary 200:
cool operation; Pigar e 2 depicts a graph-of.a typical terrperature
dependency of the is s+ =i ity factor o§ on-chip, spiral, inductors;
Pigure 3 depicts a high-level block diagram of a Ther rmel ectric. Cool | ng
(TEC) device in accordance with the present invention, 20 Figure 4 deptcts

a . top planar v'e f iect coul ed cool ers for cool | ng I C RI ci rcui ts in

Eptirde o) &teuniraibcahéiaﬂih@ﬁ with
t he pres b alel iR N =TT 68 51045 68 denl ct t op_cut-away play and
Cross- sectlonal Vi ews of a patterned cold plate for cooling IFTC CITeuits
in accordance with the present invention; 30 Figures 7A-73 depicts top
clt - away pl anar. and cr o0ss - BRG] eﬁmmmor ITHE ussaNagang direct ther nal
coupling of a cooler. with t he LNA/ PA. and body/eubstzate |evels of an
I ntegrated ci rcul,_t :(e C accor n e W th the resent invention: 5-Figure
8 depicts a, Crose esc on’a’Te"\’fF ei‘r?"%&”é‘r?ﬁl‘ﬁ‘r’@ NPV EPniRecEER e daspree
cool er faididat BY WVert &ﬁawle(}m I G’-qmra%@eﬂ%rteethwtchoMQesent
I nvent i ofwawsimgs i ixdwhian:. circuit wherein the thernoel ectric cooler is
" 4idgicorporated in the Figure 3 depicts a cross sectional view of an exenpl ary
.RE sp:Lral AVENDED SHEET.20 JUN 1005 . WD 02/ 49105 PCT/ GB01/ 05469 passi ve
i nduct or and THERBa2TE d8f ek dorift & 397emp A5 eBapder sefe tipical radio

frequency (RF) circuits that benefit f£rom cool cperation;

Figure 2 depiats a graph of & typical temperature dependency of the
1s ‘quality factor of on-chip epiral inductors;

Figura 3 depicts a high-level block diagxam of a Théfmcelectric
Cooling (TEC) device in accordance with the presant invention;

20 Pigure 4 depicts a top planar view of direct coupled coolers for
cooling IC RF circui;s in accordance with the preseﬂt‘invenhion;

Figure 5 depicts a current-controlled thermoelectyic cocler (TEC)
circuit in accordance with the present iovantion;

Figures 6A-6B depict top cut-away planax and cross-sactional views

cf a pattexned cold plate for cooling RF IC circults in accordance with
the present invention;

30 Pigures 7A-7B dépicts top cut-away planar and ¢rosa-secticnal views

illustrating direct thermal coupling of a cooler.with the LNA/PA and

body/substrate levels of an integrared ciroudir (IC) in accordanae with the
prasent invention:

Figura B depicts a cxoas sectional view of an exemplary

thezmoelectric Spot cooler fabricated over an RF CMOS IC in accoxdance
with the pregent invention: and '

Figura 3 depilcts a crosgs aectional view of an e&empiary RF gpiral
b inductor circuit wherein the tharmoelectric cooler isg lncorporated in the

AMENDED SHEET



accordance with the present invention. DETAI LED DESCRI PTI ON OF ‘6
PREFERRED EMBODI MENTS Wth reference now to the figures and, ?1 p‘@thZp@ul ar,
with ref W10 Figures 1A -1E, circuit diagranms of exa of typical
radi o frequencyl“()RF) circuits that benefit from cool opergejrfg’ﬁmypﬁg
depicted. Figure 1A depicts an exanple,of a passive antenna system Figure
.1B depicts an exanple of input |ow noise anplifiers (LNAs). Figure 1C
depicts an exanple of the m xer stages in an RF circuit. Figure 1D depicts
an exanple of a quadrature oscillator. Figure |E depicts an exanple of a
power anprFFivEr 1(“?‘3&)t°ﬁta"l.dhéh%ﬁ?ﬁhtis THiecteRrimtp thel bk gitbstratet hrese

Ci rcui t saaaskdanee fwilthetis: pr@denyerhveftidne si gnal path are determ ned by the
quality factor of the passive inductors and capacitors, and the thernal

noi se voltages in the transistors. Both the quality factor and t her nal

noi se vol tages are SETAIREP \PESERERTALN (OFORHE [PREDERRER EMBGDIMENTSr at ure. Wt h

reference now to Figure 2, a graph of a typical tenperature dependency of
the quality f r 2C pi.ral. i nduct i s depicted.  The graph
depicted in F?ﬁ&fr?erg rel at eés"pttﬁetheuaﬁutresfac n@f’r%\io"‘fgﬁrx wish * ‘?ﬁ%r%“cf
nanoHenr §° WH‘J}“‘%l%FW FALeHiST dtﬁﬂrlam‘? rﬂil emmleel dfntyigat| volio fenmentyor of
a CMOS t ¢Blt) cirpuiter shes: bhﬁeﬂ‘;temnedoloap%aaﬁlage aég,lcgécgahgg%.g, fioHz) for
three te rd’i‘:rsugﬁ%xaﬁﬁlesQQ%gEQsiFegglgﬁenné 5YS quan%%.?rgt Eﬁacc{epbf: or the

.spiral inductor coil rises contlnuou as 't ¥ /B2 i nduct or
is decr e§§aé?i’lleo?f dmput rlé’éju'éﬁéieeﬁnﬂiﬁf’eﬁ?ér &eNAGh: Fdguem 1Ci drRicterart enper at ur e
of 100 degargade @Imeum,xerrhﬂ:aqualild ¥n fAACEOFcak . th&guféﬁ(ibC&éiﬁcEQ'i& is

tl fr ran 0 to 10.0 -
_%ﬂi’roﬂ”t@%ﬁ't‘%ighgfer a?ﬁ%%gg =Ll 5211318 (r)r;ge fﬂ%%p cf’r 535%‘6‘"‘?& e 5t Begrees

Cel si us, PP GUBHTEE: t £&) o‘?‘t |tH%r‘é‘&8\§"s t he &bpmﬁé Aedasityvsi0 of otheshe sane
f requencyirarnge. ands thrg il eapeeailsyed G the sibhdUehor 601 detehfihdl biiahe

decr easeeuéthylggttggg&ie%ﬁe §ﬁ|5§w=_5 ’:Lg&\tok%ogy%nd gapafcg‘t(::grosr I ncfr g‘stfer?é-g%]ggm es.

further to, ap xi mat el over the r‘aneo

Thus, a %94 ?Pg‘éﬁ? sb’éhé?? tEPBSLEERF 2V e BOBY tPEo‘ﬂ’éﬂlh’@’ fﬁﬁ@mpeﬁamemgal

t enper at Beiseofol traes nakec st namgtyidependdinki draithbedirbrht gl BemdeREP@FAL UM €
reduction or achieved with other RF circuits. The phase noise, L, of the

oscillators are,_al sg directly affected by the operating tenperature of the
circuit. The FERDEFRTIFES IPehadiaers e t"‘l‘]@rﬁh’ésﬂi fdiveécabftemperasyee | | at or s
are gi veferpndehey bl thenanal idgutddton:of on-chip spiral inductors is depicted.

The graph depicted in Figure 2 relates the quality factor of a 150 x 150
pm* 3.1 nanoHenry (nH) spiral inductor coil implemented in the clock
generator of a CMOS test chip versus the frequency of operation in
gigahertz (GHz) for three temperatures. As shown in Figure 2, the quality
factor for the spiral inductor coil rises continuously as the temperature
of the inductor is decreased for all frequencies of operatioh. Fof an
inductor temperature of 100 degrees Celsius, the quality factor of the
inductor coils is approximately in the range of 2-3 over the frequency
range of 1.0 to 10.0 GHz. As the temperature of the inductor coils is
decreased to 25 degrees Celsius, the quality factor increases to
approximately 5.0 for the same frequency range. As the temperature of the
inductor coils is further decreased to -123 degrees Celsius, the quality
factor increases even further to approximately 15.0 to 18.0 over the same
range of frequencies. Thus, a significant benefit is achieved by reducing
‘the operating temperature of the inductive coils. Similar benefits in
temperature reduction or achieved with other RF circuits. The phase
noise, L, of the oscillators are also directly affected by the operating
temperature of the circuit. The temperature dependence of the phase noise

of the oscillators are given by the following equation:
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mhere 1 arg'm R = effective resistance of the (LC) tank (tenp raJ @M
dependentWOO&G&l%enter frequency of oscillation Am = fregoemBoinifsct F =
"termrelated to noise fromactive devices Pai9"a | = power |evel of
oscillation T = the absolute operating &enperature in kelvins Fromthis
equation, it is evident 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 anobunt of phase
noi se. Wth reference to Figure 3, a high-level block diagramof a

Thernoel ectric Cooling (TEC) device 300 is depicted in accordance with the
present invention. TEC device 300 is prefergbly connected to the
integrated .circuit device near the tﬁmubr ‘%j;en5|t|ve el emrent . _
Thernoel ectric cooling, a welly prlnc is based on the Peltier
Effect, by which DC current frént ower spurce 302 is applied across two
dissimlat materials causing heat to be aB%orbed at the junction of the

two di ssiWhedear materials. A typi cal thernoelectric cooling device wutilizes
p-type sem copduclL 304 laeggis&,tcgpgf SEM &gp gg%o&e g apdwi ched between
poor el ectrical conductors 308 that have g eat ?lng properties.
As el ectrons ﬂﬁVﬂ“?PHntp type sentconductor 304 to n-type sem conduct or
306 vi a el ect b, GaketterdfrEa0éncy10s ddagrRAGEYY State of the electrons is

rai sed due to heat energ}ll absorbed from heat source 312.
"= frequen offset

F = term related to noise from active devices

Pyignay = power level of oscillation

T = the absolute operating temperature in kelvins

'From this equation, it is evident that phase noise increases as the
temperature of the oscillators increase. Therefore, it is beneficial to
have an oscillator operating at lower temperatures to decrease the amount
of phase noise.

g

With reference to Figure 3, a high-level block diagram of a
Thermoelectric Cooling (TEC) device 300 is depicted in accordance with the
present invention. TEC device 300 is preferably connected to the
integrated circuit device near the temperature sensitive element.
Thermoelectric cooling, a well known principle, is based on the Peltier

— Effect, by which DC current from power source 302 is applied across two
dissimilar materials causing heat to be absorbed at the junction of the
two dissimilar materials. A typical thermoelectric cooling device
utilizes p-type semiconductor 304 and n-type semiconductor 306 sandwiched

"between poor electrical conductors 308 that have geod heat conducting
properties. As electrons move from p-type semiconductor 304 to
n-type semiconductor 306 via electrical conductor 310, the energy state of
the electrons is raised due to heat energy absorbed from heat source 312.
This process has the effect of transferring heat energy from heat source
312 via electron flow through p-type semiconductor 304 and electrical
conductor 310 to heat sink 316. The electrons drop to a lower energy

state in the electrical conductor 310 and release the heat energy.



This process has the effect of transferring heat energy from hea# c@N ﬁ?
- 312 via electron flow ‘through p-type sem conductor 304 and el ect p 200

conductor“?&@z ﬁ? geat sink 316. The electrons drop to a Io%{,/?%@?é% state
/
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in-the electrical conductor 310 and rel ease the heat energy. 005
‘WO 02/ 49105 PCT/ GB01/ 05469 W th reference now to Fi gure 4, a top planar
view of direct coupled coolers for cooling ICRF circuits is depicted in
accordance with the present invention. Int egrated circuit 400 includes two
cool ers 404 and 406 thermal |y coupled to passive spiral coil 402. Coolers
404 and 406 el EPHESTETATRBAY P Bloureot. @x iR pdanawien WEceiregh ¢qwptedur e
3. In thiclemhddrnewiling 1€ mt)lcclrphatsem)fdepm]:lear irtQecosianoeltied €g ectly to

one end Lhe ipassd S I sty and 410.
Vi a str(&;rfﬁr es 42?¥ 1\66 &heg&nraw%v\céf ‘Pizc F%tcg?%gn%e%t%ggi arég'i3 rgf erably
|

‘t her nal | ¢ Ent T8 cc?é\?]teg? E%rﬁiﬁﬁ’t‘fe\/épf’ffﬂp‘é?“cé%osFP‘?’tﬁ’Fs ﬂfeaeélﬂspl‘@te
of cool erveqduipleyedfedtes| forheramplé y TEOUjEvede tamothemg&m sendndeRiof spiral

coil 402,ena5@ineern%bl%eakéﬁ Black SP%%ﬁePQWOiSA tbQ edPQI o009 ¢ r.%f ,i?oo' r§e 404
and 406 a piral col are cons ructe

| ayer of t?‘ﬁepasrﬁlé’ﬁr%&léﬂfcci°r‘2:ﬁ|4t°24‘ﬁ}n9'l‘ﬁé StitcErEYh 188 tangd 1419 s ‘é{ﬁhstruct ed
in a | onatrhesuaresotod hed i410egdatedkCLéewdli inted@Onddcamithatke GfretOeapapi r al

coi | 402. theﬁﬂq@gbnm@e@ergq%w BndhitRs RO, cAf=d0RL 0 FROL AP 8L COl |

402, a S|%gle cool util1zed as TWo Pcdet er s
wor ki ng % TEHEEN §$ 3%i eijJeYattB?r“@&E)Yl"r?g‘Pl?ﬂ‘ tPh‘é"esﬁW% e%|4I2°4®52 sphaat
woul d a sichgl 42 opteferald hbdg of eal woppeanyomgdseetml. gr adi ent bet ween
different. sections of the spi ral coil 402. Electrical isolation between
cool er 406 and, passive coil 402 may be achieved by using

current - mode circults °5r°p°6’§1 sl At 19F Pﬁl‘f?lld?%lt@EtﬁWEa%a@éiv"é&zl 8ke | ayers
such as ¢keatxurtedapishinidpessameoinye€\VEd) theiintegrat@idoxirdai or4oanodinzed

al um numinfefstnaatt a4 0fs abrddQuad §n aprlgiz@zr qm'@r 2 \%Dlﬁll:%drg?& (ylg?:(\kﬂe

b 0 te
Che-ther gl RORGERE, BF S bolted 5 462 afiiier iiPagses Soins fer combrd nat

of silicdR*ttxitaecood siiradfenidntt® . nawingldicguter Spukl barutentizebasr ol | ed
t her noel eel1i c HOG'@('HIertl'(eTE@ bl &kl %ofﬁn%eﬂi QL%H Br@vq.ﬁgréjf%gggr \Moglll‘.'que
present " igvgnt ig ?Qral QUIT gL - ¢ %Qt‘golllded T C1 circuit s  an exanple of a
current - ﬁDde ould a single cooler and help reduce any

thermal gradient between different. sections of the spiral coil 402.

Electrical isolation between cooler 406 and passive spiral coil 402
may be achieved by using current-mode circuits or by using ultra-thin
dielectrig passivation layers such as chemical vapor déposition {CVD)
silicon dioxide or anodized aluminum. Anodization of aluminum is
preferable to CVD silicon dioxide because 1-10 nanometer (nm) dielectric
layers can be easily formed, and the thermal conductivity of alumina

(aluminum oxide) is better than that of silicon dioxide.

With reference now to Figure §, a current-controlled thermoelectric
cooler (TEC) circuit is depicted in accordance with the present invention.
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.



whi ch may be used in conjunction with direct-coupled coolers 400 ?@eﬂ‘@&ﬁé
tog maintain electrical isolation of the coolers 404-406 from pass bal
coi | 402.wounteres- control led TEC circuit 500 includes p-clremcsoode! d _
“effect transistors 502-506, n-channel transistors 508, inverter 510, and

512-514, and TEC 516. TEC 516 has a hot7 end 518 for dissipating heat and a
cold end 520 which is thermally coupled to the device to be cooled. 2 0 JUN
2005 WD 02/49105 PCT/ GB01/ 05469 7 The gate of transistor 508 is coupl ed

to a bias cont0lg.¥e! §2gEaiEtor 858 1‘Q’eJ:oupal§dtt% Lhﬁ np&ﬂtrQi Jo@‘f?@fesgr >10.

The out put of |nverter 510 1s_coupled_ to of transistor %. The
drain of 2% rgidi 8 &P 5‘??61%915 of HEVEFLE N 5’0°f tF%?F%ﬁ‘t‘}r ofgaverterc8lhiied to t he
sour ce otodplanstsitbe dut2 ofamdaisdistdwe 56t eThefdrat@anrsi stoisistch? 564 4ndso t hat

transi st gfs lén %l}dtﬁak‘éisc?d@soé 'lfé’- &%ié‘dﬂcand{ el 9£u:%9_”<§£ QUL A50D, sthe drains

of transistors 512-514 are cou ro he source of transistor
514 is cipIdHo gatE%aéo“rﬁfné’rﬂf%F SRCE 68°1‘W&§ treaﬂﬂé:ﬁr%’t}ﬁt 7efl 588 TEC
circuit 596€ impaduairast mireon sbEfigucatibent The aWalss of htenghetbre Sik6sbased

upon bi a§f%/@ohﬁﬂe% vgggdrourﬁy%n ' féﬁclg%lg:gladofe& rﬁsﬁ %c?LI SEP%.STE&W%.%Q i a

el ectrically connect ere 1s no
current FEFAINGDEEWEENS1He TRE: SE%rreaﬁtFﬁ“ﬁédc}é@l'@@ cieyit 1199 waimtaine mode
bi as ci r su¢dns58fr ensrenest Hweli thomigh TEOE 86 ibased apod hdadBG16dde v\t h

ref erencepfQw;kOsl GHLIndA 29k 6B ﬁb%&%ﬂ@@ﬁ&ﬁ@ cbfiRectBh ANAL, Y1 ew of
a patterged cold plate in. ,an integrated circuit_chip for coo &F?—‘%:Ff I C
i of

ci rcui t sCBHEeF @Uf(ér%"é’faei)l &t's TReET dfsn%é’effﬁﬁafl?ﬁléﬂv RStvESie the
t he i nt egndittdd @dvicai t Tows rhencuacenr-thade dink tdirthic po@es@Atres AVenicdl [ n
this enbodbiRAbtn 3% &M 2kd @rgative to using direct-coupled cgolers as
depicted in Figure 4, a cold plate 602 is placed underneath the RF circuit
650, such as, for exanple, one of the RF circuits depicted in Figures 1-5.
By placi ng coFétlplrateredog nemdes FiberdRFéxiandufl, sFah@e §rdgpictar @apof

i nduct or g1 ang cﬁaagttplbatefurhtaa Nech B61REe Cmr Qﬂlltntémta& E'cﬁegi@@hlp fopwever,
cold plate 602£I_$Igogﬁp mggclillyln csoaA L t he cerUItS
within CITeurts 6 P29 FATUF L CR LW 5?1 dF’éciséc??‘i é°%ﬂt EHFHICt BtFa.
Col d pl afecw@R ¢% ttlﬁewmsnrayeémpw chin He at¢rordenmieceivh the pokesnt606 by
via ther ﬁ}ﬂ\l'erﬂ:@&dl_JCt[ﬁl‘tlﬁgaambodlment, as an alternative to using direct-coupled
cgolers as depicted in Figure 4, a cold plate 602 is placed underneath the
'RF circuit 650, such as, for example, one of the RF circuits depicted in
Figures 1-5. By placing cold plate 602 under the RF circuits 650, large
areas of inductors and capacitors within the RF circuit 650 are cooled.
However, cold plate 602 is not physically in contact with any of the
circuits within RF circuits 650 but is separated by an dielectric material
- 604. Cold plate 602 is thermally coupled to the thermoelectric cooler 606

by via thermal conductor 608.

If cold plate 602 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

resultihg 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.



-If cold plate 602 is constructed fromnetal and is used under the .
inductors within the RF circuit 650, then cold plate 602 is patterZrﬂedUNZﬂ[]S

avoi d 't hey nt of-circulating eddy currents |nthe g
resul ti ng“:‘dr%oyrfhﬁ?rg%netic coupling with the inductors.- The i'h %@ Péﬁ%ﬁg hi p

600 may contain other areas other than ghe RF circuits 650 that dolnot
generate an excessive amunt of heat and do not need to be cooled.’ Thus,
an efficiency in power savings is achieved by the present invention by
spot cooling onI the ortions (i.e. RFE circuits 650) of the integrated
circuit 600 tH%ht B §?"grﬁ°f Fimwes Hdaend 78, figure {13 Bepicsel 2dop2 0
JUN, 1005 cut\Ga/ #9&1&5‘ P(é’l?/ CBO. DG d&ewwnemixercenﬁlmlgl L3I irﬁé ldaglélf rect

t her mal th&hgmhefbd%g sepﬂee&evéﬂr?%ygﬂ {Jl%gP&de\é’ S1bs EEa{ Of an

integrated cirtcuit Cr 0Ss-Sec &W %l ong
cut 750 df ??%‘C&Fr%&mfﬁé‘reﬁ’é’rma&owl ﬁ’gmefatthéﬂre@ ‘é’éﬁ)ldéreqthltbepgwlt he
body/ subsbnplimgl efeite TES casler ohwgEAte@d BodyyHibstihEd ]Jeﬂem%@rﬂiince with

the pr esqltediteR! LAy Yrah 1o/ D2sclhnd MGLORLLY SOURLE 13,60 flidapl g, 762 of

the 1C 700 t dy/ substrate | eve gfe I evel
752 nay EBHE'QIZnthF’BWlﬁbl?EP%ﬁrﬁI FPideplaser 267 toF. t%éCc‘tﬂOdtgltaxee 762 of TEC
cool er 7bédyssubsepatrealecklf v8aMot hec body/ Subptstbstrakevhivel 5%520hay QoZQany

t n 0 T. el ectric conduct or
760" couplo. f{]@‘e""“ﬁ:ﬁ;ﬁ%ﬁfﬂ Cinf iRt B of el SREE Tl ERDur ity

t her noel éﬁﬁ?ﬁat‘?%ﬁf 6% strafer el B2 PHWCE 7 kel &rteriveriingconduct or
768 t hr omghalizethoelapdbnt sxiteblapsr@d 768 and out through electrical
conductor 766. An electrically isolating, thermally conducting hot plate
764 is in physical] contact with electrical conductors 766-768 all ow ng
heat to flow frofit $1&r fideFEMBGESr 7FBecopBles (P8 RISYPDIiAPEritg4, where t he
heat nay thiewpeemeiits IFHaoethe W tiper efpnreng ehaoiselonditgas€ thus SalQbRSSy

sect i onaleuyié&w QI) ﬁ%w %”@i&&YléﬂeE%b@&t Qkﬁ éﬁggﬁgYFQRL%ergpg tca‘;fsd Over

|cte I n accordance wt esent 1 nventi on.

RF
?EI s exe $a4rs§/g an%i%‘&l%ﬁtlg eﬂlF‘é‘b‘i‘&f‘%cF°€?‘f'iPﬁFt75(‘I C)'Btﬁ#ﬁctgeealwcl udes a Iow
noi se ar*pPlaftlles (4heapallyarmidet oing808: whath 766 ifsoinBthyascad contact with -

si i con- @hedttSdhdtInductors 766-768 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. 1In 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 cooiing 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 894. A conductive via structure 810 through oxide layers 816
couples the drain 826 of transistor B06 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.



(SO ) transistor in buried oxide 894 t'hat lies above a silicon substrate
890. A thernoel ectric cooler (TEC) 832 is placed above LNA transi T UN %§
for cool i ngolobidetos ansi stor 808. A second transistor 806 top f}&

‘current source for TEC 832 is also formed as an SO tranS|s or |n ur i ed
oxi de 894. A conductive via structure 830 through oxide | ayers 816 couples
the drain 826 of transistor 806 to TEC 832 to provide current to the
‘p-type 838 and n-type 840 sem conductor material of TEC 832. P-type 838

and n-type 840y provide a sim.lar function as p-type
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316 in FifpomeuBtrafeliindbsidepast iadgmitat is thermally but not electrically
coupled to the hot side elenent of TEC 832 through |ayer 834. Layer 834
may be, constructed, for exanple, fromultra-thin oxide or alunmina. Heat
spreader 830 ctRAdPIFsectRfpieFheondldyeroudled Iy laxhdeiie AWO D264 %HA5: 120 JUN
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| ate 8284 th r338, Layer be ‘const ruct &
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oxi de | aywisasd Gobly gosd regewt:AtaBlehddtibrBdR cbhaudt8SPECHLY QY- 1. t m%]l and
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as V&Jubl@& £yl é’r 3405 31 ?mIoYlghC v}(sedc:?%s-igx:; g‘ﬁﬁgt# r@ggnﬂnr{bgzrg@f t¥eal and

exanpl e, ggjc % or _tungst
t her nal cé"ﬁ Y% rE? ‘\/Fhffe‘fam} 824 nahheh pyovides s sHetmaldeainecBdh thieugh
di f f used medgtoimi8s Bleofrianl i Pt oy Myp@a cam@oamdt Eorl hieLHighf UsiQny, 824,

whi ch pragisdesy;a gespsl c aj.ni ng electrical 1solation
of via 814 gnd “cold pl athggrg%g?fédo%e é:f’nswéﬁi %/'éhré’f hias sfmidardy |y coupl ed

to sourc&8OFEThFBligh 4o P’?ﬁqhaP]F%}’ld%ﬁ ff theggal cgnoect820 wihile mapnexirdes a
ther mal  cedanesicedniashitionnel ntaidlznghd ebRCbliakas SebatiRROfsyi @ 812 and
cold plate 828 from source 822. Thus, as heat is built up.in transistor 808

by RF operatl_cr)lré the hhetat; S carrled away through vias 812 and 814 to cold
pI ate 828 of 2-: eat is built up in transistor 808 by RF operation, the

heat is carried away through vias 812 and 814 to cold plate 828 of TEC
832. The heat is then transferred from cold plate 828 to heat spreader
830 where it may be dissipated away from the IC chip 800.

. Optionally, a reactive ion etch (RIE) etch of section 844 can be

performed. The RIE etch forms a trench in section 844 which aids in

ensuring further thermal isolation of cold plate 828 from via 810, which
is connected to hot plate 838.

The structure depicted in Figure 8 is given as an example of a
thermoelectric spot cooler directly coupled to an RF IC device and is not
intended to limit the pPresent invention. For example, more or fewer
metallization layers MI-MS, and LM may be utilized between the RF device,
such as, for example, transistor 808 and cold plate 828, Furthermore,
transistor 808 may be any single or composite temperature sensitive device
without departing from the scope and spirit of the present invention.
Also, it should be noted that the present invention is not limited to RF
transistors constrgcted as SOI transistors, but may be applied to bulk
transistors and event to RF devices other than transistors. Furthermore,

the elements of IC chip 802 may be constructed from other substances and
compounds than those depicted.
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electrically nductive material such as, for exanp
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Current twrlad@eyen 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 substraté 926,
thus cooling 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 coolers 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 photofesist 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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-to provide a thermal coupling to via 920. Via 920 then provides a thernal
connection through oxide |ayers 922 toihot end 924 at substrate 926. As
heat is generated in the spiral inductor, it is transported by TEC 902.

fromcold end 904" to hot end 924 and into the bul k si i con substrate 926,
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heat may al so b t her . neans, . For e t he heat may be
rej ected via ﬁggtc{1 é?gﬁ %Eqﬁ yhe R i Face Tyt & aﬁlx? rE?’Fﬂ’FetEﬁEF%rftgr t he
1 her moel BB¥RISES c‘bfolié ‘SStﬁf"ei%ot‘nd IdPﬁ‘Ptl@Hl‘?fo andjisghet tippendsid tdhdenpel ectric
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i nventi ogy, n S V., st lcte and thnat
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02/ 49105"%?/‘858%!&%65’2?6‘@ Withygariges fopificegiona Bewrredepirad hg theom t he
scope andaspicnlidr obetdoateidaest. i nvention. The description of the present
i nvention has been presented for purposes of illustration and description,
and is not intended to be exhaustive or limted to the invention in the
formdi sclosed. Many nodifications and variations wll be apparent to

‘those of ordinary skill in. the art. The enbodi nent 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 enbodiments wth various
nodi fications as are suited to the
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el enent Oy l-ntegrated circuit (900), conprisingg .d4 pl : 4,

- thermal | yAg%‘?PpﬂPg% to a selected elenent of the i n?'eeé'?ﬁf%d Jéipr%llﬁfﬁ gg%ga
t hermoel ectric 'cooler (902) thermally cotpled to the cold plate; a hot
plate (924) -thermally coupled to the théRnoel ectric cooler; wherein heat

"is renoved fromthe selected elenent of the integrated circuit through the
cold plate and transferred to the hot plate through the thernoelectric
cqol er; and heat is dissipated frorntt}&h g pl ate, characterised in that: .
the hot plate is thermally coupled to heat into a bulk substrate
(926) of the integrated circuit, such that heat fromthe integrated

circuit elgemenin iappdradas§Rix e6b1ineNd BRemditdoplanit endebratigcifdiit (900),

t her noel e L.-Qsﬁ;%‘?' er and dissipated into the bul k substrate through the .
hot plate. 2. AnTapparatus according to claiml1, wherein: the hot plate is
exposed at, a surface of the integrated circuit to dissipate heat into the
surroundi ng atasophalate IS0 thppraldyuscvrd ed it Agecedhekenentyheriden: t he

hot pl at grcegtdteln@deyi€oupl ed to. a passive el enment ‘for dissipating hear.
4. An apparatus according to any one of the preceding clains, wherein
current is provided to the thernoel ectric coaler froma field, effect

transi st or d( 506 FARMORLSPTRE FATLEN 208 erttily cuPIrdite Ghe £d platry

— a hot plate (924) 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
therxmeoelectric coolex; and

heat is dissipated from the hot plate, characterised in that:

the hot plate is thermally coupled to sink heat into a bulk
substxate (926) of the integréced circuit, such that heat from the
integrated cixcult element isg transferred from the cold plate through the
thermoelectric cooler and dissipated into the bulk substrate through the

hot plate.
2, An apparatus according to claim 1, wher=in:

the hot plate is exposed at a surface of the integrated circuit to
dissipate heat into the surxounding atmosphere.

3. An apparxatugs according to claim 1, wherein:

the hot plate is thermally coupled to.a passive element for
dissipating heart. ‘

4, An apparatus according to any one of the preceding claims, wherein
curxent is provided to the thermoelectric cocler from a f£ield effiect
transistor (506) within the integrated circuit, a drain of eaid field
effect transistor being electrically coupled to said thermoelectric cooler
by a via structuxe. ’

- AMENDED SHEET
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¢ eff ansistor being electrically coupled to said ther | pctric cool er
.gé’@'%f)éﬁstruct uxe. AMENDED SHEET 16-01-2003 7 2 0 JUN 288@ J85463B010546¢

AUS000244 w Page: 1s January 2003 13 5. An apparatus according to any one
. of the pret®8Pett cl ai ms, wherein the cold plate i Ye¥hRadeal 14 Jepuazivetioqso
-the selected elenent of the integrated circuit by a thermal conductor
(812,. 814), the thermal conductor proygding at |east partial electrical
i solation of the cold- plate fromthe selected el enent of the integrated
ctrcuit. 6. An apparatus according to any one of the preceding clains,
wherein the sel.ected elenent of the integrated circuit is a transistor
(808) ancP- t helc BPRRY3FEE &CPOREY § anteanenbf \theoprsiceding chuins, awlikrain ( 824)
and a saieceo)dBBRte0ls tiherhd1aRStSipRed tb thH saledded! ferae WA to ctaim

6, wherei ' [ . I i g tran iasto "(808). 8.
An appar g?ﬁ%é%g%gra%?ﬁ?f%yc?é:ii?nl—ngéliofoac}ﬁ!a?rgnr %?R\%hedrlgsh %h%eéf rzgﬁfs'i stor is a
si | i con- GROGYHTRE PFoYALing; gF legat mré’pﬁ}aﬁé?%ié%&taﬂhﬁW&faﬁfieo?@-dof cl ai ns
1 to 5 whereifgomitde sollegtek¢lenmtent Wk iLhegkatesgrdtadecircuit is a -
capacitor. 10. An apparatus according to any one of clains 1 to 5, wherein
the sel gctedagl f ' r - Ci it s an. inductor. 11. An
appar at ugllaccgg dfﬁﬁ Qi%xﬁ(:?%%%d ,,%\%h%{ﬁé?ﬁgt#g%énaﬁ%?%rp sS5-Ep AfTein

i nduct or 1 2°-AR e%ﬁ_ TEE B <Cra ERD AEE R 6% SHyF B 16 2 tFaSHECEd( 3§ cansi s,
wher ei n thheedd | Rdeted(2@B e rignthermaihie conpleyt 40 dubtsi & cirrin | (24} idndzed in . a

radi o fsogueencsr20i 6€ bk, txkdaidddrappar at us according to claim 12, wherein
the radio .frequency <circuit conprises an antenna. 14. An apparatus

according to aim13, wherein the radio freguency. circuit conprises a
Pt o a‘%xﬁ HSPETHPUSE® R fin h"?’ifiﬁn DHERHBFEPRiRs® B2Vt 0 14,

passi ve ant enna.-FLB%
wher ei n #9i@e amplifier transistor (808).

8. An apparatus according to claim 6 or claim 7, wherein the txansistor
18 a silicon-on-oxide transistor. '

9. An apparatus according to any one of claims 1 to 5; wherein the
selected element of the integrated circuit is a capacitor.

10. An apparatus according to any one of claimé 1 to 5, wherein the
selected element of the integrated circuit ig an inductorx. :

11.  An apparatus according to claim 10, wherein the inductor-is a- spixal -
inductor.
12, An apparatus according to any one of the preceding claims, wherein

-the selected element of the integrated circuit is utilized in a radio
frequency cixcult. ' . '

13, An apparatus according to claim 12, wherein the radio. frequency
circuit comprises an antenna.

t
14. An apparatus according to claim 13, wherein the radio Exequency
aixcuit comprises a passive antenna. '

1s5. An apparatus according to any ome of elaims 12 to 14, wherein the
radio freguency circuit comprises a low noise amplifier.

16. An apparatus according to any one of claims 12 to 15, whexein the
radio frequency circuit comprises a mixer. ' |
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¥ rigdp®.gopgquency circuit ‘conprises a | ow noi.se anplifier. par
,according to.any one of .clains 12 to 15, ~wherein the radl zufﬁ@qﬁ ncy - 3010545
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according to any one of claims 12 to 16, Wherein the radio frequency
circuit conprises a quadrature oscill at 6F 18. An apparatus according to
" apy one of clains 12 to 17, wb ,erein the .radio frequency circuit
conprises a power anplifier. 19 An apparatus according to any one of the

precedi ng ¢! aizEE appigt£h raccsmngow amkraé.fe 'o§ mm ald Yo SURPRIdRY Mgy from
a-surfacea?% 'é{] |nte gd Ci rc it el a%gggort 20 An apparat us
accordi nd “ETHTEY Fe‘erTpf £558p 'ﬁ}%/’?p otoresist .. 2L.
“An appar atus accordi ng to any one of the precedi ng clains, wherein the
col d pl atig.i s anhagparhtys cevmidingt o ang edrecbe dlaimareat Euvimhi WhelrB€n the
I ntegrat edyfd lerbidentd’ Q4E01 A RAb AT L MflePYarBls 625t ONe patterned
integrated ci rcuﬁenl gyer AI\/ENDE S%HE ‘r}%@e i

19. 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 hy a suppoxt.

20. An apparatus according to claim 19, wherein the support comprises
photoxeaist.

21. An apparatus accoxding to any one of the preceding claims, wherein
the cold plate is thermally coupled to a selected element within the
integrated circuit through a path defined by at least one pattermed-:
integrated circuit layer.
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