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Abstract

DUC to the conlbiacd  incrcasc in circuit  illtcgralion  and chip
po}vcr dissipation, there is a rapidly gro)viag demand for
solving the thermal n~anagcmcnl issues o f  polvcr
microclcclronics.  W c  a r c  p u r s u i n g  a  novel (hcrmal
management approach tha[ ac(ivcly  cools only lhc kcy high
po}vcr devices by using a note]  thcrmoclcclric  nticrocoolcr
Ioca[cd under cacb of ihcsc po~vcr dcviccs.  In this ivay tlIc
dcvicc  c a n  opcralc at tcmpcraturcs al or CVCII belo}v lIIC
ambicnl  lcmpcraturc  of the heat sink, rcsulliag  in incrcascci
rcliabili(y and cfficicocy’.  To successfully handle (1IC high
beat flux dcnsilics  gcncratcd  at tlIc back of the po}~cr chips,
a microcoolcr  }vith thin Ic.gs and 10JY  lhcrmal  resistance at
the interfaces musl bc built.  Wc arc currcn(ly  dc~cloping  a
thcrmoclcclr-ic  microcoolcr  combining thick films of Bizl’cl-
bascd alloys and very high thermal condoclivily  subslratcs,
such as CVD  diamond or AIN.

Electrochemical deposition is a very attractive prtxess It)r
depositing thick films of conqmrod  semiconductors on metallic
surfaces. This paper presents recent results on the ctcp)sitioli  of
13izl’e3 and related ternary solid  solutions on a variety of metallic
substrates. We also report on the dcvclopmcnt  of CU diffusion
barriers for }li,T’c, and stable mctalli~.ations and diffusion
barriers for dian~ond  and AIN sobstratcs.

ln(rodudion

I’hc demand for incrcascd processing speeds of intcgratccl
circuils,  computers and otbcr  electronic systems requires
bighcr  po~vcr levels and a higher packaging dcnsily. I’IIc
designing of microprocessors ~vitlt faster clock ralcs call for
faslcr  logic, Jvhich  ncccssi(atcs m o r e  po}vcr, ~vhilc  a n
incrcasc  in the functional density of processors also results in
a  l a rge r  po~vcr rcquircmcnt. I I I  addilion  Ihc gro~ving
digitalization and n]iniaturi~atioa  of porlablc  civilian and
military electronic cquipmciit  ncccssita(cs c~cr increasing
lCVCIS  of integration bchvccn  electronics, po~vcr sources and
thermal control. Combined, these rcquircmcll(s  rcsul( ili very
high po~vcr dcnsilics  and thermal problems, }vhicb limits
intcgra(ion  of dcviccs and components.

At the chip Icvcl,  the highest performance caa bc obtained if
the junction tcmpcratorc  can bc rnaintaincd at a tolerable
lCVCI, Ideally, a rcdoccd tcmpcraturc  and a closely cent rolled
tbcrmal  environment is nccdcd Already, nlaw }Iigll  POJVCI
clcc(ronic  dcviccs, s u c h  a s  p o w e r  a m p l i f i e r s  and
microprocessors, operate al high tcmpcraturcs close to or at
the edge of tbcir reliability, ~vbicb c a n  scvcrcly inq~acl
performance and operating lifetime. Ncxl  generation po~vcr
electronic chips, such as solid stat c polvcr  anlpli  tiers. used

for nticroua}’e  applications, }vill bavc much higher po}ver
Icvcls, ~vitl] thermal  pOJJ  cr d i s s i p a t i o n  rcquircmcnts
il]crcasiag  from 5 W to 30 W ~vilhio a felv years  [ 1]. I’ha[
illcrcasc ivill mul(iply  [lIC beat flux that has to bc removed,
ft-onl approxillm(cly  30 \V/cn12  to sc~cral hundreds W/cm?.
This higher heal flex density ~~ill rcsolt in a ]najor  hcrmal
maIIagcnIcn(  problcn~ that ~Jill have to bc addressed using
no~’cl tcchniqocs.  I’his i s  illos(ra[cd  i n  P’igurc  1 ,  ~vbicb
slIom prclilainary  results from a tbcrmal model of a next
gcncralion  20W GaN-based potvcr amplilicr  ~vi[h a 1.5x I.5
IIIIIIZ footprint of }!hicb  only 250X250”  pIIIz is constituted by
tllc electronic active layer, ‘the ~cry high beat flex densities
iii the immcdia(c  vicinity o f  the ac[ivc layers (over  160()()
W/CIIIz) l e a d  t o  a n estimated 75-11 O[’C tcmpcraturc
diffcrcllcc ~vilb rcspccl  to tbc back of the SiC substrate
tthicb slill presents bcal flIIx densities on llIC order of 100
w/cn12,

b’i~lurc 1: }Icat  tlux prolilc for a 20W GaN FIT using a 5 pn]
GaN buffer layer on top of a self-standing 1 (N ~lr~l SiC
substrate, assuming slcady state opcralion

ConJcnlional  thermal n~anagctucnt  tcchniqocs arc not ~vcll
suited to the specific problcm  of cooling discrctc or localized
heal dissipating dcviccs since they generally cool the ~vholc
board Morcolcr  these techniques bavc difficulty dealing
}vitb tbc large heat floxcs  associated ~!ith (1IC high density
packaging of po~vcr dcviccs.  T’hc specific problcm  of spot
cooling of po}vcr dcviccs can bc vcr.s cffcclivcly solved b)
using a combination of diamond substrates and a
lhcrmoclcclric  microcoolcr.  I’hc bighcs( potvcr components
~vould bc nloontcd dircclly on a dian~ond  sobs(ratc (ideally
the top sobslratc of the cooler) allotving  the cooler/dian~ood
combination to maintain the lcmpcralurc  of lhc dcvicc  from
a fc~v  dcgrccs to lens of dcgrccs  bclo~v that of tbc sobstratc
on ~vbicb tbc cooler is mounted (diamond or any otbcr  high
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thermal conductivity material such as AIN) and thcnnally
connected 10 the heal sink. The cold side dian~ond subs(ratc
\vill alloJv  ‘Ihcrmal lcnsing”  or spreading of the heat load as
uniformly as possible onto a larger surface (for example such
as a 10X1(I Inmz surface from the initial 1.5x1.5 mmz chip
footprint). This }vill reduce the hca[ flux density to bc
cooled by the thcrmoclcctric  dcvicc  from thousands of
W/cn12 [0 a niore manageable 100-15[~ W/cnl?. 7“IIC
thcnnoclcctric  nlicrocoolcr  }vill then offscl  pa r t  o f  t he
tcmpcraturc  gradicn[ across the chip subs[ratc and allo~f Ihc
device to continuously operate al a lo~v enough tcmpcraturc
to incrcasc both reliability and clockspccd

The main disadvantage of using thcrmoclcc[ric  coolers is the
rcjcclion  of additional heal due to their 10}v coefficients of
performance (COP) al large tcmpcralurc  gradicnis. I’his
additional heat has to bc removed from the heal sink so an
additional cooling tcchniquc is needed, such as a high
thcnnal  conductivity substrate, a heat pipe, microchanncls  or
spray cooling [2-4]. The COP obviously ~’arics o~’cr a large
range depending on the tcmpcraturc  diffcrcncc  required, the
thermal conductivity of the substrates and the thermal
gradient, The cooling po~vcr dcnsi(y of state-of-the-art
(SOA) bulk coolers is limited, ~vhich is JVIIY it is ncccssary to
increase n~iniaturi~,ation in the cases of large heat fluxes.

Thick Film Microcoolcrs
‘1’hc main bcnclit  of going to thick  tilm coolers is llIC
dranlatic  incrcasc  in cooling power density which is
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  Icqgh of the thcrmoelcclric

Icgs. Prclinlinary e s t i m a t e s  h a v e  showm t h a t  h e a t  tlux

dcnsilics  up to several hundred W/CnIa can IIOJV bc rcmotcd
lvith  thick tllm coolers, ~}ith cooler Icg lengths on tlIc order
Of 10 tO 50 1111).
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~ z Cooling po~vcr densities as a function of the
tcmpcraturc  .gradicnt  across the thcrmoclcctric  dcvicc  for
three different kinds of coolers.

I:igurc  2 sholvs  the cooling potvcr density comparisons for a
SOA commercial COOICI-  with  2nmI legs, for a bulk niicro-
coolcr  ~vith 200wn  lcg,s, and for a thick film cooler ivith
20pnI legs. TIICSC curves arc for a 110(  side tcmpcraturc  of

330K and nlaxinmm  cooling potvcr operation, As can bc
seen from the figure, the cooling potver density of the
diamond substrates/thick film cooler combination is
approximately tivo orders of magnitude greater than that for
the SOA current cooler and one order of magnitude greater
than that for the bulk micro-cooler. The reason to go to thick
film coolers is thus very obvious.

~cyicc considerations
I lo~vcJcr, considerable dcvclopmcnt  ~vork is still nccdcd
before thick filtn coolers arc ready to bc used. T’hc Iimi[ing
factors for microcoolcrs  arc the nut,gilitudcs of the clcclrical
and thermal contac[ resistances. I’IIc contribution of these
rcsislanccs  bccomc itnportant  p a r a m e t e r s  a s  t h e
thcrmoclcmcnt  Icng[h bccomcs  smaller. l’hcy degrade the
performance of the thcrmoclcctric  microcoolcr  by decreasing
the nvixitnum  COP, the maxinmm  cooling capacity and the
maxinmm  tcmpcraturc  diffcrcncc  that can bc achicvcd,
For resolving the thermal issues, the usc of substrates such as
AIN or dian~ond  (thermal conductivity respectively onc and
t~vo orders of magnitude higher than alutuina, scc I’able 1) is
necessary so that as small a AT as possible is dropped across
the substrate. Assuming a uniform heat load on the cold side
substrate, the performance of aluntina based coolers was
calculated and plotted in Figure 2. For the 20 Wn cooler, the
tcnlpcra(urc  gradient “lost” across alumina substra(cs  ranges
from 12 to 2S(’C, depending on the heat load. Moreover. if
OIIC considers a real case po~vcr chip ]tith a nluch smaller
footprint than the top cooler substrate, even larger additional
tcmpcralurc  gradicnls ~vill appear in the plane of the
substrate (poor heat spreading). Ibis }vill r e s u l t  i n
u[lacccptablc operating tcmpcraturcs for the po~vcr dcvicc
being “cooled” (in some cases tcmpcraturcs migh{ even bc
higher ~vith the alumina based cooler than lvithout  it),
For  min ia tur ized thcrmoclcctric  dcviccs compr ised o f
thousands of tllcrl~loclclllc[lts,  clcc[rical  conlact resistances
c;in bccomc a ~cry large fraction of the total internal
rcsis[ancc. IIIC degradation in performance for high
electrical contacl  resistance values is illustrated in Figure 3.
1 ,o~v contact rcsis{anccs (close to 1 x10” f)cnlz) can
rclatitcly easily bc obtained using thin film processing
technology dcvclopcd for electronic semiconductors 15].

I’able 1: I;lcc[rical rcsis(ivity  (p in 10”s (2, cIII), thermal
conduc{ititj’  (). in W/mK) and thermal expansion cocfficieol
({x  in 1o”” K) at WOK of clcmcnts ai~d compounds for
dlcrnloclcc(ric  microcoolcrs.

k “i~~~)AJN=
III addition 10 the thcnnal  and electrical contact rcsistanccs,
other issues such as heat 10 SSCS, mechanical slrcnglh  and
slrcss  analysis n~us.t bc considered. l’hc lo~v thcnnal
expansion coefficient of dianlond is of particular concern
(see l ’able 1 ) 10 the ruggedness of thcrmoclcctric
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microdcviccs,  and }vhcrc appropriate from a lbcnnal  and COS1
aspect, AIN offer a bctkx  malcb  to C% and BizTc3.
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Figure, 3: Cooling po~vcr densities as a function  of lhc
thcrmoclcmcnt  length and for increasing electrical conlac(
r e s i s t a n c e s  a[ the tllcr[~~oclclllcitt/C[i  clcctrodc  inlcrfacc.
Calculations performed for dianlond-based microcoolcrs
opcrat ing across a tclnpcralmc  gradient of I W(’.

Microcoolcr  fabrication

Areas under dcvclopmcnt  at JPI, arc the deposition and
characterization of Bizl’c3-based thick films, bonding of
mctalli~.cd diamond or AIN substrates to the thcrmoclcclric
films, and the pat(crning.  etching, bonding and tcsling of tbc
cooler. Figure 4 sboMs the proposed schematic for tllc
mctalli~.ations  and bonding schcmc for (1IC ctialllolld  and IIIC

thick Eilnl thcrmoclcclric  material.

Power chip

Substrate

metallization .

Hot side of nlicrocooler

He~t  sink

=~ scllcnlal  ic of a thick  filn~ tllcrnloclcctric COOliW
dcvicc  ~vitb dian}ond or AIN subs[ratcs.

l’bc Scbcnlc, s im i l a r  t o  t ha t  f o r  t r ad i t i ona l  bulk
thcrmoclcctric  modules, involves many layers, including
ntctalliz,atioll  t o  t h e  bigb thcnnal  conduc[ivily  subs[ratc,
diffusion barrier, G clcctrodc,  Cu diffusion barrier, con(ac[
Iaycr and Ilizl’c3  alloy  film. Ilxcept  for (I]c Cu clcctrodc  and
the thick  thcrmoclcc[ric  Ella), all other metallic Iaycrs arc of
subnlicroll  Illickncss

~’~cntloclcctric  I’hick Films

A prolnisil)g roulc for [hick filtn prcj)arilion  is clcclrocltclllical
deposition (1 LCl)) fronl aquccms solu[ioll. This is a fairly  }~cll
lmoun  tcclmiquc  for the deposition of II-VI scmiconduc[om  SUCII
as CdSc, Cdl’c  CdSc[, SI’c[, S and CCISC[, (, S’l’C{, 3$ [6,7 1, in this
tcclmiquc the clcnlcnls  arc deposited on aa clcctrodc rising an
aqueous solu(ioll of anions or anionic conipounds. I’hc
ad}aatagc of this approach to tbc fabrication of films is that it is
all illcxpcllsivc  ~~ay to make films and, dcpcilding  on tbc cmlcIN
dcilsily nscd in dcposilion, the clcpositioa  r~lc can bc vancd
M idcly. I’hick  films can bc diflicull and tinlc  consuming to
nlakc r i s i n g  vacuum tcclmiqacs s u c h  a s  sput[cring o r
c}apomlion bu( films scvcr~l tens of microns thick can bc made
ill a fctv hours using clcckochcnlical deposition In acldition,
sligll( v a r i a t i o n s  i n  t b c  dcposi[ion potcnlial or sola[ion
conccntritlion  may possibly bc used to induce off-stoichiomctric
films, thus providing p- or n-ljpc doping tl)rougb s[oicbion~ckic
dcvialion  The preparation of thcrmoclcctric material films  by
clcctrodcposilioa  has been invcs(igatcd very little [%91 and the
mclhods used in nlakiag the 1 I-VI alloys masl bc adaplcd  to the
clcclrodcposi(ion  of thin films  }vith p-lypc and n-type Bil.
.Sbxl’c3 ~Scj, conq)ositions which arc optimal for thcnnoclcctric
cooling applicalioas. An additional advanlagc of this approach
to (1IC fabrication Or thin Eilnl thcnnoclcclric  coolers is (hat scmc
of the coa(acl layers ncccssmy to tEIc fabrication of tEIc cooling
dcvicc, such as Cl for the clcckical path or Ni or M for the (u
diEhlsioll banicr  can also bc dcposilcd by using a different
aqueous solatiol]
Ilisnmtb  and tellurium mclals dissol~c  in }IN03  10 make tbc
oxide anions BiO’ and }1Tc02i. BizT~  is insoluble in dilute
} [NO{, so rcduciion  of Il”fco,’ to Tc’” at an clcctrodc ~vill rcsul[
in tbc prccipi[a[ion of Bizl’&  011 the clcclrodc  surface. I’bc
ovcrdll rcac(ion for the process is:

13}1’ + 18c- + 2Bi0’ + 3H1’cOj’ -> BizTc3J  + WI?O

F’ig,urc 5 shons the current-vol(agc bcllavior  of an aquccms
solution of 7xl(J”3 M EliO’  and 1.(lxlo”~ M }ll’cOz’  in 1 M HN03.
I’bc rcduclion regions for each of these compounds overlie cacl)
other ia the rmgc -0.05 10 -().2 V versus a slandard calon~cl
clcclrodc. BiO’ is rcduccd to Eli[’ around -0,1 V. It is possible to
codeposit BilT~ }vi[hiu this voltage mngc, probably more
ctTcctiJcly in the raagc () to -0.1 V than lvithin  the region of the
rcxhc(ion ~va~c for E3i0’. prclimina~  sludics  have slio}va  that
~aria[ion in groin siz.c and con~position  of the lilnls  can bc
introduced by changing the potential at ~vllicll the deposition is
can-icd out toM ard () V, as ~vcll as by changing the concentration
of’ ions in Soluliotl
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Voltammograw  of Bismuth and Tellurium on Platinum
lx IO-’M N h 1 M HNOs:  I.6x10”=M  T.  b 1 M HNO,  ;“”.
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Figure 5: Currclll-Vollagc  graph for Illc clccirocllcmicai
dcpositiol~ of Bi and Tc on a Pi subslratc using a nitrate
aqueous solulioli.  (S(’[; is for standard calumcl  clcclrodc)

Otbcr parmclem  controlling tbc qualily, composition and
properties of the Bi2Tc3 films gro~vn by IiCl ) arc: tcmpcmhlrc,
Ri and ~’c molar conccntm[iom in tbc } IN03 solu[ion, deposition
lime, Substmtc  surface finish and gcomclry,  active slirring of tbc
ball], v o l u m e  o f  t b c  ball). dis[ancc  bctJvccn ccnudcr a n d
depos i t ion clcctrodcs,  and char~c(crislics  of the rcfcrcnce
clcclrodc. Such a large number of paramc[ers  mcam tbal
man? cxpcrimcnts  (scjrcral t h o u s a n d )  mus[ bc run 1 0
dctcrminc  tbc bcs[ cxpcrimcntal  parameter values. Wc arc
currently developing a combination of sta[islical  tools based
on orlbogonal  arrays of control paramc[er values to oplimizc
this deposition process and dctcrminc  in a small number of
cxpcrimcnts  tbc best conditions for depositing high quali(j
Iliz’t’c3-based film ~vitb good thcrmoclcc(ric  propcrlics.
Initial deposition runs on Pi-coated substrates bavc slIo\vn
that thick near-sloicbiomc(ric Ilizl’cx  films could bc growm
from a (),75 x1()-2 M/l [Bi] and 10X10?”  M/l I’1’cl
concentrations. The tbickllcss  of [be filnis measured ~vitb a
profilomc[er  rangccl  froln  10 to 60 ILm and tbc composition
of  IIIC film }~as very close to the 40/60” al O/O r a t i o .  as
determined from electron microprobe analysis. In addition
back-scal[cring  clcclron  analysis indicated that films gro~vn
al IOJV  deposition voltages bad very smooth top surfaces (less
tball I pm of rougllncss).  The gro~v(b rates ratlgcd from 10
to 20 pnl/hour  depending on tbc dcposi(ioll  voltage.
Mcasurcmcnts of tbc clcclrical  transport propcrlics  has bccll
conducted on some of tbc deposited films. Van dcr l’au~v
electrical rcsis(ivity  ancl }Iall effect }~crc measured in tbc
plane of tbc deposited filnis (af[cr  removal from tbc
mc~alliz.ed subs t r a t es ) ,  and tbc Sccbcck cocfficicnl  ~vas
measured in a cross-plane direction, Our results sbo}v bcmily
doped 11-type bcbavior  and arc similar to tbosc oblaincd
prciiousiy by [9] cxccpt t h a t  IVC bavc acbicvcd Iolvcr
clcclron  concentrations (- 1 x IO?” CiII-3) and bigber I Ian
mobili[~’ va]ucs ( -  26 cm2/Vs). Sccbcck cocfficicnl  ~alocs
r a n g e  f r o m  -50 pV/K  to over -1 (K) pV/K n e a r  r o o m
tcmpcraturc. W c  a r c  noJv lvorking  on oplimi/.ing  tbc
properties for n-type film as \vcll  as studying tllc possibility
o f  acbicving  p - t y p e  conduclivi[y.  RCCCI]( cxpcrimcn[s  on
ternary c o m p o s i t i o n s  dcmonstra(cd  tba( Bi~l’c,  ,Sck
(()<x<O.  1) and Bi,.ySbYTc3 (1 ,9<Y<2) filllls could also bc

obta ined by ECD. Detailed cxpcrimcntal  results ~vili bc
publisbcd Ialcr  [ 10],

Q Diffusion Barrier
For tbc mul[ilayer  stack,  Cu }vill be used for the clcckical
path (clcc[roctc) of (IIC tbcrmoclcc~ric  device. bccausc Cu bas
lo~J e lect r ica l  rcsis[ivi(y  and Iligh t he rma l  conduc[ivi(y
}’alucs (SCC 3ablc  1) ,  and can e a s i l y  bc d e p o s i t e d
clcclrocbcmically.  llo}vctcr  a diffosio])  b a r r i e r  mus{ bc
found to  prcicn(  Co f rom d i f fus ing in to  Ili,Tc3  a n d
degrading tbc tbcrmoclcclric  properties. Ni is tbc Cu
diffusion barrier of choice ill (IIC thcrmoclec[ric  industry, bu[
ullforiuualcly  ~Yc have found that the Ni ]a}cr is dissolved in
(1IC nikate  solution USCCI  to grov  Bi~rl’c3 by clcctrochcmical
deposition. Af[cr considering several options iliclucling  a
protcciivc  hiycr oicr the Ni barrier. tbc possibility of more
sui[able diffusion hart-icrs }vas imcs(igatcd.
Potcnti:il  candidates included (r, Pd and P( as ~vcll as highl}
IItcrmall) stab le  amorphous n i t r ide film prc}ious]y
dcvclopcd for n)clalliia[iom t o  d i a m o n d  am! AIN 15].
I [OM ever, s[udics ~~crc r e q u i r e d  t o  dcmom[rate  tbcir
cffcctivcness  as diffusion barriers for Co and to demonstrate
(ha[ they do not contaminate the Fliz’I’c3 film
A  nunlbcr  o f cspcrimcnts  ~!crc conducted 011 single
clyslallinc [Iizl’c, b u l k  s a m p l e s  ~!tlicb }vcrc co;itcd }vitb
PI/Cu, Pd/Cu, Ni/Cu,  Cr/Cu, TiSiN/Cu  and l’aSiN/C’u.  I’hc
diffusion barrier tbiclmcss ~}as typically 150 nm and [bc Cu
o~crlaycr  ~vas 250 nm Sctcral  samples ~vcrc prepared for
cacb Ilmllilayer combination. and some of tbc samples ~vcrc
amcalcd  for 1 hours al 15(K. 2MK’, 25(K or 35(K ill
high ~acuunl Af(cr completion of tbc anneals, as-coated
and amcalcd  samples for cacb mtcrials coll]bination  ~vcrc
allalyz.ed  by Rutbcrfmd backscattcring  (RDS) microscopy.
Results sllo}vcd that for [cnlpcra[urcs itl tbc 150-250(’C” range
only Pt and tbc amorphous nilridcs  arc suitable diffusioil
b a r r i e r s  (no Bi or I’c dctcc[cd on top of tbc CU). F o r
lcmpcratures bigbcr  (ban 25(Y’C tbc nilridc films pcrformccl
bcs(. Ilotb Ni and Cl samples sbo~ved some intcrdiffusiol]
CJCII al 1 SW(’, and ca[as[ropbic  results ~tcrc obtained ~vitb
Pd [)ctailcd resu l ts  ~vill bc r e p o r t e d  clsc~tbcre 1111.
I)cspitc  tbc apparent ncgaliJ’c result of Ni as a (’u diffusion
barrier. it mus( bc nolcd that lhcrmoclcctric  coolers arc
iypically soldered at only 138(’C (some al 189’’C),  a n d
operated al 50-75”C nlaximum  (hot side). Since Pi is ~\cll
suilcd to [he clcclrochcmical  deposition of Biz’t’c3,  ~tc arc
no~v d e v e l o p i n g  a  Cl clcctrodc/Pt  b a r r i e r / I l i z l ’ c 3
combination by KD.

(’occlusion

“1’IIc dcn)and for increased speeds and higbcr  polvcr  lCVCIS  for
clcc[ronic  dcviccs s u c h  a s  po}vcr alllplifiers a n d
nlicroprocessors has resulted in tbcnnal  problems on tbc
component and board lc~cl tbal need to bc solved. The spo[
cooling of tbcsc polvcr  dcviccs and microprocessors is
nccdcd to incrc:ise reliabil i ty, cfficicticy, and clockspccd
I’hcmloclcc[ric microcoolcrs  using high tbcrmal  conducti}’ity
substrates such as diamond or AIN arc onc of (1IC mosl
promising mctbods to address ibcsc tbcnnal  managcmcnl


