ADVANCED THERMAL CONTROL INTERFACE BACKGROUND 1.
Field of the Disclosure [0001] The present disclosure relates to the field of
temperature control, and more particularly, to providing an interface for
maintaining a setpovttteMRErRvIE roNgiRRgatNgEMe4erooling an
electronic device or component, typically while the electronic device or
component is under test. 2. Background Information [0002] Solid state
electronic devices or compone&sy IS
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DUT. A heater is placed between the DUT and the heat sink, and power is applied to the heater

to raise the temperature of the heater face, e.g., to the test temperature required for DUT testing.
The heat sink offsets any excess heating, and also removes heat generated by the DUT during the
testing process, to the extent this self-heating increases the device temperature beyond the test
temperature. Power fluctuations may cause significant and relatively instantaneous self-heating,
requiring the need for the thermal controller to quickly and accurately react to offset the
unwanied increase in temperature.

[00¢5] The interface where the heat sink (or heater, if used) contacts the DUT is of particular

importance for maintaining the DUT at a constant temperature. For example, when the surface
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importance for maintaining the DUT at a constant temperature. For
example, when the surface 1 of the heat sink (or heater) is not
substantially co-planar with the surface of the DUT, there may exist a
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the heat sink (or heater) and the DUT, the interface "between the heat sink
i Qe LS URFIHE D R E LB @A fetPRiFtHE Efudtires fhown in
Figvhigh the heat sink (or heater) 15 and/or the DUT 10 are attached. For
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controller 30, such as that shown in Fig. may
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which the heat sink (or heater) 15 and/or the DUT 10 are attached. For example, the heat sink
{or heater) 15 is commonly carried by a thermal controller 30, such as that shown in Fig. 2. The
thermal controlier 30 may comprise, for exampie, piping that carries different temperature fluids
(e.g., heating and cooling water) to the heat sink I35 for maintaining the DUT 10 at the desired
temperature. The thermal controller 30, including the heat sink (or heater) 15 and piping, is
generally moveable in an axial direction normal to the IDUT 10 (in the direction of arrow “A™),

In this manner, plural DUT’s may be moved past the thermal controller 30 (in the direction of
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(e.g., heating and cooling water) to the heat sink 15 for maintaining the

DUT 10 at the desired temperature. The thermal controller 30, including

the heat sink (or heater) 15 and piping, is generally moveable in an axial
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of the heat transfer element compensates for changes in the temperature
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example, the heat transfer element may be moveable. in six degrees of
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degrees of freedom reiative to the device. Additionally, the heat transfer element may be axially

moveable relative to the body. Furthermore, the heat transfer element may apply a force to the
device, which force may be substantially perpendicular to an interface surface of the device.

f0613] In an embodiment, the body comprises a pneumatic manifold connected to an upper
portion of each of the plurality of chambers. The pneumatic manifold may be in fluid
communication with an external pressure or vacuum source. In this manner, the heat transfer
clement is moved axially away from the body when a positive pressure is supplied to the upper

portion of each of the plurality of chambers. Conversely, the heat transfer element is moved
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device, which force may be substantially perpendicular to an interface
surface of the device. [0013] In an embodiment, the body comprises a
pneumatic manifold connected to an upper portion of each of the plurality
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_base. For example, the heat transfer element may be selectively
disposse\ BT Na BN STl fhe heat transfer element and the device. The thermal

interface material may comprise, for example, carbon nano tubes.

[6618] According to a second aspect of the invention, there is an apparatus for controlling a
temperature of a device. The apparatus includes 2 substrate and nano tubes connected to the
substrate, wherein the nano tubes are structured and arranged to create a thermal interface
between the substrate and the device. The device may comprise & semiconductor device,
Furthermore, the nano tubes comprise carbon nano tubes having a height in a range of 25um to

150um and a substantially consistent thermal resistivity between 15psi and 75psi.
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fit, snap fit, and quick disconnect. Also, the apparatus may comprise a
thermal interface material disposed between, and contacting, the heat
transfer element and the device. The thermal interface material may
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BRIEF DESCRIPTION OF THE DRAWINGS

[0623] The present disclosure provides the detaiied description that follows by reference to the

noted drawings by way of non-limiting examples, in which like reference numerals represent
similar parts throughout several views of the drawings, and in which:

Fig. LA shows an exemplary interface according to the prior art;

Fig. 1B shows an exemplary thermal resistivity at the interface of Fig. 1A;
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heat transfer element, and nano tubes connected to the substrate. The

nano tubes are structured and arranged to create a thermal interface

between the heat transfer element and the device, and a temperature of

thegat irRRsal alament gRmPEbsaicdanahrMResiiateronaiatwenefprior
im_the device and substantially maintains a set point temperature of the

‘device. BRIEF DESCRIPTION OF THE DRAWINGS [00231 The present
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the I’g&%fﬁﬁﬁw@faﬂﬁcﬁ%la@ Edﬂa_r@aﬁb QiR BrSHD BF_%!’ Wiheimaleon et ding to
and device under test according to the prior art; Fig. 3 shows another

asPEJIS RIS 1RBEAkce according to the prior art; Fig. 4 shows an exemplary
systép hgeoyeingauh as featszafghéaridesdirintgl BosHoidsaecschematispects of

e (iRWLREan exemplary thermal chuck according to aspects of the
invention; Fig. 6 shows an exemplary schematic view of a valve of a
therrifalPCBRtFO REPARCOTIN R RO RED St G TP VT ETER: AT 75 HiSws a
grapigcf thewnaisigeobookd vestpdmi-dnd bidth#idsalocp ssirgntdhasp éckgof;
the 1A eRIGIE oot N3 PR QIR LRO A ING S BIA Fig. 4
system shown in Fig. 4; Fig. 9 shows another partial viéw of portions of
the Eszempﬁ%wwﬁfgm T efgorongt fo stowlarvie fartmiifde
of pBigiots gidhe exestiplarig®ysfem shawniin kigted; degrdidgShowspects of the

mv%%t&er partial view of portions of the exemplary system shown in Fig. 4;
Fig. 12 shows a partial view of an alternative system according to aspects -
of tHde iy ERIBHRIeHger PETERIGHRY S BEREP S AHtHRF Gt SvatHsSBPthan Fig. 12;
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portians, of the SXemplany 3 fSE%“le%‘e%‘%EéQ {'f%ﬂ%-t%%én'?'%z LR SDRUE A ording
exem%kar implementation of a thermal interface material accor INg to

to grppeteaf BrtM T @Mtion; Fig. 15B shows a plot of the thermal resistivity of
the thermal interfacsdnataiiaheiiOresldifity of the therma! interface material of Fig.

144,

Fig. 16 shows an exemplary implementation of the thermal interface material according
to aspects of the invention;

Fig. 17 shows another exemplary implementation of the thermal interface material
according to aspects of the invention;

Fig. 18 shows another exemplary implementation of the thermal inferface material
according to aspects of the invention;

Fig. 19 shows ancther exemplary implementation of the therma! interface material
according to aspects of the invention; and

Fig. 20 shows another exemplary implementation of the thermal inlerface material

according to aspects of the invention.



Fig. 16 shows an exemplary implementation of the thermal interface
material according to aspects of the invention; Fig. 17 shows another
exemplary implementation of the thermal interface material according to

aspects of the invention; Higr A shawsapgthesexemplary implementation
of the thermal interface material according to aspects_of the invention;
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reriteebfloatingeginhind aitashimpink. Theazereinfliescempushacravidesdhterface

ma?%ﬁa%ﬁﬁﬁz%?m d apd et %%8%1 ?h%%l skt ang out of contactwith g, -
out |ng an uneven orce torque moment etc‘? g lF’l
”‘“}E@ﬁﬁ’ﬁh%vﬁi‘éfé??%ﬁdéﬁﬁda?ﬁféﬁ@% EECG afuffess SErBYREIIgn-coplanar

surﬁ&ache@ktaem@dh&ﬁmﬁ,l chickidty ancavendurises embodimenadhesmal (c.q.

ntterf ce m r|aI rlsm D2 ot bes is rowde na 0
reS{ gater, 1ator % cat exc a? O) sﬁuiu % arranged to
es, a stbstantia y uhiform t erma resistiv §|§ provi a

mﬂﬁf@?&é@%@@ﬁ@ﬁ%@ﬂﬁ@#ﬁ@é‘%%ﬁ@é@r@ﬁ%ﬁ%ar surfaces. As
defined herein, "heat sink" ma@&w&qam{ansfer element or device

resjstive he ter r 0 pe cros -flow heat exchanger,
Eﬁﬁ%ég ) stﬁlé{tutr}ed an arrafjrllg’[gtr per?ré g}er A oaa‘»"'ne1~ ﬁruoeflﬁea ec‘imprlsmg
& Wpaifeating |mfmﬁ¢@qumﬁhh@ér@ﬂhflm&é@@herﬂ@@@ﬁ]ﬁp@mﬂnt of the

im@hews aibesmahanaitelikanthap Rsseaiaied %}%ﬁﬁé&@%ﬁ&ﬁfal%&%ﬁ%ﬁer that is
comp isi g, a free-floatin rrg)bal attachment for.a heat sink, ccor({% i )
&l el b an

SIUCRYSE SH SRS Or G‘ VentishieTh ef%r%%ﬁﬁ"@n%%—%ﬁ‘sﬁ‘{é
eX@!Bédemh‘tadynsuﬂiallﬂemhemﬂa#mmwmmhamkwstruh@t&@drahdnacmcrhge@ed in

Apgﬂxml’taé@ﬁiag@ %ﬁpﬁ@«ﬁfoﬁ' %’ﬂﬁ@s@ﬁfﬁ@ﬁﬂ%&a%&xﬁ% afF @R& piLarB{ereby

embodiment, the zerq influence %us er is used with the thermal chuck

xR BEARRTRR S IS eh R HHE Spplication PCT/IJS07/74727, the
[903isicl oSuirecofpediichlis, e tbb yxexples sipbndonpor stedhinrEferéneesdr itsfluence

pu&ﬁp%tﬁ’operativeiy connected between a thermal chuck 500 and a heat sink 515, The zero
influence pusher 502 allows the heat sink 5135 1o be brought into contact with 2 DUT {not shown)
at a test site on substrate 508. A mixing chamber 517 is structured and arranged in selective
fluid communication with various fluid ports 505a, 505b, 50355, 505aR, 503bR, 505sR, for
maintaining the heat sink 515, and therefore the DUT, at a desired temperature. Valve 524
controls the fluid communication between heat sink 515 and fluid ports 505z, 505b, 503s,
505aR, 505bR, 505sR, as described in greater detail below. As used throughout the specification
. and claims, a “fiuid” may be any non-solid material, including but not limited to a liquid, a gas,
particulates, granules or any combination thereof.

[6627] Fig. 5 shows a schematic view of the exemplary thermal chuck 500 in accordance with
a non-limiting embodiment of the invention, which utilizes three fluid sources (also referred to as

reservoirs), nameiy & cold fluid source 510, a setpoint fluid source 513 and a hot fluid source
7



[0026] More specifically, in the exemplary embodiment shown in Fig. 4, a
zero influence pusher 502 operatively connected between a thermal
chuck 500 and a heat sink 515. The zero influence pusher 502 allows the

s200eal 310k A1 AR RGNS soniact ih 2o (RAtishowa) AL 8dRSh the
‘iiﬂe ,gn substragte 508. A néjg__;ln C_Eha:g)eg 517 is stru,cttu ed and arg%nged ént
colg ARAROATHAIA % oMART FRERESA Wit AR R G Sl St at e
tempOBaR, BREBR c585sR, for smaintainingttonhaatsindtbd SifandBiEréhbieg into
contifT At a@%&%@m&&g%@é@mé%xgg@n{ﬁ@I%ﬂé}ﬁdi%@iuck 500). For

communication between heat sink 515 and fluid ports 505a, 505b, 505s,.
X BOSFPOTS R BL s SNSEETHorELE RE BRI AL (ot in the
sﬂﬁhﬂu@mmmssﬁmaﬁcaﬁmm, Gﬁaﬁegwg Ghistismay b(_a any non-solid
rooBateRilndnGluding but POLHANtEE 19, 3R 3 D8R P UG UAISSn HARMWSSene:

or any combination thereof. [0027] Fig. 5 shows a schematic view of the
fha%%rﬂybm HeRAIt Ak 8868 'dc COFdRTERSHifiResen BHiRftIn §ie set point fluid
terparinodi menbo tiber ny ertiand Fhid kupizesshiee fiuidisor hesH{alsemperature.
WL 88 "BREN AT ATl SO SOUISEL10, 2 SelPIRt Bugd i 5
source 513 and a hot fluid source 7 520. The fluid in the setpoint fluid
aprsgrined B Hpssef skill isfiseradind BrgRehandhrendinididorrereolnersithan three
difseimenipkriviererspactinatlymie flviigh inthesetppistBuiskaanEcedl1igsed in
ratur. IS.ge ly.1h me. as tpoint tempera
o B R SRR I BREb s
threp e Eh e tPRIBLTATERBEK S0, Toreaiipré udeth ecdb fhiirosrme s pepoint
fluidGdegreasdorisiupotheiganparasu enatthepliaid finitheusatpain fuiduid source,
fotAInE Hive Qifferel 91% Soeut caet§ & 'in8 o %e L2 hve ull isuo AOQ gﬁ%}e@r{ﬁger ctgt%
tZfer‘ﬁpera ure o )ﬁwe ffaid I the Not Ui source 18 seS{a a erﬁpera’in T
[00RR) hets sharmie Higid i eprsdwiefosimtarcransoisrie B3 fuld meresa el Ehbrigp to
he@ffigienny, mcﬁﬁw@i,n@cﬂiiﬂuﬁewgm@m&cbg&@&&r&gtb@g@%mflyi@hrected
temperature than it is.to the hot flui perature. ile Fig. 5 shows .
RO Pt SR D A RS T L S e Cem s wit o
valgp pré dinctdiby hibset diaikal in ehdishirvabvar nitighthasepviat fuddestutoe sstboint

soufera thaerthee neifRieRbiRmPEr LERROF HIBL ORR QN QS HINIdSEMIAG not
a si tem ure be used in alternative mbfgdiments. For

soufe? o e (eBe & el P PR A0S el 9 S (HpRpg condui
50Tifrare it detprofhtitsmgbetiatuhesnthelwybtéd viaynintifnie Seokhfiwidhe hot finid

comPMRE:R Wist satRoml flud RaurasiansearRdae P albtfiig 3P WeRe 23Rt sce.
oyrce and a hot fluid source, totaling five different fluid

setpoint fl,uirg
Qg SO KB AL FECISE AR LIS BPRVE ASror i Brae Stonbep the
setposns o e imFigniSates coiftd ud BOR intdbodnp eetsnih eft tire SilUidsspahaesuid may
excifeRIRAnOP el SRl RlR-speGicalys gold luid passesdbaualcold o,

_ fluid conduit 505a and is directed through the thermal chuck 500 via o
AIrSETMIORE BBER AT & ThBO FEHIT L BIFTFAYT CRRE) ffpignoy, since directly mixing

cold and hot fluid results in significant energy consumption as well as increased chance of
thermal gradients across the heat sink 515,

[6830] Fig. 6 schematically shows a disk valve 524 in communication with cold fiuid conduit
505a, setpoint fluid conduit 5055 and hot fluid conduit 505b. The valve 524 is preferably
mounted immediately above the heat sink, and rotates either 180 or 360 degrees to discharge a
desired mixture of cold fluid, setpoint fluid and hot fluid, such that combined fluid of a

predetermined temperature may flow to the heat sink 515 (shown in Fig. 5). Specifically, in a
8



valve 524 (including but not limited to a disk valve). Further, setpoint fluid
exits the setpoint source 513 to enter the hot fluid source 520 via conduit
505h. Once the setpoint fluid in the hot source 520 has reached a

non%&%& réﬂi@&ﬂr&%}%ﬂ&? @EU{}QI'VUW gZQOISflé{i %%s&%?eggrgfi 9&&%9‘ WieS8al is

_and is directed through the thermal chuck 500 via manifold 580, where the
disqhatgnth Vs Hin ATt aiRiicaRrs SiptasamnShRaitidingaiTEchatett aen the
valfROik fitlH@dems@@mgoﬁﬁmgmmhﬁMQM@iMWMMQhﬁtﬂ@mcs
of rﬁ%&‘tﬁlﬁh&l&% ggsp K\%ﬁ?e@lgg%ptg ﬁx@’h\ém%[ﬁ(tg ?‘]jc %}%@D@@dfuf&dremm conduit 505R

communicates wit > . During testing of the DUT, setpoint fluid )
(shovmyin i bR ewitins i teabsdistieresd eurerrari e rnsRey o In this
waptihervaiosdaialipiteliby toeaetrachexogonf e dat hofflvicbrestltsofn, 505s
and”%‘&%ﬁ?‘%%?oeﬂ%%%a%{@e NG ae MGG ARy F%?Ae%'?tt%"rﬁi!& b Tl igs 1o be at

results in ngnl icant engrg‘y. cons mFﬁtlon as well as increased chance of
the tipdeinel] HiraarshtEttcriss StRERe AU aes. 301, &kHbmahfvatpscribed
corhawsa, diskyalvaib24 incarmmpbiaatiensvithiseoih vkl candulit baba.a single
.. setpoint fluid conduit 505s and hot fluid conduit. 305b. . The.valve 524 is
g e e B L R b R g e
the FEGOpT 360 He g dess Huidimbhing de the Sessipber Mmiktufaldtieeat g aBetpoieribed
corfigighARd Ratdiligosueh: thak eombingd, uidebardfredetermnask invention is not
._temperature may flaw to.the heat sink 515 (shqwn in Fig. 5). Specifically,
R S U S L
userratiche sokifitid is discharged; when the valve is at 90 degrees of

[ﬁﬁgl?a:?%g.ﬁ)eﬁQ @?&?&%}?@Mﬁ%@ M‘mutm@rpmiﬂlm@@g %;%Qﬁﬁ%%ﬁrﬂ}{o the
rotation, not fuia_ls disc , an en e valve IS eqgrees o

T et A e R b e
raty @t eppooielitis OER litgh panimity heYetvartivyecrizbiih in flicktovhmid appreciate

thafRENRFOeH, 3k 29RRLIRNY LIRS AR RIS 1IBIHS: Wdliethii @l 8:3%fid8 instead of
referably located at the junction of the fluid supply conduits 505a, 505s

p | | C ¢ .
CO‘%%F?&tso%‘BFeﬁB‘?foﬁﬁHFa’ff&%t“té’n%eeFﬁﬁ?@%?ﬂ%@éﬁﬁ§°p?e?3?8bﬁ‘81ffo?yﬁﬁ?% s
undeixing ofafl uidsiiechgcatistihet ithetaf theshedtisimkyte i rizenfluiborarsitple, a
sinBD ISR With e abave: desetbeduconfigwatinineRert sink o landfdhres

mixing chambper 517 (shown in Fig. 4) only require a single inlet and a
areoiRd BLHRY REPIRBITHISOTEING & REFIRES D BB O e fRe Jrperatre of
ther &AL edldnetiecith et clase tprodiffutynofithes floasingi difigreotthehedtsinkibibures,

ma gitionally ; the 9&%@_&&{&9%&&&11‘@%@9@ HRAUCes REORIC DN Willrol the

repeatabili%qand ysteresis. However, the invention is not _limited to thc;:;
temERTar RS e i gkdgioral inbr B PP St B VA RME AR G1Frag sieifs & matier
manby Bed istd prilledhavavesti ofor (803 & iggakisa fuaphshvwingdheth a liquid
AufB4R%08E0] cesﬁ%o'gtx?oﬂgimﬁg‘ﬂﬁxﬁﬂer%'ta@ﬁs“ ;E%s?h‘? AGIMANON QhNGyer, the
valve 524. Specifically, Fig. 7 shows the combined tlow of to be at a

invegHaRdpgy be used with more than three fluids.

f8032] Fig. 5 shows that fluid from return condnit 505R is returned to the setpoint fluid source
513 via setpoint finid return conduit 505sK and is also returned fo the cold fluid source 510 via
cold fluid return conduit 505aR. In other words, while three fiuid supply conduits 5052, 505s,
505b are supplied to the thermal chuck, only two fluid return conduits 505aR, 505sR (or 503aR,
505bR; or 5055k, 505bR) may be supplied from the thermal chuck. However, Fig. 4 shows a
schematic perspective view of the thermal chuck 500 having three fluid supply conduits 5034,

505s, 505b supplied to the thermal chuck, and three fluid return conduits 505aR, 5835sR, 505bR
9



rate of approximately two liters per minute; however, those of skill in the
art would appreciate that this rate can be greater than or less that. two
liters per minute and can be varied instead of constant. Moreover, while

supFia8 fsh esleseli BRAWItERSREGkN0 i@ theas: lidiSYeiReBialt ihat in alternative

understood that the.invention is not limited to_use.with a three flujd
e e OBt ST RS BT - BR Sl s
aftef thd traniigdiifisl dlorrasibetivas siin pbiathereds Hidenminpetdnnealijiengnoe between

the @é%@&@im&imﬁé heat %ié%boﬁﬁt MDA KO IRGI RINRET ALHKE ke hot
the DUT. Alterpatively, at least two,diffeértehr%t fluids having diff%rent

Auig R R P RORPEL SRS FRBST BETHR S T VARG BHSHortib AR e, At ioe In

littlh elatrsisikdds. meddtgenadin dicomiveitbgi e perdature §fithee®id Fould be performed
eithAOSHHARA Y BRI GigEe RIS In different states of matter may

be used in the present invention. For example, a gaseous fluid may be _
(0033 e POREFELIB dAmABRICSA BREATY IR A GRS AR RGFEY e fluid
(iep rfes&miz@taim‘ngi@mlmqﬁmvethhéotmﬁmﬁbmmﬂyrbe m@dﬁw'ﬂ_ﬁe mmgrer#nan of the
DU‘F l’[ﬁg‘yfgél %DLQQ%%]E 'ﬁ&l? \%ﬁﬂ(‘fﬁ% ?I‘H@gt{lll 'glé_r%g%ﬂr@pquwe@é&@menﬁon.

; returned to the setpoint fluid source 513 via setpoint fluid return conduit
It ig GhEpen ARSI Retultfe d4 tHBR O uTs St S 26 SiEeEBl deRgratires, or
alter@tiiveiep deuitEDmbaR bénzotie e wengezawhile Haresditpdlsipplycedndittamt of the

invggi%’, élg ?ﬁm?%%%ﬁ:ﬁ!{&%%%ﬁ&ﬂ%@ﬁww Gﬂﬁgecpi'ﬂ% {M\[ng&»' lxglcfr%t%pcions,
R SR (0 be

conduits 505aR, 5 r 505aR, 505bR;or 505sR, 505bR) may _
cach 3Kinech MEFFr IRt rn XPERURRY RRoWaee in rRTionsIpHenpetians iartisye desired
miperapRcivaorien@tdue:thermal chuck 500 having three fluid supply
duits 505a, 505s,.5 supplied to the ther h thr id
0 R S e b S S S ISP, SOk B BTGB roe
systeHbE Bfeskien 4fie atherswahappratisnidtRuidirearerandiicS Sl ogifarhepply
corfdlly W3g, Huvdisrtuppsonadiiniaybheasmlicddronnitize shanmal alaudler 517, and
Furth fter. the combined fluid flows to the heat. sink 515, there s little
s Lt S e b i e
Thegmplothudhuri% deaifiescti Mes0BIeR 9o eatanaicxprsifhle RER. fluid reauifpld 615,
anC P HRASBRY, cdhe URPRE RRIIeR ebithestiesmalchuekia0Ratherehyh as, for
reshitingn. litle thermalloss. Additonally, the atorementioned combined.
ARy EtTn E6tiG B8 ﬁer}ofme'd Sitherintarna y Or ex ern:ﬂ?ycto the Rk =&~
thrgged [0083)fOfteo diié, wisiv rdedsis P ihal Bty ThethSdibfreramstendnis S05aR,
sosber ey diauadyd: G, (rmaintaniad cakdea, and.a hietmase
t n qrder to ntajn the temperaturg. of the e
Ao el BTt AoATNG, (St ST LB e BReddiees
compiventiofiort ixthdshertiindbestooe hbtiehafividsienagdhandeanayeed mbemertively

cofifferantiempealtiess @ tﬁét%mﬂmumﬁ%éﬂéidsm%b&@e%M?m embodiment
temperature. For example, in an embodiment of the mveéntlon,éhe fluid

desraiRRA g SERRRCHHR ot 3B FHATBE oVt &E iMETth RRSE e Symmetically

dispostibaisyut coincident central axes of the thermal chuck 500 and zero influence pusher 502,
however, any suitable number of chambers 630 (e.g., greater than or less than the six shown)
may be used with the invention.

{0635] Disposed within each chamber 630, between the pneumatic manifold 610 and the fluid
manifold 615, is an upper diaphragm 635. Also disposed within each chamber 630, between the
fluid manifold 610 and the lower plate 620, is a lower diaphragm 640. The upper diaphragm 635

and lower diaphragm 640 divide each chamber 630 into an upper chamber portion 630z, 2
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each having a different delta T, which may be mixed in various proportions
to achieve a desired mixed fluid portion temperature. 100341 Fig. 8
shows a partial view of a system according to aspects of the invention.

WMS@@ES MHC?@%;GE?& Aligwa tmﬁmt %IOSBH%K %f?&dcmfbéw%ghgﬂagm 635
conaul se Id S ul S, nog 1iuia supp on

PrEBt, A0S B SRR S Sy R T PNAR e b it
chamiiicIpartiy 153 06imithiid otith Osever| afaphtszuie Séfbischalssvie oith s pdiovte fluid
cmﬁmléaﬁ&n bLRRET AL Chidal cROHNG IS AR SPRET RIALRYE0R-RBEYBAHR 630c.

manifald 610, fluid manifold 615, and lower plate 620, each of which may
(0058 corffyBeRtiBrealsy Lt HANEAEPR StorasIRr diegpE filch comprise
resplastic rabnapiisiteseis, Sk et platd005eproy idldb fanrstio viddwdn vV,

altl(gugh aiveadsparssion fe s lﬂ&%&ﬁﬁ@ nEy 'Lﬁ;&g@b@ Qéi%ng Q@.Bm%!ﬁ may

return conduits 505aR, 505sR, 505bR, and a pressure port 5

be e e AYTREAR T Hota et PR BT Rati e TR OIS S1phingy member
63énamifinteflip, iariddewerhplateGRO oprapdisphaagallyaligae debaras ittat! between

ﬁgﬁg&&t&i&%}a@éd ERPEEIE COAMBRY§:830, BaLAG Bl g@%%{%ﬂl Ninitarly, 2

ed to operatively connect the thermal chuck 500 to the zero

uniiRi e HRRHeFS oM RERRS eXahipisH? BriBoHAt et idesRsHEy It diaphragm
s4tanpest ianfigshed Hedwsix tlhdnmbess @3l ats shoivnisubsimntiedly

m t'c .di 0 t
m%c %§6 er0| flugﬁlcgbg %gﬁ%} c?%%v%%ver anyséwtab é@l%rana ; e
Gh@?‘m@%@wé%ea@tjﬂ@ @MW@@@%%W@&’%%W Wﬁé?zi%@hamber
poﬂﬁﬁd;mhaimlrmmummﬁ@pa&h&tsmedduﬁbuadaai@lnxckammreﬁaﬁmber portion
ween the umati nifald 6 d the f|UId ifold 615
O oSGt e KD BESC0n G A Sherba a0 B

bogheb FhuidThsampetiapream the sodérepieierehepiteer ove e apmesgiiB apposits

or@ﬁt@t;@ﬁpaﬂﬁﬂﬁﬁm&gfﬁ’oﬁ%ﬁaﬁﬁﬁﬁ@&%ﬁeﬁ&ﬁh@%@&%ﬂ%%@mbﬁ{ddin
i~ nto an u mbﬂerr or{itpn 30a, %% 0 mlddsle ch mberéog_%tllon fih
C%‘? j Mm %1 owér c a?nbe?p“ort‘on e ippert Bap 2SO te

& upper cfia I”‘ggm

chgr@@rd@ﬁ aIgéhenaﬁgwrﬂrgh@%@eﬂ%@t\ﬁ@eﬁ%@mepmmmpmcﬁ%& 6508,

656308 ansh the gl erahamberonestoms 30 bowhile Abgilpvat.ciarhiage zero
fg40 mcludesé(%hol that aI %}/ %gb% communication between the middle

in ‘?‘%‘ﬁ%’éﬂ? %‘35??3 e J6wer chamber portion 630c. [0036] In

[0&¥Rbodimembodhecupperdadigish b 88 ane |ovileergiaphsaeyni(B48 esletantially

cofRBRHSAL 8ILREMIVEEAlnG: dirRRIAGMS. SHchasHbatmanudaciurg a!?rXchments
Bellofram Corg ﬁ?f NeweII WV although those of ordlna%%sklll in the art

T PRES O AV RERESRYRY S5 a5 Be

colieggntiprionn a forefenéd: ipiplelrentatiom uritatpcbparad raphké@mand the zero
mm@m@sﬁs@%@amgegé@lmaﬁglgﬁw%ﬂ{&mﬁ%%eQﬁg SAPRRGM. pusher

5 may be sandwiched between the pneumatic manifold 610 and the
Sﬁﬂu‘iﬂﬂf‘nﬁﬁ|?8H68f5f’§§dé’ﬁb§ﬁﬁ"ﬁﬁ“ﬁﬁ§e‘§"é{ﬁ&°1ﬁ1e tospmh Auck 300, as described in

greater detail below,

[6039] Fig. 9 shows the system of Fig. 8 with the upper plate 605 transparent so that the
pneumatic manifold 610 is visible. As depicted in Fig. 9, each upper chamber portion 630z is in
communication with pressure port 550 via pnsumatic ports 645 formed in the ppeumatic
manifold 610. In this manner, the axial position of the zero influence pusher 502 may be
controlied by adiusting the pneumatic pressure in the upper chamber portions 630a. In

embodiments, the floating fluid attachments are biased toward a neutral position along the z-axis
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unitary lower diaphragm member 641 that integrally includes each

respective lower diaphragm 640 may be sandwiched between the fluid

manifold 615 and the lower plate 620. [0037] Still referring to Fig. 8, an
ducUBREY shayRbarRlvmentoeaip4lisRESREMIEHN8acH: UPRET dRRBANREK40. By

E%ortion 630a; a mido}lﬁle chamb?r gllement 650D is diﬁg{({)ﬁged within gﬂfhm
A R e PO R B T 3B a5 TBWRY ChaRber Slament Bo0e 1 e 2610
inflotspopedheitfirmeEadis tooved ekialivisiompoiid (i 6504. of itee themyend thacko Bty along
 the GhaMADEE SIGIMERISH 2N RS £anRGCtesdQthe2er 0. LSRG SRHSIBhePOhber

655. The }uhpper dizﬁohragmig%ﬁgnd th% lower dia ra:)z%m 64§ are 1

POrRES 4R F SFIRHECTSH BT oS, iHieR BRETH SIS ST A prac Sttt BFoe
chuthe 30p pémehhmberisle iren p850mdmnitidintrinibe veteindrnes Obshan 402 may

tra QNG HREARLE RIS BLRRAC nit i SR RIORY AeaNYE AN OEING in the z-axis
chamber 630. In this manner, the dlaphra%%ns 635, 640 and the chamber

direSfire S EB6a, BEGH 8BS ML ABHTE L CH B AN DT T0 BhIHERS iV
corfiprmeasfhoatihg ditaobhient, oiztlde marovint aen catpiishewns@2fortvel thehmakxis
air&igk 500. [0038] In embodiments, a central axis of the zero influence
pusher 502 is substantia,llx coincident with a central axis of the thermal
18041 K BoBFh Qe FespBEHTR TI8aTG MRARAMSd frgitasyeys the heat sink
51 5ubsiantiatiabimmsiycalieabaiitithesesaixes cossibh stherfipatitghat hoids the

prAttagbmeniz. gallegygly jatm 8 Tag:laal %Qngigi}fé&?& 2&%&%&&&1’2{8&%13 of

the thermal chuck SOXCI) and the zero influence pusher 502. } i
therzere fiEERART GHHIGEP EH AREEG IRl RIBE ARz & iR R S pclprinaseppnection
betwiidh She m@emaemmmenmmwmmzwmmww FePhragms
39S HLESS E’r%do%%%%%ﬁ%%% PEIgW; {00304 F '%0% % QW08 SYSIEM tion for

Fig. 8 Wit the Upper plate 605 transparent so that the pneumatic '
the AEHIO RPBECNAREED s HepTelcdurke g}f’e@éﬁ%ﬁﬁﬂ%rﬁ%ﬁfpmiow this
mafBaa R iMtEORRNTca IO hWHEB.DERSSHIE PR BEPIVIR:PREHEAIC FoEse4sy, to
~Jormed in the pneymatic_manifold.610. In this manner, the axial position
oo G TRENLE S HBREO O R i el B ol g, 1 DUT.
Myserstem BeRepres rrati thectRspe ot iitsenlgatine eeembeonpection (and, therefore,
of gihedimenss thesfloatiog biidratiachmenisaribiasesd devwantra agutdtion of

ositio ng the z-axis, |l due to the opposed orientatipn of the.u :
R T P TSRO b TBy S Al ApoeH g rlaive
o fiddaticgeredsuibabaicinksp aeenibaupdche Rambie spbmiens 630ewrdingly, the
hea—%ﬁléﬁlri](inﬂckléeﬂﬁf Qbéﬁgo%@l@;%mw% rRoy@GAXially &?-waﬂﬁarﬂlt?r&eeobuit%uﬁ any

e thermal chuc along the z-axis). Con , by applying a
B e R el R T
608 zero iMibemser heshvee 5B mesgetieyen obadbaxdaflibupwartistioes i tiastially
sydheEmalFansk 3R0.alend.lheZ-axil-tnA freienes anhedimenh D ewkeEe 502,

influence pusher 502 may travel Imm in each direction from the neutral_
e QR 17 1BREH OFDHAT: BF AR 7 D grne priewnatic pressure (posiive or

negative), any force applied to the DUT by the heat sink 515 is substantially perpendicular to the
surface of the DUT. That is fo say, implementations of the invention avoid applying unwanted
torgue to the DUT. Even further, because the upper diaphragm 635 and lower diaphragm 640
both comprise rolling diaphragms that are substantially free of stafic friction, axial force is
applied evenly to the zero influence pusher 502, and therefore to the DUT. In this manner, jerk

(ie., a sudden change in acceleration when initially overcoming static friction) is substantially
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direction. However, the invention is not limited to this amount of travel,
and the respective components may be designed (e.g., sized) to provide
any suitable amount of travel in the z-axis direction. [0040} The travel of

clinflifr2€ M fike peRiBuRher R ithesZdmxisdlikealionsallows the bRbSIDKT is

515 to be controllably axially moved until it comes into contact the
minimig&tate 508 that holds the DUT. As used herein, "axially” refers to a
[004fifectiBiz.gtheraty farakehitheywssmciricrigatisvih the werolisflGéhceneumatic

ma&ﬂﬁbﬁﬁié%d@ﬂ%ﬂlﬁ?ﬁ DAk kPR RuiNHRVhe TeefiRating: Fig. 16, each
connection betweéen the thermal chuck 500 and the zero |nflut§g§,\?§8%she

midgle, CHABAT PO HE Wdp it Al S BEBUBHIIOR SO eoraitae: Mk &2
505230 5ino 2in d bR DU TshetithRisvie cartepafsr6¥ationifst stheedimbalanifold 615

Aisgqﬁ 'ﬁg“%‘ bRIwGRP éﬂﬁn%é?réﬁﬂl&%%bé% apAdRe RSB dNHIERGE BUSNEE not

If this manner, the interface surface of the heat sink 515 may be
ShoB’%@l‘@@ BBt %ﬂeﬂfiﬁg%@g'@a@ Gareconhicidrs SaBeEn bty co-planar
[pouclatiaeshimpitoi he i cifase svdiicelahtie Bbient Mile ondridecanscthes?s

that %@é&%&l totation. of the fregsfloating gimial gonneqtian (and IHareirewif e

the heat sink 515) Is a contact point between the heat sink 515 and the
miqdlg hagpRrranition G iahBarsinkis1s 48046 dB ApfsHERAReARD Wit 2 through
borammpaﬂima@etmnaladwm iefithe divatwink hdib felniviewts tisphblin(640., Even

he%ﬁ‘%@‘?@ﬁ@ E?a bl A8 SIRONanA. ACSREIINAY: R of

méns ?{
At sink are t Into a substantially co-planar interface
the\geRdnifiesmge ah@ééh%fiﬁéf’s‘cr‘tﬁ% 4 tech . Cuidraknng) 69¢Henduivdbe BitRa24: In

thidDkbhddy, ahart Stk ddd: W&Wﬁ’ﬂlﬂeﬁibﬁﬁa%ﬁrmﬁid’ﬁSlﬂetﬂmmumcatmn
cha 30 are dIS a Y, Symmetr t the cent
e O AL CRLDS S A rore AN R R 2t Gl i
Sib@@ém@%w@iﬂ erabiberipoeiBR BB CREREStHY ”éanﬁie%@umﬂefn conduits
Soﬁﬁm(@@ﬁibw%@ rsul?legmiy&); fwﬂm%@ﬁmi@ﬁr&ﬁb @%ﬂ Eab)béhﬂﬁbﬁiﬁed at
swl 515 is substantia endicular to the surf the DU at
?Sl’e“ baiae] érﬁ%hafacglont)s( g&ﬁe mve%tlon av0|dEs %_c%g{: unw%é Srque o
dewtﬁé mw?eweﬁ forrtiee OB camperaECE ip 6 @éﬁhmgmr@wmmmmg from

apﬁ@caha%mﬁﬁ@ BalkpemRse T0k0g disRbragmsdhaiarasubstantalih is not
of static friction, axial force is g%glie e;/%pg%]to th gro meU?nce ¢ amv
ﬁ%r”%%ﬁ“ STRRSTATS 85 fhig’ P, jerk (g a Sudiden ™™

Suzmb@*ﬂgmmmleranon when initially overcoming static friction) is

guﬁupitq%tﬁ{b{e&&éwaggq;%%ugﬂdaﬁaa&%&gﬂy%egggeﬁéﬂm%%;@ﬂ@r??aecmum
e nea na/or | nimize | SNOowW: e

b e L A R il P S S L
Sum’ﬁlﬁ) panblit mitarynoppesdjaphrag mighenibar peSrenitred rdgdepidtad dnd vice
versid- Hiweaah Siddie chagber pRdioRiRARP S iplud comMURLaton illctive

a respective fluid conduit (e q
chambers 630 between the upper and ower diaphragms 635, 640, each diaphragm 635, 640 of a

chamber 630 sces the same (i.e., offsetfing} pressure, such that there is no axial force induced to
the zero infiuence pusher 502 by the fluid supply, thereby heiping minimize unwanted uneven
force (e.g., torque) on the heat sink and/or DUT.

[6045] Fig. 11 shows the exemplary system of Fig. 8 with the top plate 605 removed, such that
the unitary upper diaphragm member 636 is visible. While the mvention has been described
with respect to & unitary upper diaphragm member 636 that collectively embodies the plaral

diaphragms 633, it is noted that the invention is not limited to this exemplary embodiment. For
13



505a, 505s, 505b, 505aR, 505sR, 505bR) via cross ports 670 formed in
the fluid manifold 615. Also in Fig. 10, the upper chamber element 650a
and middle chamber element 650b are not shown, such that the lower

xafIARNAAMS ChRivisile inhe chanlermR3e.de94sLReleripgPacle,
© F%?S, each %i%dle%gr(lamberelement Ob incl dquacrogioggéﬁg?hagn

. 5
menhRs e (BAY R HFPRSAh B2 %“éb?%%‘%ﬁ&%% 675 is in fluid
[00450 M nunicdtion withotieemithd e ishagoiperiso HiGr(i630dpaindtidocashal dpdrentlet
ducP %)5553% flyid,commy @@H&”s%%@ew RLAD00S G8R.LEhG 1BWSkro influence

chamber element 650c via a hole in the lower diaphragm 640. Even
PuskeiPREY Ech P SXAIRPISo s GRETS PR Colh MBH RBBTGH R 4 Epe filesnee
pushieti behanfebeoh sdetiiechedistnfiegnbe pushetibadinGbSngvhereby dagkd i a
- fnCQBH%EQﬁQB‘ﬁi %?Qli—%f?ﬂ%rﬁ?e&g%yﬂy %tﬁgr%ulﬁbig %ﬁﬁé&{&ﬁf ’Iﬁ%gﬂﬁﬂer, different

movemernt of the valve 524 se_Iectwe!gr/&prowdes fluid communication
heahgifeehotie Thif SsHRPEsn KR SO EEBRsEISEHSh HFRt 4 et Hercreds™a!
intefatb anmbdalg) ChRBORS B Anandshieuegadan distletEmciodA8: Gf teeringiXiffyrent
typgsho bgr.517 and the fluid return conduits 505aR, 505sR, 505bR. As

such, the heat sink 515, and therefore the DUT, can be maintained at a
1o04EsirBigdmparatiny radigederbeitrapiRasithsesstrrsdng s fuepagpects of
the @XaAPIE, The systemaskdescrbed mBy e usesiteraetip@inbnduits 713, instead

emperatures fe.q,, DUT. test tempe ).ranging fr ' v
o Mool 2D it (el R o R e s
confiriited:eb TEEn RO ErapIA I FARIBE. aiftitFRIE AsRISyStRthlimAYigsaatively, the
fouflB6ig a&chﬁ&a HSO a&@m@e%taimpwwm%@y[@&fﬂg@ isspipmepationsiuit, a

ressure fluctuations may occur in respegtive fluid conduits .(e. .
T e R AT
prempeaxarpielda’ 2 Sl owntfold MRy néhriterranaii-a Frgersteuie) the bottom
pxaf%]res}?qg%ﬁm&?m;ﬁl&ﬁr}ﬁ‘tﬂ'tza@)dnmmcthﬁ@aem%%rﬁmg@gh&@lhqﬁixing

t id (whether s or return) enters the respective chambers 630

chﬂé%\'/zgsl’?%“&ﬁ?}es %&%%Ower diaphragms 635, 640, each diaphragm 635,
(00880 dfimilehtartiiser 630 Swes thdgaehfi mswihtisttingfpieskl i aunithidt 725,
anc%f&geoiﬁ exlat@&ri]% f@g&@lﬁgp_%ﬁﬁn@@az%%nﬂuges@pau&h@r RAR WuthRspective

uid supply, thereby helping minimize unwanted uneven force (e.g.,
ch e oy P RERE BT TRP B COCHEATE R F CRMS e TRy 710
andysteirfiofRigp8hwith th Digmpidie G0k dombeedl S9seh ther 1hEngnitayagn 750
and PRAVAIBRRPGRMEMHSE G3RISAIDIR: RIS LD RYENIOR BASRERR: portion

described with respect to_a_unitary upper diaphragm member 636 that bamb
74 %0 AT, ERESERE L TR HiaSRFEoREsS PRTHORGHEG s tpger chamber
eletnaertidn is digtoledite drtoubis ekeniplaryrimiFaden énto FomidBecotamipe plement
76§ RARAIR AIPRMROME A3 MBICH RN 9L KON ARG IRSEAN, 2UBRRT Y ARREF element

diaphragm member 636, may be disposed in each respective chamber
763 disposed in the lower chamber portion 745c.
[0049] As shown in Fig. 13, the ftuid manifold 725 contains respective ports 765 that connect
the respective fiuid conduits 715 to respective middie chamber portions 745b. Each middie
chamber element 760b has a cross bore 770 that intersects with an axial bore 775. The cross
bore 770 is in flnid communication with the middie chamber portion 745k, The axial bore 775,
in tarn, communicates with a throogh bore 780 of the lowsr chamber elememt 760c.

Furibermore, as seen in Fig. 12, the through bore 780 of each lower chamber element 760c is
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1100461 Ina preferred embodiment, the mixing chamber 517 (including

inlet duct 693 and outlet duct 695) and the heat sink 515 are selectively

removable as a unit from the zero influence pusher body 655. For
proﬁaétmpf%xi&dfwxmﬁaﬂ(s R Saﬁba?aiﬂﬁﬁxéﬂédﬁgymwa?fﬂedrt@xtb&m, iélflfgiﬂrﬁ‘?way
.__pusher bo 5 selecti iIsengagea onnection, including but
s pngf%m?teé‘a %lga%ﬁtgf&?ncﬁ?, gﬁﬁ%{*ﬁ?&%ﬁ%g&“&%@u, or any other suitgable
[08HH nndetremetrithidiapiangres,78%fEFé mroMdarShaRENE KBIia TR iTthe exznisleence
puskiffesent thermakintedageatcas aagirsifierenkihermapulnte rfasanaintains six

materials) can be quickly and easjly adapted tg the system far use in .,
B NE B RR VL o 5o P o AR SRS el 4
the pheumatiematifddsyalernmapiosdinguusiiartioas F50cbnt pfotrideinventitivry, Fiween
pred0BL A GRSk ST AR:SRRWIIB: Fihnlid-NsdHiRs Rtk fluttheondiiie: 7dSihe system

instead of the six shown,in Fig. 8. The_four fluid conduits 715 ma%( ) .
cesRLISEE ROPLIETRREIES Bk ity TEBHRIGR PAEREC AT GO AT A7 G-
in tisupplis dordisit) dndreroptarepricgomndiitréshemativetyptiao tbe piftesdre conduit
79sconduits may comprise, for example, a hot supply conduit, a setpoint

supply conduit, a _cold supply conduit, and a single return conduit. The
1003k &F‘éﬁﬁ%‘%@?f@%ﬁﬁ%&oﬂ?&%éﬁ‘%ﬁ@&ﬁ?&ﬂé‘%éﬁ%ﬁ&@f&%f?uﬁ‘}ﬂ mning
chansianif6 fda72 Bhamskiootto M (piateci30y Lo rmeotad asthembioftom tipl e Bcimck

7102N R CLEANRO AR SREAT A AEIRANHIENER PHSRI 08P FOMPYSINGAEEAR Bwer
mixing chamber 735 and a heat sink 740. 110048] Similar to the s%stem

oh PR eothe st a i RarsraRie 2o Rier AT Tifdleeg byhppt limited
o ibmﬁmrrﬁplatgp730 qoﬁl@dismméallyxaéi@nqdléawﬁmﬂlmbmpﬂfme 3] ﬁﬁrmnanner,
ainfh AP SGHie (ERADORIS Lim Sy mRIta: kA CRILADQULIE oINS dRRken:

central axis of the thérmal chuck 710 and zero influence pusher 7/85.
thenmye JisEEcTh raaieHatH Sy MigE A SR atAnisg HidphrgRT 780 SN fsting
diffiewvetellispdiaphragm 755, which divide the chamber 745 into an upper

er portion _745a, a middle chamber pogtion 745h, and a lower_ .. .

o B e S R B i
1o WieW iRy CEnTsssoramar 4Bic kA IBathar nitarirseaHpe PE sy tRE Ol be
usedigpBsad d8sthe middle hamReRHRO iHVhitd S0 Ao Rl st |OWBEat sink/DUT
.. chamber element. 760c is dispased in the lower.chamber portion 745c¢
O R S T 8 b T A To0 LN (Bt e wero
nfigenes meberrabsenirbt midnrsspuetiveturfeorng itsir b rbepertige structure
to ddlershambeEParions AbdaachTddechamher&rment80Rasies «
._a cross hore 770.that intersects with an axial hore 775. The cross bore. .
s R PTGt T L Pt 5 b iprgating
untaldatad drec 16g-iorava) edtirninerieetodikithise thiroinghnrgeren780ktheabrading)

of HOVYREGRAMBAK K IBNBNt 6 M B S8 OBy RS S eBN dihFifled 2 Ghovement of

throug_i bore 780 of each lower chamber element 760c is 14 .
the zero nfluence pusher allows substantially jerk-free movement of the heat sink, and the

uniform application of a force against the DUT.

Thermal Interface Material
{0853] Fig. 15A shows an exemplary embodiment of a thermal interface material comprising 2
plurality of nano tubes 805 according to aspects of the invention. In a preferred embodiment, the
nano tubes 805 comprise carbon nane tubes grown on a substrate 8§10, although the invention Is
not limited to this type of nanc tube. Because the nanc tubes 805 are flexible, vet retain their

thermal length when bent, the nano tubes 805 are capable of conforming to deviations in the
15



provided in fluid communication with the mixing chamber 735. In this

manner, a fluid pathway is provided between each fluid conduit 715 and

the heat sink 740. [0050] Moreover, the diaphragms 750, 755 provide a
surfioatintheDAeLtROfifenze mdnfireneriippsivelinBh dobthatiiermafoehittimal

710, As such, the zero influ sher 785 maintali iX dggrr e Pf h
o R B O e O L SR SEH, e nanc
tubeell} RiFTEZe 4nviRESS feumR SR AR RIP? 2beddripfises pneumatic ports
[66380 that Prevéaiesar)athwayDebyeels PoessiscappReuzedb Eodhhe1dpDebon

C ber portions 745a. Thus, similar.to th t described ahove wit
e B B S Tl rre A T S B e e
surfgas. ofin hpps sirdodislireeation) BY Safsropriatecapp fuatiah 0fqmes swiector Growing
the VREBHAMAIAS HIRPERSSHYC-EQNElhcd 934 00R34iUBRRIERO L b&infilkall RN Bermal

system described ahove wijth respect ta Fig. 8, the mixing, chamber 735
e NI 7 S R) (i e AR o e ey o

attasheb ko 71 Ovar cindx Al pheviiisabiixihryrabapalsier T85heraplbereatachiadactbierred
emBRUIERPAEHYMBO QWSS sehambe nrlamesisGRCoPkaatast ey ual 1o approximately

[ able connections 797, including but not limited to, friction fit, .
0 B e o a5 G i B MR b R Speraing
prepaamnengihiffcromt Huwt Jiftes (habing, TowseXatmptepdiffersmndaarnatiuare inch),
suﬂ&&ﬂﬁeﬁﬁ%@&ﬁ@&@ﬂ%ﬁ&, ‘iﬁf%ﬁ{‘&c&%%@&i& é%m.t}%ﬂﬂi' Ha6R% e GCklY the
. and easily adapted to the ysé_?m for use in testing different types of
m"%%.‘s[ﬁg%lﬁ]“%ﬂﬁ’, %?él%ﬁﬁ’% CHBK TP S (e SEMRSTIST 2D0 PR Rsa /Y nano
wubisfloente peshahitinotvintited Ro esenpithnany obe Speodie thighmal ﬁ.zhumigc of
abdBAREIIMPISRAGNSHANS AL B IYERNAN MAY.RE WHRed Wit RAMHESIR T eover,

thermal control system in which it is desired to isolate the heat sink/DUT
eSS oM RS IREE TGS PER0d Byt %k AT AT grgreseliad f non-

endspthistaday, the zero influence pusher substantially minimizes unwanted

redbdjuence of the fh@ﬁm@%&%r%%ééyf@w{&mta&tl&%gég HACeDRUWEER NG mal

. heat sink and the DUT. Also, the zero influence pusher provides a six _

It F BB AN R RA B D Pt @R difk o tRe P lar aheenitisfae Big. 16,

a pﬁi&&@@ﬁaﬁpaﬂm@} mlﬁdpadamﬁdr fiﬁrﬁee_(e:@ Jbengtieth afth_e ﬂaterﬁme subileill not

darﬁ‘%g &l %9&%%%6%%9&&%-915?%@%@% ‘Bﬁ Hedeatsik 1%%8“&1%%%*%]85, wiiich
DUT. Furthermore, the pneumatically controlled axial movement of the

actAs B IRERTE HSETIR SPranesl B Sanrseant dhy perkelre inovimeantismimaiaat 17, @
theBHi, angribe anfimanRisation ofladotco againstie BIIEvEhgimakelatively
sm ’i‘nteerrf?ﬁ% M"s‘t%@%'ol%?ocf’aﬁlii% trk S CSNANEs é‘n%‘?’%%?'%& e%”&%%%' '?gg‘ o2 This
‘thermal interface material tomprising a plurality of nano tu es

migigtigrel gt adpetes ertisdidnfiorhin dlpreteldiag Byipetmeisnitidae to stress
coft@fgatidaes 805 comprise carbon nano tubes grown on a substrate 810,

{ﬂ@é?ouﬁg.tpgsgyv%ngg grrlx%odimem in which hard stops 840 are provided on the substrate
810 amongst the nano tubes 805. Such hard stops 840 are employed, for exampie, when it is
desired to transmit a force from the substrate 810 to the DUT 815, as is required under some
testing conditions. The hard stops 840 are composed of any suitable material, and may be
designed to any suitable size or dimension (e.g., length, width, and height), according to the
intended use of the system. However, in a preferred embodiment, the hard stops 840 are shorter
than the length of the uncompressed nanc tubes 803, such that the nano tubes 805 must compress

to some degree before the hard stops 840 engage the surface of the DUT 815. Such an
' 16



not limited to this type of nano tube. Because the nano tubes 805 are
flexible, yet retain their thermal length when bent, the nano tubes 805 are
capable of conforming to deviations in the 15 surface of the DUT 815 (as

m@emgm tr&rﬁisesléetﬁwﬂﬂ ?ﬁfﬁﬂ?&?&ﬁ%&_ﬁéﬁ%@fgaﬂy tﬂ%ﬁ%@ égg@ramglhe DUT 815,
res|stuvity across the surrtace o S snown | .

Wi O o SPRBRSs 0 RS O R B e e o et
[005ErosEith @Bl 8 85 chb oG meninie wii ot erdntepth#d i and tedves 80&mels 845 are

praGf&@&pﬂstﬁe%%QW@|W%§Q£Bd%&9?%@@@8&i&?&9dﬁk%@&&%ﬁ@é SO M pect to
on a substrate 810. The supstrate 810 may comprise, for exam

) mple, a
Figs |fract'6rA%ER: AR & +haETEiAKEEE o BLFBUE Khoteyristindy votume
encgpp oy surfaberdBrdiingUthel Cazbd handportiBés ditectyadea susface ohp that

alldIRakSIMORTRYIAES & RERSTisiak 'Pé!%tﬂﬂ% SIS AR S AR VE YRS hermal

substrate 810 on which the nano tubes 805 are grown mz% be attached to
Progefiss R REPERpERAM SLE AHEIRS JEPGPATRT MEFTrE L8 apd RUT 815.
[oopeeferieg. etnbiodimenththemianiniehes 885 hawebithefmahiesidtivitg@liing to

asp@ﬁfo@tﬁ@ igg_eﬁgbﬁl iﬁtﬁ%@%ﬁﬁ%‘y ﬂ% Qébgé(%%rﬂ@eg\%jﬁf %&3%@%&5@&% ia

Celsius, W is watts, and cm is centimeters) at operating pressures
SUbETRK A rOrANaBER $4p8T 10 WOGUP Y8 ErRHEPe Pt v pbHISS pardeiara nano
tubiacdly mubStaedisilypiedheematmass Bsdscaniacaemeigdase gieatartbane of

; ) o is ot L \
the éé%%%a%?f??fg?a%%%}%&%}%%t g, T RS AR AORR AR, o
exgRaltnGepRfe O op exmiphs, FrabR tiATestIRESi$§° HSihesn gevrandiorsprer, the
sub3hat 1826 ME0HRBO N RO G aCHIe Batamdekt SeONERITR:MYE NHQ. flexibility
orepver odiments.of the.invention.may utilize nano tubes that are
o B R o B R A RS sose
e0FortniEe asiserebin S The hamoheabes 88584ét as a flexible thermal
ga@sﬁ?rfa@@m&tﬁﬂd '&k@&ﬁmeﬁ@mml §Qiﬁt&1@ %ﬂgﬂﬁ&‘ﬁ&r@ﬂﬁngﬁlrﬂ%&m%ﬁmc
s.depicted in Fig. 16, a particle 820 (e.qg., debris) that is smaller in size
e A e s £ R B o L i L B A e e
Dineirded e sa50 et b octvestadthtvb t aveinssRgsutness808tianhidHoreover,
thc&ﬁ&n%si@%g@f ;‘iﬁ%ﬁah%&ﬂé%ﬂm ifaaﬁe/ ﬁ%a@f&%@% B@;{j&ﬁ%eoggl@ iﬁééﬂol_ icf?hswii}
snown | sty thermal Interface material composed ot a uraltyo,
o ARE Tibgh B DK Do Pa A 50 T8 15 RS EA R tnout
darsagisg tboRtEntrations at the edges of the DUT 815. This minimizes

rode@ssibledamagg.to hig-RLT SLheanhilealze.aidng thermal. gradieNSives o
due. to stress concentrations. [00561 Fig. 18 shows an embodiment in

PIORFRT HETHEROBE S8 S TR G S Yh &%l B dleth8 ForsinirgRgL el ¢ taims are
to hamodtrbes!885%hychdiiidisiopt 84Gmee bynitloyen, favemxAmplerdidzan imless

in&ﬁa@&%%%tgoﬁ{%mﬂe%(ﬁﬁﬁcﬁ%mﬁé& bt iRt 0de BeAtidR @i iRhed
r r nder som
clair%glgr::e apl;roxiemas‘;?onsethat may vary depending upon the desired properties sought to be

obtained by the present invention. At the very least, and not to be considered as an attempt to
limit the application of the doctrine of equivalents to the scope of the claims, each numerical
parameter should be construed in light of the number of significant digits and ordinary rounding
conventions.

10661]  Additionally, the recitation of numerical ranges within this specification is considered

. 1o be a disclosure of all numerical vaiues and ranges within that range. For example, if a range is
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testing conditions. The hard stops 840 are composed of any suitable
material, and may be designed to any suitable size or dimension (e.g.,
length, width, and height), according to the intended use of the system.
frofl QB arid AR rRiaris dmbodi mentsthe: Rarchstons B4Q, ae1shores: thakither
kthe I?T?-‘%h %%cgﬁéuncompressed nano tubes 805, such that the nano tubes
VEBOE Mgt COMprEdS™¥6' some degree before the hard stops 840 engage
[0068 surfaltecedititbeDWVEBLS. 186 dFean dde:ted ngidimefrans ure sexadiferemplary

eﬂ%%i%dﬁ%?ﬁ&%b%@%%ﬁﬁ% wﬁr%}oﬁggﬁkor@%q??%k?%;d%%ﬁéo%%@me words
allowing a 1orge (e.g., approximately . pounads) 1o pe applied o ine, .

thab%ﬂ‘éé%? [‘b*ﬁ%ﬁg l’—‘?af.dié’% AEPHATI S E o TR A5 R gration.
Chamgts/aey mnichnwighinhs mneigwo dedaapthéd uibstiatesSt@sshiie hiated and as
amSHRS %ﬁeﬁ&{%ﬂ%l x?ﬁsf%”%%%gpé%é{ oMt FeRPERLIFig: i%sc?as&!ﬁ‘?s. Although

vacuum channels 845 allow a negative pressure to be applied to the

theygRme" SRt RSSR 0BT RiIBSHATPE16, AT Tul81 Boapr RAFIAGHS Bnbodiments,
theTinigpioyid estanracisd v depiithitd atiohs theidldT Sitfldede Rahapakesvention
extBdl GRS SlvoRIn' G ACHR00SHD Al PIOREIIGR 3R e soope
force application of the interface between the substrate 810 and DUT 815.
of T EPEER] B 8hows another embodiment of the thermal interface
material according to aspects of the invention. In this embodiment, the
carbon nano tubes 805a, 805b are attached to a substrates 850 on an
upper side 850a and a lower side 850b. The substrate 850 and carbon
nano tubes 805 may be easily placed between a DUT 815 and a heat
sink 855 without the use of thermal grease or other thermal interface
materials. The substrate may comprise foil, such as, for example, copper
foil on which the carbon nano tubes 805a, 805b are grown. Moreover, the
substrate 850 may have a thickness that allows the substrate 850 to be
flexible. Such flexibility of the substrate 850 helps optimize conformance
of the also flexible carbon nano tubes 805a, 805b to the surfaces of the
DUT 815 and the heat sink 855. [00591 As described herein,
implementations of the invention comprising a thermal interface material
of nano tubes provide a substantially uniform thermal interface t at does
not damage the DUT surface and can overlap the DUT edges without
causing stress concentrations. Moreover, the thermal interface material
comprising nano tubes according to aspects of the invention will not burn
off or freeze like a thermal interface liquid, and can accommodate debris
without damaging the DUT. [00601 Except where otherwise indicated, all
numbers expressing numerical values of properties (temperature, length,
thermal resistivity, etc.) used in the specification and claims are to be
understood as being modified in all instances by the term "about.”
Accordingly, unless indicated to the contrary, the numerical parameters
set forth in the specification and attached
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claims are approximations that may vary depending upon the desired
properties sought to be obtained by the present invention. At the very
least, and not to be considered as an attempt to limit the application of
Wiedectainmedf equivalents to the scope of the claims, each numerical
parameter should be construed in light of the number of significant digits
and ordinary rounding conventions. [00611 Additionally, the recitation of

numericaf FARGRE AN £ O L8 & R RS O s IS C B B B lisclosure

of all neméxicattvaldies and ranges within that range. For example, if a

range igJ/iiem aheut & 19 @bouwa0. it is deemed to include, for example,
1,7, 34, 46.1, 23.7, or any other value or range within the rang&%%z
ermal interface

AlthougH e iR iaBh RREHER THEEErb AW R ASRS SnEEES <

exmrEl dry subnmbedindgsiewtich can be combined in any suitable manner,
it is understood that the words that have been used are words of
description and illustration, rather than wards of limitation. Changes m%¥ise

be made WitHIFPEEBSNIERP of T SBLERAEH BSINETSS Bregunily ik

and as amended, without departing from the scope and spirit of the

inventiof i,ifs, 3spactSeAtherah othe invgntiphhasbasr:deseribed Within nano
reference to particular means, materials and embodiments, the invention
{5t intended to be limited to the particulars disclosed. Rather, the

invention extends to all functionally equivalent structures, methods and

uses sughr@is WB&%@Q%&H% RRRRAARH IS8 MWB@hi%n a range
claimed; 1. An é}%g&% us for controlling a temperature of a device,

CORBHEME™ X & %nd nano tubes connected to the substrate,
wherein the nano tubes are structured and arranged to create a thermal

interface, @%Aﬁ%ﬁ&mgu@ﬁ&@%@wﬁb&%\g@@iﬁs,m@@@nﬁe@mt@é@mm
1, whereinfthe evicefcoméaris S atrsipigquuctorg?\gceas. The to compensate
AL ARTS S SR 9 S B THRCTITIHG Fiih & (P B S B anT S 0S8 3R FOIms
tédeshatzThénapparempsrefucdainh Sewdieiedn ahé cupewtiningrribeshavesta point
height-inR rageeekabout 25m to about 150m. 5. The apparatus of any

one of the preceding claims, wherein the substrate comprises a heat

transfer element of a thermal controller that is structured and arranged to
compen8atde apparatus of any one of claims 1 to 4, wherein:

the substrate is attached to a heat transfer element via re-workable thermal solder or
thermal grease, and

the heat transfer element is comprised in a thermal controlier that is structured and
arranged to compensate for changes in a temperature of the device and substantially maintain

a set point temperature of the device.

7. The apparatus of any one of the preceding claims, further comprising at least one

hard stop connecied to the substrate.

8. The apparatus of claim 7, wherein the at least one hard stop is structured and

arranged 10 fransmit a force to the device,
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for changes in the temperature of the device and substantially maintain a

set point temperature of the device. 6. The apparatus of any one of

claims 1 to 4, wherein: the substrate is attached to a heat transfer element
via re-wofkahispatrerd Saikde or $hairersigrelgnatharidbthet ket engriel stop is
Blemeant iseampasedn @dfiermal controller that is structured and

arranged to compensate for changes in a temperature of the device and
substantially maintain a set point temperature of the device. 7. The
apparatis Ghanaypanerobfhapresedingataints iUt Hertes nepristifgpatdetegst one
one.hasd staniconeesird e dhasbsirate. 8. The apparatus of claim 7,
wherein the at least one hard stop is structured and arranged to transmit

a force to the device. 19 9. The apparatus of claims 7 or 8, wherein a

length of thihatpeastuord Hai Stopveréssthanietdepegthat thiepn &isoat least one
{besy 1ahhe Apparakis ot asmmanaehalamsiteo Svitwther comprising at
least one vacuum channel disposed through the substrate. 11. The
apparatus of claim 10, wherein the at least one hard stop, the at least one
vacuuni ZHErrephaasios thicasy betraféhfareredincdaimscipatihddepe aibgphave 2
Thrarpataisctanyane eiihe presadingHaimspywhsiepthespano tubes
have a substantially consistent thermal resistivity between about 15psi

and about 75psi. 13. The apparatus of any one of the preceding claims,
wherein!thd mamparasescdranygrone direetipasintheldmpsiyhtesin ZieTpago tubes are
W@%@f Slaimdssaiaerein the substrate comprises a copper surface

of a heat sink, 15. The apparatus of any one of the preceding claims,
wherein: the substrate comprises a first side and a second side, a first
plurality 1sf e srpauitedslare Edrieeseinitts SbsHRst HPrisert ePBRSESHace of 2
pleyality. of the nano tubes are connected to the second side. 16. The
apparatus of claim 15, wherein the substrate comprises foil. 20

15. The apparatus of any one of the preceding claims, wherein.
the substrate comprises a first side and a second side,
a first plurality of the nano tubes are connected to the first side, and

a second plurality of the nano tubes are connected to the second side.

16. The apparatus of claim 15, wherein the substrate comprises foil.
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