ADVANCED RMAL 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 set point temperature through heating and/or cooling an electronic device or
component, typically while the, gl % -o c%@&%%eégé under test. 2. Background Information
[0002]Solid state electronic devices or components, su S'semi ‘ rs, have varying
performance characteristics based on temperature. Typically, for example, such electronic devices
generate heat (i.e., self-heat) during operatiqiy, @nesfiasas the internal temperature increases, the

performanc$ Char?fég%?%?%@ﬁ&%?é iAIso, solid state electronic devices may be used in different

environments, po de range of temperatures. [0003] To ensure constant
performancl®¥dradten isties idissdesh ablestoorii fitdihod relatvelyeconstantiempe ratiraiafiglectronic
devices. This js.eapecialkius-whemniunstione lx&%ﬁ%%&#ﬁ%&&%ﬂ&ﬁ%@%&%%@%%@% operation

and compliance with design specifications. For example, an electronic device, feferred to as a device
under test FIRAS HRirE g BIRGPE S BBRE JUHES MRS ER SRYiSH it YRR A BRM-in
testing, to dbgerve various device characteristics. During such testing, the temperature of the DUT
must be kept relatiseiy-consiani-aha.predetermined test temperature, or set point temperature, in order
for the resu@g#g be mianii%qful. In other words, the tester must be able to confirm that certain
observed eléttital GRAIRET ST S SRHTIb TP AES < BiR & HaHcCR&#HIRY teriperdnges. [0004]
In order to mraintasmes cdmstemtitern pesatuns, npwmithermahdentyolidevicesrescablaLirpmoving
heal, e.g-, (ouah aneat siok @s vekas.addingneal.e g, Iiewal an glediie Reater A cat sink

incorporates a fluid having a temperature much lower thanthe test temperature of SDUT A heater

is placed b&tHEEHE G TORR th & HEstSiffics dhaosewérise dpifistro dretneistertsanine the
temperaturesef theliflestercfaienemenstpdteble shiermper alideerapgpiirachfon bk testing. The heat sink

offsets any gugess Realing. adalsq,Lemoye %ﬁla%,%ﬂ rated by.the DUT during the testing process,
to the extenl%?higsself-heating increaqé)es the déee\r/%ce temgtel?g"t&rés ggs%am? ttr?e aéuslf%gr%ﬁete%gfﬁ . Power

fluctuations" RS EGER LRI CArriesHarie | dexiety: inSiintasernai e v aliny , roaiidninidy thestinged for the
thermal cordrotiento duvickdyasmbaequtpteypeaeiicaisahirdpwantacipcgasedniemparature.

exampile, an electronic device, referred 1o as a device under test (DUT), may undergo encurance

procedures, such as shori-circuit testing and burn-in testing, to observe various device
characteristics. During such testing, the temperaturs of the DUT must be kept relatively constant
at a predetermined test temperature, or set point temperature, in order for the results to be
meaningful. In other words, the tester must be able to confirm that certain observed slectrical
characteristics are atiributable to factors other than changing temperatures.

[0084] In order to maintain a constant temperature, known thermal control devices are cable of
removing heat, e.g., through a heat sink, as well as adding heat, 2.g,, through an eleciric heater.
A heat sink incorporates a fluid having a temperature much lower than the test temperature of the
DUT. A hester is placed between the DUT and the heat sink, and power is applied {o 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 controlier to quickly and accurately react to offset the
unwanted increase in temperaiure,

[6005] The interface where the heat sink (or heater, if used) comtacts the DUT is of particular

importance for maintaining the DUT at 2 constant temperature. For example, when the surface
i



[0005] 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 of the
heat sink (or heater) is not substantially co-planar with the surface of the DUT, there may exist a

non-uniform heat.transfer across the surface of the DUT, which results in undesirable thermal
gradients at %e"%al{] % O(rzcélgﬁtﬁ for" gigf%sk;sgaﬁ]iﬁe c}éﬁegﬁ%ﬁgﬁgf‘% e Fo?f?éjée ?K‘ﬁg%ﬁ? fterface
material betwest tharsuiferse oot thresierarcshsk for snsfuer pard OTD Whidiorekarmpiadesiiehid (e.9., a
mixture of wateiangd-alepbelnpaibe tispesed Reweehiheheatainki(QrherisNaRd theRYT. The
liquid fills anlxma%ga ) beativY)een th%hhe%%%nk %(])%1 heater) and DUT, therebyxaprowdlng a more uniform
thermal conhedtion BERTECI RE R A% UMK To PhEa(ER" TO5CBTARIE #19 the H¥e  of Fofdhenss thermal
interface matetidl&comeswith ot eted walcilaritol) es:For éxprep] dstescentdstinghig ofterpeiformed
over a wide Jangg @[ﬁ?ﬁ‘%@&%@%ﬁ@%r@%%a%%éﬂﬁ}?@%é&@ UEeEINg tgmpgrature of

conventional thermal interface liquids. When a liquid between the heat sink (or heater) and DUT

freezes, the TITEIATE LRAGHIMEPGH AT SAEsS ST BIEED e beb i 6inisa feading to undesired
thermal gradiéfits at thBoReyEr, Miareoveo] theuirse of liguickhdmethiermakiatelfacenmnatetialalso presents
O ol < e S U N P

interface material converts portions of the surface of a ceramic heat sink (or eater) Into a microscopic
slurry, which 4 &F S Se MRS tet a8 She s mprotor K Ienvaveenth Bugral uratrseuseful for
filling air gapeiiétwebinthe: HemlidsibdtorrhdatersandhtheoD Wekydiguists domot-eliminaie thenmal
gradients altpgether, This.is.hecause different t@!%g& of liquid between heat sink (or heater)
and the DUT, whicrgymay occur at a microscopsic level %ﬁ%}ef%%%%ﬁﬁ a‘”é‘\"{e&é?%‘?t ?éﬁeiﬁrtlgargé‘%ma{g% not
substantiallFcEpIatiar; hadaatrareht thisrhbl iedkratib sheambiakifies aoisslcew mFenA, a DUT
10 and/or a fiealvsinkgéornhrigler):dh may-havesnFuplaaap R HaGRse 1iésk, i resultsin.differing
thickness ofJiguli he. | The thickn of the liquid 19 may, be, e.g., OQtun at.a first
location 20 and, %ﬁeg%%%g%g%ag%%vrﬁ%gé%%n%%?l%é%raﬁfsee e T mélr@ﬁ%yg E’r?‘essiféﬁiﬁfy &t eﬂﬁﬁauid
changes with THEFHERAESET B thEligERIca iR gradigntsiexiet el Power is applied to the DUT, as

shown in Figod] [0803] éncadebiion teuaesmartialbetween hedwal sinkiordealar)Andatg DUT, the
interface be t at sink, (or heater) 15 and the DUT 1Q may alsq pe affected by the structures
to which the _‘2% s#i%'%:lrx%ué{élstgé 1% g%‘afg?%h% AP aftahed. F ‘esi&rs?i , ‘gf"%ﬁ’fsink (or
heater) 15 i$hédmasenigt diiie dpyanibenisticonkr e hStrsuol s tRAITshoveh im®igeduTHie thermal
controller 3QnibayERMNERE, JoEexamBleHRpIng thatisaries diffelantiempeipiuss fiids (g.¢. heating
and cooling lﬁtteerrgtgmthe pregtsgir][l;e 155for main{ainin(% the%).u .10, at thsgigesired temperature. The
thermal controller 30, Inc u§|ng he heal Sk tor heater) 154 @pfﬁhﬁ,l éﬁ?fﬁi(@;ﬁ%%ﬁ'ﬁ}% in an
axial directidfr ferierl fonae B Raopisahadiesetidn 18 ahishreat)s in tiiemmgrtineknekwaliRifT's may be
moved past m@,ttﬁ@rmal—@@mtm&efhi@x{é@stmrmgm%%rr@,o/é'.g.';)@mqttg%{aq&mbﬁ%mﬁ,ef 30

0

brought down intg contact with each successive DUT 10 for testing.
9 e.g., g%ym at a second Eocatﬂm g? . %ecause the thermal resistiviy of the liquid changes with the

thickness of the liquid, thermal gradients exist when power is applied to the DUT, as shown in
Fig. 1B,

[6008] In addirion to the material between the heat sink (or heater) and the DUT, the interface
between the heat sink (or heater) 15 and the DUT 10 may also be affected by the structures to
wiich 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 controlier 30, such as that shown in Fig. 2. The
thermal controller 30 may comprise, for exampie, piping that carries different temperatere fiuids
{e.8., 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 direction normal to the DUT 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
2



[0009] However, the rigidity of the structure carrying the heat sink (or heater) 15 often causes the
surfaces of the heat sink (or heater) 15 and DUT 10 to be out of alignment. That is to say, the rigidity
of the thermal controller 30 makes it difficult to align the surfaces 17, 18 as substantially co-planar at

the intefags. Guich A sitation s depicladimbigrhdi Whigh itds sseRdhalihe.shiiacs.d8.ofterheat

sink (or heater) 15 is angled compared to the surface 17 of the DUT 10, such that the surfaces 17, 18
are not E@@%“té?ﬁ%%/ co-planar at the interface. In such situations, not only is there a likelihood of a

thermaljgoadieRbalihe, lmerxf@@@lxﬂauttﬂheremmalsa@e@nmmeve{nsi@me&ehgaxéﬁ)rqae)fte@mnesetc )

applled 0 the rtlcul hen tes lﬁﬂt e DUT 1 uires a ial.force (e.g., up to
100 pouiﬁds & gsp%]T a Sitely uneél/en apﬁo |cat}|38r? o ?cﬁccléglamerfg %%éar% %:Souf) a%atr%surfaces
can resugm@ama@at(mmmm@) f’éhtmekveat dififc(dr tedien) had/ofapts1.7108 10 Bukstwidityly,

thefe eé&@&ﬁ?ﬁ? ip-the ar 10 oyercame he deficigngies Apd ﬂ'@'@“%@%‘?&?@?&d dereinabgye-
OF THE INVENTION [0011] According to an aspect of the invention, there is provided an

apparaﬁjgjﬁﬁec%ﬂﬁﬂ}ﬂ%&%ﬁ%é%@@@}alée\ﬁé@gmﬁﬁﬁﬁﬁdé%ﬂ%ﬁ%@sﬁ&ﬂd%@@ hnkted to
the su bﬁ@eh@cn@k@b!@eﬁtwne wtzi@t@@mme@malgo d@@ﬁ@b@ﬁatﬁe/\mt@ffaeanmt&e mtfaedf@m the

substrate to ce ngﬁf ﬁie %? tube are str ctured a ﬁfarra% cgjgrcreate

tortacE balSeh 16 G AUSIE AR DSUIRS, BOL21 b T AL BOub Toutss L00T T fooze1
uneven force (e.g., torque, moment, ete.) applied to the DUT 10 Particularly, when the testing of
the DUT 10 requires an axial force (e.g., up to 100 pounds) be applied to the DUT 10, such
uneven application of force due to non-co-planar surfaces can result in damage {(e.g., cracking) to
the heat sink (or heater) and/or DUT.
[0010] Accordingly, there exists a need in the art to overcome the deficiencies and limitations

described hereinabove.

SUMMARY OF THE INVENTION

[0011] According to an aspect of the invention, there is provided an apparatus for controliing a

temperature of a device, comprising: a substrate; nano tubes connected to the subsirate; and at
Jeast one hard stop connected to the substrate which transmits a force from the substrate to the
device, wherein the nano tubes are structured and arranged to create a thermal interface between
the substrate and the device.

[8012]

[0013]



[0019] [0020] 10021] 100221 BRIEF DESCRIPTION OF THE DRAWINGS [0023] The present
disclosure provides the detailed 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. IA shows an exemplary interface according to the prior art;
Fig. 1B shows an exemplary thermal resistivity at the interface of Fig. 1A; Fig. 2 shows an exemplary
thermal Ehtfdller and device under test according to the prior art;

[0015]
[0016]
[0617]

10018]



Fig. 3 shows another exemplary interface according to the prior art; Fig. 4 shows an exemplary system
according to aspects of the invention; Fig. 5 shows a schematic view of an exemplary thermal
chuck according to aspects of the invention; Fig. 6 shows an exemplary schematic view of a valve
of a therpgaggpntroller according to aspects of the invention; Fig. 7 shows a graph of the mixing of
cold, setpoint and hot fluids according to aspects of the invention; Fig. 8 shows a partial view of
portions of the exemplary system shown in Fig. 4; Fig. 9 shows another partial view of portions of the
exemplagygggtem shown in Fig. 4; Fig. 10 shows another partial view of portions of the exernpiary
system shown in Fig. 4; Fig. 11 shows another 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 the invention;
Fig. 13 glowyg another partial view of portions of the exemplary system shown in Fig. 12; Fig. 14
shows another partial view of portions of the exemplary system shown in Fig. 12; Fig. 15A shows an
exemplary implementation of a thermal interface material according

[0022]

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The present disclosure provides the detailed description that follows by reference fo 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. 1A shows an exemplary interface according to the prior art;

Fig. 1B shows an exemplary thermal resistivity at the interface of Fig. 1A;



to aspects of the invention; Fig. 1 513 shows a plot of the thermal resistivity of the thermal interface
material of Fig. 14A,; 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 ?ig.@@ﬁ&@&&%%ﬁ%f&ﬁ&@ﬁﬁé? ARG PYER IO e mdéﬁe&%c%&%@t_&’}ﬂgﬁ{oﬁxemg'aw

implementation of the thermal interface material according to aspects of the invention; Fig. 1
shows anot#&r exemplary implementation of the thermal interface material according to aspects of the

invention; and  Fidgs awhewsanoiasieyanpiary ioplementationief she thermal interface material
according to aspelgitgs_ ? fsitag‘i%si %%Qgig;glary system according to aspects of the mvention;

Fig. 5 shows 2 schematic view of an exemplary thermal chuck according to aspects of the
invention,

Fig. 6 shows an exemplary schematic view of a valve of a thermal confroller according to
aspects of the invention;

Fig. 7 shows a graph of the mixing of cold, sstpoint and hot fluids according to aspects of
the invention;

Fig. & shows a partial view of porfions of the exemplary system shown in Fig. 4;

Fig. % shows another partial view of portions of the exemplary system showrn in Fig, 4;

Fig. 10 shows anothier partial view of portions of the exempiary system shown in Fig. 4;

Fig. 11 shows another 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 the
invention;

Fig. 13 shows another partial view of portions of the exemplary system shown in Fig. 12;

Fig. 14 shows another partial view of portions of the exemplary system shown in Fig. 12;

Fig. 15A shows an exemplary implementation of a thermal interface material according
to aspects of the invention;

Fig. 15B shows a plot of the thermal resistivity of the thermal interface material of Fig.
144;

Fig. 16 shows an exemplary implementation of the thermal imterface 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 interface material
according 1o aspects of the invention;

Fig. 19 shows another exemplary implementation of the thermal interface material
according o aspects of the invention; and

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

according to aspects of the invention.



DETAILED DESCRIPTION [0024] The present disclosure relates to an apparatus and method for
providing an advanced interface between a thermal controller and an electronic device, such as a solid
state electronic device being tested in a controlled environment, referred to as a device under test
(OUT). In an embodiment, a heat sink 'ﬁmﬁf%ﬂ e%(} o a thermal chuck by a zero influence
pusher via a free-floating gimbal attach : Zerothfttenice pusher provides the capability to
extend and i¥Rdrt tAbehmetesinkstitovan t:istes of eomaeratithaadDThodifhopceigplyiag amannaiven force

(€.g., torque,mementyeie. ) WdhePlddrdip Rieferead amRodipent al igasidne heatfigislg.removably
attached to éhe, thermal %%gck. Inan %\é&n further embadiment, a thermal interface material comprising

nano tubes T& B0 OB eBS7 (R ik §PRERC HLBRE R SR TARTER Ui fof Y BT PSSVt i@3Fovided at
the interfacemsedmwherhthesintexf apergoripisesrioh oepia
means any heaf %@&ﬁt%ﬁé%eﬁlﬁﬁﬁl Havice: (e ghe roSISUVE NEAISL FRdIRION; NeatPine, Gross:flow heat

exchanger, etc.) structured and arrang to transfer heat to and/or from an object which it is in thermal

contact witHFELPINHERE SR e io 85 il § Ul KEWR LA AAY CoMitBmL ARy 8% WIESErted a zero
influence pusheregmprsing.aires-foatinggiritallatiachinent dakadheat sinkaceordingitd a first

embodiment.gf thejinyention, The grg infience;pusher may.he &%Sgdg%ﬁgﬂtag&g%gﬂlﬁe zymal

controller that is strctured and arranged to facilitate bringing a heat sink into contact with a DULI. In an
exemplary ERABEEIAEREIRRE 281 ifRTE He PTTsE  iBYseanwittA dthermaT CrBlad serifas in
Applicants' ¢espaheisigiapphcatiotiiGT kiS#TAL 25 heklisclosute-twdiehrisch argyssixpressly
incorporate Jeference dn i irety, [Q02 ifi in.the exemplary embodiment shown
inFig. 4, a g‘ex% _i%flueghgcg% g%i%ek%%%% Q%%%a%@%l}/l %%ﬁ%%ﬁ%gﬁ%énma@t “é“?ﬁa %yf?%%f%gcogénd a heat
sink 515. THeS¥EYE h‘?ﬂﬁéﬁ%@%@fsﬁéﬁ%@aﬁ@ﬁsﬁ%‘i‘é FEPEHRSTS 85 HEBROTBh B 6P WIth a

DUT (not shexwt}ai-ar teshaite fshsabsiiedendild. idsnbtng-ehasyees &% is structured and arranged in
selective fluid communication with various Egidﬁﬁﬁig%ﬁhSrOSb’ 505s, 505aR, 505bR, 505sR, for
maintaining the heat sink 515, and therefore the m-, at a desired temperature. Valve 524 controls the
fluid commuBfé&liorf setuwbetistichesnik Ssolatend e geiesisod a Z505bI50%S PEIBARBIBHR, 505sR,

as described incgresiaidstalhalonnAesmt 5od ey aheut sbaspecificatiapandiei@ins: 3 fiwid" may be
any non-solid m%eria%énclud&g bgtenoitis'rer}ig%d tgea Ii&uw,thaa?&s,&g@ic lates, granﬂes or any
combination thereor. 227ﬁ:|g. BSholve & sChematic view dof the"€%em {hé)ﬁ?i% %h‘ﬂ?ﬁ(l%oo in
accordanceswittiuen cindiarengeé it Sdidieint intiog rivberlorinky fich eritizesvtiiree DAY scurees (also
referred to agd@pRRvQiediamelYR sal flHid RS 10 uaseireintkuid soweei5ddarga:hot fluid

source

nistirfak és. sAsrdefifhesidegredimsr"heat sink”

Applicants’ co-pending application PCT/US(G7/74727, the disclosure of which is hereby
expressly incorporated by reference in its entirety.
[0826] More specifically, in the exemplary embodiment shown in Fig. 4, a zero influence
pusher 502 operatively connected between a thermal chuck 500 and a beat sink 515. The zero
influence pusher 502 aliows the heat sk 515 to be brought into contact with a DUT (not shown)
at a test site on substrate 508. A mixing chamber 517 is structured and arranged in selective
fluid communication with various fiuid ports 505a, 505b, 505s, 505aR, 505bR, 505sR, for
maintaining the heat sink 515, and therefore the DUT, at a desired temperature. Valve 524
conrols the fluid communication between heat sink 515 and fluid ports 505z, 505b, 505s,
505aR, 505bR, 505sR, as described in greater detail below. As used throughout the specification
. and claims, a “fluid” may be any non-solid material, including but not limited to a liquid, a gas,
particulates, granules or any combination thersof,
[6027] Fig. 5 shows a schematic view of the exemplary thermal chuck 500 in accordance with
a non-limiting embodiment of the invention, which utitizes three fluid sources (aiso referred to as

reservoirs), namely a cold fiuid source 510, a seipoint fluid souwrce 513 and a hot fluid source
7



520. The fluid in the setpoint fluid source 513 is set at a temperature higher than the fluid in the cold
fluid source 510. More specifically, the fluid in the setpoint fluid source 513 is set at a temperature that
is generally the same as a setpoint temperature of a Dill' (taking into consideration the thermal loss

potentialy assLrrforifieyolRebarmahuck 500k EoLCamBler e AEi0nInL AR BT 1 0

degrees Celsius, the temperature of the fluid in the setpoint fluid source 513 ma%ébe set at, e.g., 85

degrees Cetelidhdomarr dibeMere terpibErlitacoPHiS i iFFtPRIT SR RPEERITS 1S s8t3ita
temperatureshigheaihansthie fheidiiiheseliprintdludsspunse digtnfdnereasaorenekg; exiciency, the
set point quid te a | ser tot cold fluid temperatur tha itis t hot fluid
temperature W% (?E l{%g % xt)/(vnsg ftahi(rége ?Iw soEyrcesgm.f Ii‘%rege’l é)ﬁﬁe?ként%tlg%nf)’erahturpes f fﬁ 520, itis
appreciateFHyHesE %‘Fsﬂ?m‘?ﬁ“th% et TRET e oY deememFalsing dhs darsss B it iRt dBe different
temperatureegektTRiOnR:0f MokaAweshayving, assg;r@eegamg@fsature may be used in alternative
embodime r mple, should the to test three DUTSs at three dlfferent
Cotpoint ton A e O SRR R S e Titrce, o
second set[ﬁ@hﬁmﬁélé@tj%@s@mﬁﬂgﬁtmﬁ&ﬁ §@ut@@w aisenTriferisoeincbs sstaliing filvie different

fluid sourceezﬁgamnﬂase@a@gaeﬂlmgmé ingqdiffe %ﬁ%mrﬁtgr%@%@%ﬁm Fig. 5, a
conduit 50 te the hre %ld sources LS?% 3}% 520 to heat smg C|f|cally, cold fluid
passes thoug ogﬂw conduits aasr? T dite CtET ARG R (Y: III cﬁ 0 %Q’a 8nifold 580,
where the mw@@mﬁmm@été@*mtﬁa mw@smm@mmmﬂmm@nmaﬁmmemmw) Further,

setpoint flui@tﬁa&@at@ﬁ@e&%&t @a&%&lértea@@ammw M@QH reEm2Onia £aNARita03h. Once the
setpoint flur%ﬁ n the hot rce 52Q.has rea hed determined hat temperature, the hot fluid passes

through co W&’g&f& ot TG SFET Ok BOB SRt ST Whete the hot
fluid comm@hma@@wn‘twahmt m'aﬁaeqm mheflwsjmmMenmsﬂw thédHotidl widrsour CesS2Bpasses
though conglit 075 5 dissiediaualdus hermal gl GOR AR Bl 270, WheLge setpoint

fluid communicates with valve 524. During testing of the DUT, sg{pomt fluid may exclusively mix with

cold fluid, faP TR tF S BT CHEFS PO RS ey it & Ay e PRSAYTER cold and hot
fluid resultsfii¢iatreasedrenér@refiiciencpisint engireetiyanitiatheeldah echetflaid, rieultatnosignificant

energy congumplion;as %taﬁaggre@&@%&taaﬁtg&mﬁgsgmﬁrﬂ&t@@mﬁt%g 5{1{%8&&&%&15 [0030]

Fig. 6 schematlcallglfdhows a disk valve 524 in communication with cold fluid conduit 505a, setpoint

fluid condui pemrliednh i Gosteeihl viiterdreidn i gk ﬁ%ﬁﬁ‘t‘ékﬁﬁﬁﬁ’é@aﬁtely above
the heat singlentrofatésigither K80imniRa0degisesdpaglisehange eegobiredimbdu enokeplsnfluid,

setpoint fluig gad h%ttﬁttqeﬁtﬁgm&mﬁ%t&@%‘adlt@ ShRressie CROSH EMBsrAlue Mgy figw 1o he

heat sink 515 (shown in Fig. 5). Specifically, in a non-limiting embodiment, when t ve 524 is at

zero degredSWFsottitn, %ﬁ%@%@%ﬁ&é@tmﬁeﬁ%l@ Mﬁﬂéﬁﬁe@ﬁ%ﬁdﬂﬁ*@ﬁ setpoint
fluid is dischiasgedidvibeinrdhedvalveds a-18Qraayesiofiotatiomabmbitiuidds Wisehatged: arneg when the

valve is at %7%%@9{%?% gjl&ot%tl ol 55 ‘# dﬁthat Areggx flogvg %thgoh%t gl ink 51§2|§ returned via

return conduit Yy enal ISCharge gengra?ﬁ/ constant

own in Fi
rate. In th|sWﬁ%ﬂWé’WWé%@&ﬁﬁﬁwmﬁb%@aﬁ%%ﬁﬁ? dﬂ%ﬁéaﬂifmdsﬁ%lvfh@hdhﬁts 505a,
5055 and 5@5@@%@@%@&5@%@5&@ r.eﬁpormm‘@ igpreferable forthe-mbdne .k fiids to be at

the inlet of the heat smk ta efI id.transit fime. with the above-desc lbed co iguration,
the heat sink %l}f i%ﬁlilg% g]rérllz er%lgrll}ﬂ?r ov(\ifﬁxfﬁr E"S%Sm lt}enq%%easf%glee RFEERR single

outlet. Furth%rle;%mmegn%f\ﬁnm mddwiphuisstpiilis of th@“eﬁmd srergp dicdehdusitsairaids erpiogimity of
the fluid mimg @xdhﬁ:@ﬁ@fdﬂ@!ﬁxﬁé@x Agsiionalreibe aheuesisscibedicanigusatian reduces problems
with repeatab and stere5|sﬁlH Wever %e invention is not limited to the above-described disk
valve, and other sﬁrtﬂdo% VAVES aﬁ tors may be used with the invention. [0031] Fig. 7 is a
graph showi#féhe ﬁt&lﬁgceﬁmewa&eqbew afdkhotflufds in retationitatitievdittwakicihuof thivialve 524.
Specificallysédg. Zat%@@t\fvﬁﬁﬂﬁ&ﬂm%@gsﬂ% abiche abAcensiant rale %ﬁfepmlm?t@t&%@ liters per

minute; however, hose g skill n the art Wou‘ﬁ\ségremate that this rate can be greater than or less

than two mé?%“ﬁ‘é"" a%’%@%g?%ﬁ FEFED ARt I GF S0 SRR RIS 2P Are
described vithinads pastto aftiwée fluid sytroi, Rus! Lmtdehstoﬁdldhaud;hahatvembmes dividimited to use
with a three,flid system-pLexampie. eingle:fis Bay e weedinyvhichsporians afiihe fluid having
different respective temperatures are mixed in varying proportions within a heat sink tomaintain and
control the temperature of the DUT. Alternatively, at least two different fluids, having different
respective temperatures, may be mixed in varying proportions within the heat sink to maintain and
control the temperature of the DUT. Additionally, two or more different fluids in different states of
matter may be used in the present invention. For example, a gaseous fluid may be mixed with a liquid
fluid, in accordance with a non-limiting feature of the present invention. Moreover, the invention may
be used with more than three fluids. [0032] Fig. 5 shows that fluid from return conduit 505R is returned
to the setpoint fluid source 513 via setpoint fluid return conduit 505sR and is also returned to the cold

fluid source 510 via cold fluid return conduit 505aR. In other words, while three fluid supply conduits
ENE: ENEe BENEh are ci1innlied to the thermal chiick onlvy fwwo flinid retiirn econdinte BOREAR BENOReR (Ar



supplied from the thermal chuck. Those of skill in the art would appreciate that in alternative
embodiments, only one fluid return conduit may be supplied from the thermal chuck. Further, after the
combined fluid flows to the heat sink 515, there is little temperature difference between the setpoint
and hot fluigs,-se ke SetpeinhduidvaiimooaRYiE 205 Rristecalaeenext teptitonotdlidu@tyen conduit
505bR on the el partion of the thermal.chuck 500, thereby re u#‘iln .inglitt%?ﬁ%: rmal loss.
Additionallflg?1 %Hégg?é{re“%%nn |§nveap & {E@geﬁﬁeﬁs r%?ﬁa couldBe ug{er oifgﬁse & %ﬁtﬁﬁ%@ﬁor
externally tertrreiehiutio Sogrefe 088 t@ibuoursauild is dincheresdosnthubemipnyaliot of 4YAsEPeng thermal

energy fro@f@?%ﬁigniifgxﬁfgfamgm@m?m@v@alaﬁd@%&_asﬂg mg daliaed)in @fﬁgrc&ém@wﬂir; tﬁe
temperature of the incorporated, herein without affecting the scope and spirit of the
present in\;g%?%gﬁ.l %&ﬂﬁﬁ%ﬁ‘ﬁ%g@@%ﬁﬁ% E?léeﬂ%%%'%é ta%gegf%?%ugﬁ? SFordi eﬁr)rélihKS
temperaturesy.chaltelvati/ely pbferfiviid invalphet dsinglaite mbiwativd smerierardple Sbarf@mbodiment
of the inventiorgtae fuidowingtaroyan the-conduit 305,rory.be fividedintg threaQnenerg portions,
each having a different delta T, which may be mixed in various proportions to chlgve a | eilred mixed
fluid portior&‘%ﬁﬁﬁér&ﬁ&%.ﬁ%éﬁ‘ﬁf@. @@Ws%gﬂ %S@iw&a}‘g téﬁ?‘%&% |Vq'ﬁ?55§%eécts of the
invention. Ehefigysteon, ithel beke sinin a5 alid, rantingrehainobutk? 36@vcotd Figid retlynegondaigiibaR, set
fluid supply,gongiit 5456, fakduicSpRik SRR WIEGRARLE 274, Jra slnkD1 B mbiRg.hamber 517,

and substrate 508 (which may be similar to those elements q{escribwe“d above with respect to Figs. 4-7).
Thermal cﬁﬁ%ﬁ@%@ﬁ%@s"gﬁ%gﬁ’&%% BOB Bt hanAtiiBLY  ATEHREHATIIRYS, and
lower plateﬁaﬁmqéwmmmmﬁm mposed!of a@mhﬂ'ﬁ. rﬁmmr su;:knmﬁtm iexample,

metal, plasficcaMpasite, H1c,Eh%LPRRL AL 600 RipMdeR.cANNRCLIon Iocalians (2.gx,thieaded ports)
for the fluid supply conduits 505a, 505s, 505b, fluid return conduits 5050, 505sR, 505bR, and a
pressure pHFESBHHFESEREE TN greater detail below). The pneumatic manifold 610, fluid manifold 615,
and lower (861 62Fgomprisgakialyvalig mmmr@ dhadicosabine tadamn Sixsas pelative mh@n bers 630
that are strygtyred and aganged tosgé’ﬁfﬁgi{a%%i 09%@8&&%‘@8&@&%&%%3?9 0 é@&éo%%%é;?ﬂ”ence

pusher 502. In the exemplary embodiment déscfibed with respect to Figs. 8-11, six chambers 630 are
shown subStEntiafBPEyHTAE Camimsiss seuls ovsTeidestecd ] Bdbs o teup eiprsridkuck 500
and zero infliiengepishenbQihowaver: RaYyBitakiaitwmbe raliehaniharsie3Q:{(eignsgreaier than or
less than the six shown) may be.used with, the invention. [0035] Disposed within each chamber 630,
between th‘émrjjsnée%ma %)??l‘gnjfg%% d.ggl'nd@haéﬁll%]‘f c??%ﬁﬁ%ﬁ%éi%ﬁ é 15(1%%6%%%%%%% 35. Also
disposed wiskierseeh thidftoEr BBion beRPe R HSE TuRFhTERI8IHBE ATad FYREToWEr SPRBIB20, is a lower
diaphragm §48e Fhe: wpsaidiaphragnch Poran lewes diaphreamndddQavidpeach shasmbees30 into an
upper chamber portion 630; a_middle chamber portion 630b. and a lower chamber portion 630c. The
bpor diapad R EbE S P T B S e B s B BB 0 and

the middle 8ivaRiber Hirtior6Boe! lehilcteedibirsniaibpis dgirire 40 aEnidesrachHvcmacralives fluid
communicagign between the waiddle shaaipemion ék0handithe dowenalanher Rarionk30c. [0036]

In embodiments, the upper diaphragm 635 and lower digpbragm 640.each comprise respective rolling
diaphragm%ﬁ%%rg f#z%’ en’%%@ﬁfa%%‘%%% B%be?ﬁanrﬁogoa%j.c,r%%%gﬁsefﬂ TAtHo gsh0 r%%é?’rof ordinary
skill in the anawilt recodgnize tratrdiyvsiterbl& o lingpiaprasgmsinid wsy Se dnvith thie mbiendion. In a
preferre_d "@Hlﬁmﬁr_‘&@&i&ﬁa&@Qﬂﬁ%uﬁ?}eﬁrﬁiﬁﬂ@Fﬁ%&“ﬁ%@@%@é@nﬁhmﬂw&%ﬂﬁsﬁ%ﬁm
respective J‘Jfg/per' diaphragm ?ﬁ? mag béeq%andm hed between the pneumatic manifold 610 and the
fluid manifftl BFEPIReREWiF O 518 11°EMffirly, a unitary lower diaphragm member 641 that
integrally inigii#igs &achd shspedinrdiodvizomisphmagmrieid 00GR s bevsestivith eckipatnibed dhectuid
manifold 613 apd the, law e Rl aleA20n RASCE SHefe o R kit & A MRPaLANaIRes piggent 650a

is disposed within each upper chamber portion 630a; a middle chamber element 650b is disposed

within eachcﬂ%?dﬂfédﬁ?%@n%ﬁ?gﬁa&o%ﬁ UAT X150 BHa M TR S SR B Es @ within each
lower chamiiib pot toppE&de hhtheesgattive, mvierchmbeneterahiss G80aka @ &Bnve stedro the zero
influence puabie Lack 830 Ty RS IR GRSRNIdR  Wer (ARG A aj digposed in

opposite orientations, which allows for axial displacement of the upper chamber element 650a, middle
chamber elSTHEPISSRBSRSA Foltft Ch&h MR AR 650 SarTeHEsn TaNeryne KRR Y the
chamber 6305in3tis mppiivarictkie diegpimiagmmd: 638, 1640 fimd thierchandoes 8d6are 35853858506, 650c,
in each respective chamber 630 combine to form a floating attachment of the zero influence pusher
502 to the thermal chuck 500. [0038]In embodiments, a central axis of the zero influence pusher 502 is
substantially




coincident with a central axis of the thermal chuck 500, and the respective floating attachments are
arranged substantially symmetrically about these axes. As such, the floating attachments collectively
form a free-floating gimbal connection between the thermal chuck 500 and the zero influence pusher

502. This frge-finatng.oinbal 6N BRCHONTRIRY ideg e ZaE0-tnllene hes 202iWillkSiXive
degree-of-freedom movement relative to the thermal chuck 500, as described in greater detail below.

[0039]Fig. SEPRANETHE SPStaRT SPIE FaTWRITHHE Upper ﬁ}ﬁ’t?é‘i%‘b? R SrEe SO Lt HEPReumatic
manifold 6xfids wistbtebidsidizidcieds g HBatehihSuppbeehalithet-poettan:-6 30&ienin bewmmunication
with pressugg pag i 3 ANeMRaNGRCLS 6> deraneh dosAPausIRtc maniald,e40uin s manner,

the axial position of the zero Influence pusher 502 may be controlled by adjusting the pneumatic
pressure inftHé Tipar-eRgtiber Poriofis m.wegmﬁwa%ﬁ@%a‘mﬂgmwﬁﬁ%s@ fits are
biased towattd-aineutiabposhiaalong the Zaxisntise-tbdhebbppdaed erientaianefihetpger
diaphragm gﬁgﬂg&m %W@ﬁ&éﬂﬂ?@%@c%é& By, applying a positive pneumatic pressure to the

. \

respective upper chamber portions 630a, the zero influence pusher 502 may be moved axially
downward [PE33but ef pisshdirin aPestieriche aRipcther ARk o B18ay, By ap Higmg Biiegative
pressure (e, dovagutmnitg thelbEpes Thamber gerkionsbads:, dhemeton mengerpusha02 may be
moved axialyipuiard (€., Intg the.thermal shugk 200 along the 2-8xis), 42 preferred empodiment,
the zero influence pusher may travel [mm in each direction from the neutra bosmon,?o'ratotal of
2mm of travefinferass - Eds aettibn. Foledermie Iave b MEHst MnREERItHanmsust ofttravel, and

the respectirg-aampenantsmambe kesigned (endersized) fopiauige-any sulableameuntrf travel in
the z-axis direction. 190401 e ravel of th ze1g.Influence pushier 502, n.the 2-axis diretion allows
the heat sink 515 16 D& controﬁwai%‘(fy axially moved Ut it comes Into contact the Substrate 508 that
holds the Di3dh reyingadiittreih delix bl yhisafary teeadicdciiongen eratyrieraierbitreactifitidient axis of
the zero inflygegeRUsRRI-RA<@Bddhe thermal chuck 500. Owing to the free-floating connection
between th mal.chuck 500 and the zero jnfluence pusher 502 provided by.the diap ms 635,
040, 2 point U EontdeE o e U RS el SRE PP e Bl PRETAH B 15 the girmbal
connection fystwemaitdestbraermaiach tickrs0 Ol 1 veldcirifluenuecpushivfBOR. det thik! mapitier, the

interface suiigeeofonehieat:Rinkpil:mMavR Rivoied ofoiaiednif NRCASSATY KIS NIAA

substantially co-planar relationshjp with the interface surface of the DUT, Moreover, because the
center of 1o S PO WOE R AT LA SETSAT ARer DRar oY "APRaPFEAL SRk £, is

contact poifihbetalcdndhédicatisink &1 8pardpihe DU T pamyrotatieniBidhie hdatidmkrbbbl 615,

accomplishgghwihqubiRECOMPaYIRE WaRS Ao oTihsheat sink o 1owelatiue04he. UL (§:0-, when
the heat sink is moving and the DUT is stationary). Accordl%%ly, the heat sink 515 and DUT are

brought int&3rEas BT RAS TR et c &R ItRBT M (B RS TORBBIG TGS &trading) of
the surfacetbfethiedDkdsh\ithenh daidmipBe SofG04d [MEre o, Hdbadsdlthewespedtite Biambers 630
are disposeghsybsigaiiallysymmeticalivabeythe.peniral axsof eihaimal chdck.pQfhapd zero

influence pusher 502, and because each upper chambe%ortlon 630 sees the same pneumatic

pressure (pBERHRGF ?’%g@fi@éﬁfaﬁﬁ?}qoﬁé ZBPIIBE IO PR CVY Ipishaselin e isredidsh Hhtially
perpendiculattbithesfirfacaxofdipechid Thihbdrisdti sty inpiencemtdtionisaakiaedinyeptativaiyoid

applying unwapisdstogue, 1p eiDid «Fyenduther-Recauss hie UaPa: daphiagra gaaang lower

diaphragm 640 both comprise rolling diaphragms that are substantially free of static friction, axial force
is applied elesARPed Wkizemeriffodiee pudnsrslomheg HE e BB FEbSRRalY PraTmREIRASY, jerk (.e.,
a sudden chiapgedubeccigniiza when!inaly trereamingsiaticdrat aslpisnSubisiapiitly 502;

however, any suitable nomber of chambers 630 (e.g., greater than or less than the six shown)

may be used with the invention.

[6035] Disposed within cach 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 6302, 2
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eliminated, and the possibility of jerk-induced damage to the heat sink 515 andlor DUT is minimized.
[0042]Fig. 10 shows the exemplary system of Fig. 8 with the top plate 605, pneumatic manifold 610,
and unitary upper diaphragm member 636 removed. As depicted in Fig. 10, each middle chamber

portion 630Db i fluid ommunlc n with aresp cti efIU|d .conguit ( 505a .505s, 505b, 505aR,
505sR, 505%‘!5%&\{;61%0& FOrs’ % drm%t i the Tt er ncffg%’g%g -AISE PRy F8 ?%nuf)g[?er
chamber elmmdpﬁswmimﬁd@mhmwmmt%@b renhot BbrOVN 6§Q¢€hrtﬁaah¢tm1®k@er
diaphragmscmbaj%taatemﬁﬁemménateeta@%% 9@@8@%”&%@&'@9&%%& gachsHddle chamber

element 650b includes a cross bore 675 that intersects with an axial bore 680. The cross bore 675 is

in fluid comMBMEIRBRRRTrEHas PSSR e 0 AR BB TS 0 Huid
communicali¥Eayith ka. &tmhmdghebmr@h@%mf theploupsr éh%mtdetoe’@rﬁ'aphxﬁgﬁoﬁ@iBthmmﬂhae lower

diaphragm %9@4@%@%@5%@@9@tauggsltm@mgata@a GOMERYRIcation Yith.a sespective fluid

channel 690 of the zero influence pusher body 655, Wheretgéeach fluid channel 690 leads to the valve

524. In this AHARHE ShHEREPMRovamEPo el sfoemsa feEaRPPFRAliES fariemmtinication
between thédlusddsujgpipcovenite:50ba, ﬁ%Spﬁﬁﬁblmmndmlettmmﬁa%@fcﬂaghmmm ber 517,

and betweepnQuiel Auft ARRALMIRGFAARNEALLAR 18 U0 ielmesndis o0saR

505sR, 505bR. As such, the heat sink 515 and therefore' the DUT, can be maintained at a desired
tem peraturé%@‘ﬁ%&%@é“afﬁmfﬁﬁﬂ#@%é&ﬁ wsfgld oL gﬁ)aW'@ﬁaﬁﬁigé tekysterirdeledcribed
may be useekﬁmattmlﬂtatﬁmmratme& @L.0thBhi=test tamperatiyasyLanging iom @@;ﬂt@gtﬁnately

-80C to appaxiaebisiite HoWeveh I3 ARG hak bR Ivealans et Jejied to use In this

temperature ra Z?e and that the system may esigne r use at a yswta ble temperature. [0044]In

implementaff§id! préddareningintivné: mayPeectham e reept &ile Ruidnesrhivitaitesh 5007, 505s,
505b, SOSaM%ngrﬁ%bR))aﬂﬂﬁﬁkgmnﬁﬁ&ﬂﬁﬂ ke Sy Stem dRiseX e RISHRRlY cRAGMT may

momentaril(yev%gé}%ﬁ&&g%ﬁ%g& épg%l & gg&rg oggs% x%]d wcg(\)([ebvrv%gveen wever, smce the all

of the fluid er supply or return enters the respectiv ers 6 upper and

lower diaphfa§tnsl&35cBativsderishreg oS isatiorg enamrred 63beswas Hemmpugher |
offsetting) pregs s, Sueh t@ptﬂmatﬁgﬁp@ziah&oﬁc@mwoagptea@a mwf&g@es‘a RYShessaP2 by the
fluid supply there E%/hem;:t)ll gt&rsn 0? unwar gceumneve "ﬁ%’ gC ue on th heat séglk and/or
DUT. [0045 Il'feg ShOws the exemp ry sy & of ig th 1-top piastee%% Pﬁb% Such that
the unitary &bﬁéb%&ﬁ?ﬁt@@ﬁ’#@heﬁt@@%@ﬂ%ﬁ@w@Qhemnve&moalmk;@emﬂessmbmWith |

respect to aciiiiaey stopek diaphiadm meaka-H36 that callestively amhedigsibaidral diaphragms
635, it is not% that th |nvent| n is not I|m to this exem Iar)é %mbodlment For e ample separate

diaphragms ERSST RO TR FURTanR AP S B HRE AR é?‘nﬁ;”be

Which aremo connec?ed y a unitary uppe
disposed in r@ﬁwmgp@r@m\iﬁ%mmm@@mhmk 500.

og38] In embodiments, a central axis of the zero influence pusher 502 is substantially
ceincident with a central axis of the thermal chiuck 500, and the respective floating attachments
are arranged substantially symmetrically about these axes. As such, the fioating attachments
collectively form a free-floating gimbal connection between the thermal chuck 500 and the zero
influence pusher 502. This free-floating gimbal copnection provides the zero influence pusher
502 with six degree-of-freedom movement relative to the thermal chuck 500, as described in
greater detall below,

{003%]  Fig. 9 shows the system of Fig. § with the upper plate 605 transparent so that the
preumatic manifold 610 is visible. As depicted in Fig. 9, each upper chamber portion 63¢a is in
comnunication with pressure port 550 via pneumatic ports 645 formed in the pnenmatic
manifold 610. In this manner, the axial position of the zero influence pusher 502 may be
controlled by adjusting 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
11



10046] In a 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 example, the mixing chamber 517 may be attached to the zero influence pusher body 655 by
a selectively, disengageable connection, including, but not limited to.a friction.fit, snap fit

ik ciscolel e S EABA S At B B Eh % Bttaving, for
example, diffeiEREthenTaYHmesTEEoPrmagEd/ Be differsiTahensalimnbrizpetinatéhtis fieambe quickly
and easily agdmpied fadhe sysies fermssednlaaingdiflerant ynes of RUTSHRALF 8. 14 show
partial view%of an. Iteénative }ry%tem ?Ccordingsl;[o further aspects of the invention. The thermal chuck
710 shown W FEG T2 inlIGEE Yo lF Athd EERATE TP HEtEAH 8 P SRBhBWASHEER. B2 ML four fluid
conduits 718ottioss é8hapiisesforduamplastehti suppyecondditxahotpermiconduitha tetcsupply
conduit, angagolbgelidHa %@Msﬁ'tﬁmfz%%%e&h&{%&iﬂx\é& GRS, MAY,COMRHSEs 9T example, a

hot supply conduijt, a setpaint, supply.conduit, a cold supply conduit, and a single return conduit. The
thermal chﬁ?‘(@lm%%?%é’;ﬁ cl%)gsﬁg% RRARIACT 33ORUA HHERIRSIRTIS ™ dffPpttom plate

730. Connedtedite: thBdyottom i aire %80 sanothiernembodimenboftac? erovinfluente prghard85

comprising ajdeastamixing chamber35a06 & healisin7 40100481, Simvlara ibg.system shown in

Fig. 8, the pneumatic m‘?nifold %%10, f{ziggm%é:\%m??zg, andzbottom plate 730 comprise ax%% ly aligned

bores that (:‘B‘E?ﬁ@?ﬁte to form four respective chambers 745 symmetrically spaced about the coincident

central axis{é#4he themaldmicke7#H0: anthzeronnfiuerice pushery85ikispoapein wash:camber 745 is

an upper royiag SaRAGIAR.ANM SRueLBlIng.diaphia ) Lo ichdivice the chpmper 745 into
r cha

an upper chamber portion 745a, a middle chamber portion 745b, and a lower chamber portion 745c.
An upper clafbetElgflenters0aTelispoeadan fethsparerativerfishiodtr minckms 2ainwddle
chamber elément Itiliris-ciagessdiaihemigaiaichanirrop e k. hdditenallysmdener chamber
element 760c-5 5RO ind et EhPMbSLBIIRGLAGI0043] A5, 0w (054048 e fluid

manifold 725 contains respective ports 765 that connect the respective fluid con O respective

middle charfibe fHortisRE RSB ERdRtReTR dsarsiskrakipr RUBBSMRes a erss Bepetqoichat
intersects wdib gimiaxiaddaecaof Hervkle tBEaRs-har end a0 s0adfiuic comminnisatipnmitaghepmiddle

chamber partion 745b. The axial bore 7.75,.in tut municates with a through bore 780 of the lower
chamber elé{lmﬁ%%fl’ cI:E.EE—l%% gfr%tb%glree,c}gg gehgﬁ %%lgﬁ?? %ﬁelb ?rﬁ‘é’ﬁtg*:é %F%tafﬁ% S ESRHIBWEr chamber
element 7608%§ BrovitstibFantirdcomienfic aalsHoRstanthuithidheg intsslasb esur38¢ |afthis idfner, a fluid
gathzvay is M@:\g&i@d, B@iﬂﬁ@@ﬂz@?ﬁeﬂBﬂW%%ﬁ%W%J&c&QQ%@?M@E@%&%D the |

iaphragms 25 provide a floating cannection of the zero influen r 785 to the therma
chuck 710. %%sggu% W ﬁwgé(zbgrgg infilience pus e?%% r%{léi.’iqﬁ éfnsgéiﬁggeﬁge%%$ﬁeaﬁ¥ﬁ?%898 ent relative
to the therntht Beicklr $6° KisesomplhskedoyideahagsFiganvingepisiomelibaanifoid 720rebiivprises
pneumatic poks TADIthat Pigadgena MM@@M@%@&%@%@@%%&%@%&E&@?@@W ber
portions 74%@5.1‘2%;;‘, ignila(r;E t&{ﬁre system described apove . ;th respect to %’!% 8, the zero influence
pusher 785 thay be moved axially {e. iA e F9x% 8?%%%%%f%’8%?ﬁbrf3f BpIFELHBH 8Fbressure
(or vacuumyrdetiraii seolhing dheutb7gling) of the surface of the DUT by the heat sink 515,

{041} Moreover, because the respective chambers 630 are disposed subsiantially

symmetrically about the central axis of the thermal chuck 500 and zero influence pusher 502,
and because each upper chamber portion 630 sees the same pneumatic pressure {positive or
negative), any force applied to the DUT by the heat sink 513 is substantially perpendicuiar to the
surface of the DUT. That is to say, implementations of the invention avoid applying unwarted
torque to the DUT. Even further, because the upper diaphragm 635 and lower diaphragm 640
both comprise rolling diaphragms that are substantially free of static friction, axial force is
applied evenly 1o the zero influence pusher 502, and therefore to the DUT. In this manner, jerk

{i.e., a sudden change in acceleration when initially overcoming static friction) is substantially
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[0051] Furthermore, girnilar to the system described above with respect to Fig. 8, the mixing chamber
735 and the heat sink 740 are selectively removable as a unit from the thermal chuck 710. For
example, the mixing chamber 735 may be attached to the four respective lower chamber elements
760c by selgglivalv disengagealaisoBneslionsudd’ dRgpsingkutpet dinrtedstaftietian fit, isnap fit,
quick-disconnect, qr any other suitable connections. In this manner, different heat sinks (having, for
example, dH&#B%Ethermal interface areas and/or different thermal interface materials) can be quickly
and easily @étited fogth systentiorcuseriatesyingdiffcFént Sypik GREDUTRE[OGS2] Frusmads can be
seen form the dasGriBtion AV Jhe 288 RIHERCS N ERE IS BRImiles iR Heswith anxgne specific

thermal chuck, Rather, impleméntations of the invention may be used with g}rﬁ/ desi{ ] giermal control

| ed
system in WHAGH iFFEHESiRE RS i€ R PSP AR TR S b R Lk d IS YOHEES Gdnerated by
the remaingigrzpfthe SYsitefs4R. this dayithe)zasemiupncesio shersiubstertidllymmivhiZé$. unwanted
influence 0&&&6&“@{@%}?&@%&%@{ éﬁﬁ%ﬁﬁ&%}é&%@é%@%ﬁ%ﬁ&%%@r healsinkapdbePUT. Also,

the zero influence pusher provides a six degree of freedom gimbaling of the heat sink to the DUT at

r f
the interfadBOTHe AEHR B iR KT @Weg@qmé’i@& n &g R &terface while also eliminating
scrubbing @egs}abmwﬂ@g%memy Sinkchgaditt Hﬁm&bﬁ-‘l&i@wﬁh_&fﬂ&dmhﬁm poeamaticaly contro_lled
axial moveent,oLihe eaipnluense-Pusheralans sybaianial el marementaig heat sink

and the uniform application of a force against the DUT. Thermal Interface Material [0053] Fig. 15A

shows an exéipRpEe Betien b BeHEFMERIMERAES ihatdid COMmBRERYS Stk 8i#ano tubes
805 accordipg terasgestsiehthennveatiasmbnaspreferediembodimentzthii-panadubis 8B&comprise
carbon na bes grown an.a suhstrate 810, although the invention is. imi is,type of nano
tube. Becal e S B B e e e N
tubes 805 Hrezapitiecutaonier by &6 adeabhsarhtAsidsthrand 81t Brriswigseowh in Fig.
154) while pioviging:azxbsRatialyenrifosnthernal fesistiyabressibe suikaeenehthedabil 815 (as
shown in Fjg, 15B), Agcardingly, the nang.tu minjmize,un rmal gradients across the
DUT 815. B‘fueﬁl)[r}‘l'ee%%o%‘ﬁ# n{i%?g %Srggisﬁad ?ggsfs%& c%%ﬁﬁ%%%ﬁ%?na%%f?‘f@@ﬁﬁﬁaﬁé%ht carbon
nano tubesSiiaruddefrern aorpatist B AR53E0hT maxduh gradg F0 hiay teriipiseiior extiiple, a

surface of 3digat siRky(esesReat:Sits 5ho Kassbed ahey &lersHEh M8 BICORRE e WiasRinGIawing the
carbon nano tubes directly on a%urfaﬁ%%éa heaélsinké:)rov' es 2‘ eneficial I0\{vt ermal resistance.
C

Alternativef%/(i?isé I5EWwS @So ¥ &'RANS LGHES'805 e g c‘)wr?rrﬁay & atadhed t6 a heat sink
via re-workédsteibeé mral Solded drrtherpriigrassetinea (srefeled embodirrentstheznaing fulses 805 have

a thermal resistivityQflessthan Sr.RAuUALD aRRFOXIMaRby Q.07 SAMUEm2) fvherentds degrees
Celsius, W |s watts, and cm.is centimeters) at gﬁ@@%ﬂ& pressures rz}ggggsg from_about 15psi to about
i

75psi (whetEEF i B8t S B P EREEHE IERs s fy O TRTRaP A KA d Eaa it modate
greater thas:B&natdigieress:. However, the invention is not limited to nano tubes having these specific

properties, gad pthar, typas-ohnanastubasmay.beuad With dhedny epliaREen SXRRIS (a0 tubes
having a height in the range of about Z%m to about 50tim are ponégtrgglated for_use with the invention.

Moreover, &ndbolitferitSotthe MoeRtorr fiay GER & iAo RIRE A, HreEiiTer SRCERSWSd or
non-encapsuiate dotOObmbyHgsndBasid b ¥esh diyhurthed aspocts bihewedthe randutubed 805 act as a

flexible thetpal, nigslags. MalerhDEERR NG balkalR SHbANLPHIL A anfk £¥mBle: s depicted
in Fig. 16, a particle 860 ge.g., debris) that is smaller in size than the length of the nano tubes 805 will

not damag&hFrebetifst SagrerDoT s vs” darbrersd i MOt APiReRdts 0te8os, which
act as elongrimiihetpoakspiinganmay. fleisantig draipa sicleriB? Ghofd 30 pas:dhicdume infigedlis, a thermal
interface m&&%&k%&ﬁﬁ@g&e&&@ Rurglity Of NANG 0es, 8UB UEHIAPSefh IS VENeSMAIGLR T 815

without causing stress concentrations ‘at the edges of the DUT 815. This minimizes possible damage
to the DUT 9155 (Gufhil 0810 %ﬁi‘ﬁhﬁ‘@tﬁ’t@%mﬁ@g@i@ns due to stress concentrations,
j0B45] Fig. 11 shows the exemplary system of Fig. & with the top plate 605 removed, such that

the unitary upper diaphragm member 636 is visible. While the invention has been described
with respect to a unitary upper diaphragm member 636 that collectively embodies the plural

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



10056] Fig. 18 shows an embodiment in which hard stops 840 are provided on the substrate 810
amongst the nano tubes 805. Such hard stops 840 are employed, for example, 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 compaosed of ' apl terial, and:may.be desi gt@%;gyaégﬂitable size
or dimensigﬁgfé?gé’, Fg?iaéﬁ% \%ﬁ?ﬁ?gﬁa ﬁg%g%%lg according to the inte§n§ed ﬁ%g 0 ?he system. However,
in a preferrsgrebrbidirmenbeatiisnrard Sters sareaiechembetAzh the length of the uncompressed nano

tubes 805, gggh) that he-Rare JHes:ReR, M shikoi BIRESH0530 MecHgice befarestiiahbodistops 840
engage the surf of the DUT 815..Such an, arrangement.ensures iform. t interface
between th%ugﬁ@é%ia dtﬁ%%sr% %F%é? B%Ta?lfi% YFep cg)n\i\%agb% force aié}f"'.lwgg.l?’;gp%jerzogx%rnate J3)[/%%00 pounds)

to be applietstethed® VT 8F5r [eeBPlcFiy Toitoharalrchh bouimentmesich ha7aratbpees4o and
vacuum chapaglsB45 are proyidaskatdhe supsiaie 810uiheihardsions 840 functisn-asdiscussed

above with respect to Fig, 18. The vacuum channels 845 allow a negative pressure to.be applied to
the volume%ﬁ%?gsfgdsﬁﬁptﬁte %‘ﬂ%%%ﬁ%g%%’, nfui:! f%‘ﬁﬁ‘%‘%gr@(ﬁi %I%%cﬁ%sg %4%.%%%’%\% é‘%@éﬁ%Pacuum cup
that allows ket B0KF 810teiesirinspentel, (&rarctheadalvbiterBh prein aadimgidEsms drgiedhal
properties ms%&a&@a@gm@@q@mﬁ intesiase hepnaan the sukstae sl andRUfSe. [0058]
Fig. 20 shows angther embodiment of the thermal interface material according to aspects of the
invention, steéf%%%imem, the carbon nano rubes 805a, 805b are attached to a substrate 850 on
an upper sif@850& and a-lowenside85DbsThel subétrats 850 st sarhéingiadioiiesrs0sinay be
easily placeg between aDUTLA15 andiahealsink.858 withoul iberysesofthaumal greass.gu other

thermal interface materials. The substrate m%g?comprlse foil, such as, for example, cogﬁer foil on

which the cBrBEFREAT T BEEB 05l BOBE APELFARIRMOrDtE PR SEd 8ty SRR a
thickness thahaliowsdhestbsindtec 356htd doepflexibibiSuchaftekibitityrofdmbisuBstrateiBsp Helps
optimize copleyeaNGs L Ie Alsaubls.cabon R e ARG, BN ALRRA he DUT

815 and the heat sink 855. [0059] As described herein, implementations of the invention comprising a

thermal intciicE AR SRR (A G EIBEE FIFTRo b Sl SRPa S T Mieh Bt does not
damage the:Rast faesrand maiodedagihe D hetlyasowitiont Thusihgstres S drceattations.
Moreover, the. t al interface.m ial IS] 0. fiihe cording.to aspects gfthe invention
will not burr %ﬁhﬁ?‘péseazxg ike %{rﬁ _Oé?riﬁéak?iﬁﬁ%gé %ﬁjﬁlﬁ%%r?%aﬁ?gcomﬁoa%e debris Wil'[%‘)?%t
damaging the2obsT716eBbIEREEREWHEre otherwise indicated, all numbers expressing numerical values
of propertiefi@mperatuac leRindherma i Ftisitheashuaad tnilfeispetifioatinanmfat ctaims are to
oe understogd g8 beind moried i Al sIANCeR Y RS . 2b U SO GRS e cated to
the contrary, the numerical parameters set forth In the specification and attached claims are
approximatigisiise TAaywerFaepsnenred B HS qeBreaT spEriesisel irtte e sBEghét by the
present inveRtiogAkthenvesydeask ANtiHotde becansidaradas aamiiempiiindimiphe-apsication of
the doctrine of equivalents tq.the scope.of the, claims,, each numerical parameter should be construed
inight of OB B LT BT OTS B e 2o e e
recitation ofMGenenidtiia apsebaritirienis $ire it atoMasdeméRicredion 745¢c. An upper chamber

element 7602 is disposed in the upper chamber portion 7452, Alsc, a middle chamber element

760b is disposed in the middle chamber portion 745b. Additionally, a lower chamber eiement
760c is disposed in the lower chamber portion 745¢.

[6049] As shown in Fig. 13, the fluid manifold 725 contains respective ports 765 that connect
the respective fluid conduits 715 to respective middle chamber portions 745b. Each middle
chamber element 760b has a cross bore 770 that intersects with an axial bore 773, The cross
bore 770 is in fluid communication with the middle chamber portion 745b. The axial bore 773,
in turn, communicates with a through bore 780 of the lower chamber slement 760c.
Furthermore, as seen in Fig. 12, the through bore 780 of each lower chamber element 760c is

14



to be a disclosure of all numerical values and ranges within that range. For example, if a range is from
about 1 to about 50, it is deemed to include, for example, 1, 7, 34, 46.1, 23..7, or any other value or
range within the range. [0062]Although the invention has been described with reference to several

exemplary ' Which, GRR: gﬂg i uit I. ner, it is u e(risto d th_at t_he
words that %g%/%&gggﬁﬁtﬁ%d are worsglggo‘? esc%}g%ﬁgg%ﬁﬁigﬁo%ﬁgﬁher %eé’nawgirdg%?f ftitation.

Changes mE\PI¥ifsd deireRiprthdpdRradibT 1hamhe e aieiaddfs, as presently stated and as
amended, \ilbRB)t deipadieg froddfiesaenBarrdspisitiof themvenianinis aspesin Alihgugh the

_ . . ) : i i the
vention 5 i3t ool e b ot (10 pet Ty €216 B At he VAT REncs to al
functionally &TiYafcFredaT CRAETIm EBREYS aribeiBrTalBivdsTate withintfietscopendhfie dppended
claims. WhatisseaitedidABiannaraiksiescomioling Remperalure Aia deyier,SomRising: a
substrate; pressure conduit 795 and the upper chamber portions 7452, Thus, similar to the system
described above with respect to Fig. &, the zero influence pusher 785 may be moved axially (i.e.,
in the z-axis direction) by appropriate application of pressure (or vacuum) to the pressure conduit
793.
{6051] Furthermore, similar to the sysiem described above with respect to Fig. 8, the mixing
chamber 735 and the heat sink 740 are selectively removable 85 a unit from the thermal chuck
710. For example, the mixing chamber 735 may be attached to the four respective lower
chamber slements 760c by selectively disengageable connections 797, including but not Lmited
to friction fit, ssap fit, quick-disconnect, or any other suitable conmections. In this WANner,
different heat sinks (having, for example, different therma! i_nterface areas and/or different
thermal interface materials) can be quickly and easily adapted to the system for use in testing
different types of DUTs.
[0052] Thus, as can be seen form the description above, the zero influence pusher is not limited
to use with any one specific thermal chuck. Rather, implementations of the invention may be
used with any desired thermal control system in which it is desired to isolate the heat sink/DUT
imerface from external forces generated by the remainder of the system. In this way, the zero
influence pusher substantially minimizes unwanted influence of the thermal controller structure
to the interface between the heat sink and the DUT. Also, the zero influence pusher provides z
six degree of freedom gimbaling of the heat sink to the DUT at the interface, thereby eliminating
unbalanced force (e.g., torque) at the interface while also eliminating scrubbing (s.g., abrading)
of the heat sink against the DUT. Furthermore, the preumatically conirolied axial tmovement of
the zero influence pusher allows substantially jerk-free movement of the heat sink, and the
uniform appiication of a force against the DUT.

Thermal Interface Material
[0853] Fig. 15A shows an exemplary embodiment of a thermal interface material comprising a
plurality of nano mbes 805 according to aspects of the invention. In a preferred embodiment, the
nano tubes 805 comprise carbon nano tubes grown on a substrate 810, although the invention is
not limited to this type of nano tube. Because the nano tubes 805 are flexible, vet retain their

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



nano tubes connected to the substrate; and at least one hard stop connected to the substrate
which transmits a force from the substrate to the device, wherein the nano tubes are structured
and arranged to create a thermal interface between the substrate and the device. 2. The

apparatus GhffaienA e Dereigy iha:daviee BERPISSs Bhse picaardclanslevicaSuntheappakatus of

claims 1 or 2, wherein the nano tubes compri ré)on nana tybes 4. The apparatus of claim 3,
herein theSHB AGES Qe R DN F S 1o B e Pl 2L SO e 5.
The apparatibsotEryipieze ey deuiing efadnaswiterethethE E@Strate comprises a heat transfer
element of gtaarMalcepuaiialihatis skciumes andamshacshifrempansatefongbangesin the

temperature 01;) t?u%s%e ice Eazt_ndos.ut%%tzatnséil lsgatrg%%t.ai a sut otlgtgi mperature. of the device. 6. The

apparatus dfany onet%(/'*)ﬁftCa‘f"aﬁs“fl 6'£ w%ereln: ?ﬁ‘e eLii’flﬁ%?‘rate ?s RaEHERt6 A% 5P W4Fidter element

via re-workay@shermatsoidie o thethsiigféagescaibdd above), such as a copper surface. Growing
the carbon nano tubes directly on a surface of 2 heat sink provides a2 beneficial low thermal
resistance.  Alernatively the substrate 810 on which the nano tubes 805 are grown may be
attached to a heat sink via re-workable thermal solder or thermal grease. In 2 preferred
embodiment, the nano tubes 805 have a thermal resistivity of less than or equal to approximately
0.07 CH{Wiem?) (where C is degrees Celsius, W is watts, and cm is centimeters) at operating
pressures ranging from about 15psi to about 75psi (where psi is pounds per souare inch),
substantially no thermal mass, and can accommodate greater than 50pm flatness. However, the
invention is not limited to nano tubes having these specific properties, and other types of nano
tubes may be used with the invention. For example, nano tubes having a height in the range of
about Z5pm to about 50pm are contemplated for use with the invenfion. Moreover,
embodiments of the mvention may utilize nano tubes that are either encapsulated or non-
encapsulated.
[6055] Figs. 16 and 17 show further aspects of how the nano tubes 805 act as a flexible thermal
interface material between the substrate 810 and DUT 815, For example, as depicted in Fig. 16,
a particle 820 (e.g., debris) that is smaller in size than the length of the nano wbes 805 will not
damage the substrate 810 and/or DUT 8135, This is due to the fact that the nano mbes 805, which
act as clongate thermal springs, may flex around the particle 820. Also, as shown in Fig. 17, &
thermal interface material composed of a plurality of nano tubes 805 overlaps a relatively
smaller DUT 815 without causing stress concenirations at the edges of the DUT 815, This
minimizes possible damage to the DUT 815, while also avoiding thermal gradients due to stress
concentrations.
[0056] TFig. 18 shows an embodiment in which hard stops 840 are provided on the substrate
810 amongst the nano tubes 805. Such hard stops 840 are emplioyed, for example, 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 nano tubes 805, 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



the heat transfer element is comprised in a thermal 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 apparatus of any one of the preceding claims, wherein the at
least one hard stop is structured and arranged to transmit the force to the device,

C 8. The
apparatus GFEREEHIFE SPIHE HF ERERTY RREFAS iARERS: Retverigthe o hveas RI4ard e dop is less
than a lengihkit tiibwana fke$e. 5., apBoriineicippadaiomad)an onpeitiithaipBEEUMG. claims, u her

isi h . dispeseg | h . f
comprising @béeﬁSte%g%‘? YRGHNE &Hﬁb%ﬂ%g&@% SH% %HQ%H&%QU%T chatn fgapparatus o

claim 9, wherein'th least one hard stop east one vacuum chann I the substrate form a
vacuum cuaY iffe gebiedubstaied (T nide Bya sitns 6f Aipeins of e Braecimiy criinissritidrein the
nano tubesiavesa stbstantially tensiztent thermal registivitrbeiwesnaboutiddpsihndakaut 75psi.

12 e coraibs 0y e L FEEHO R WD RGeS s e on

of a heat sigkows the DUT 810 to be wransported (e.g., moved) while still maintaining desired thermal
properties and/or force application of the interface betwesn the substrate 810 and DUT 815,
[8058]  Fig. 20 shows another embodiment of the thermal interface material according to
aspects of the inveniion. In this embodiment, the carbon nano tubes 8032, 8050 are attached w0 a
substrate 850 on an upper side 8502 and 2 lower side 850b. The substrate 850 and carbon nano
tubes 805 may be essily placed between a DUT 815 and 2 heat sink 855 without ihe 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 twbes 805a, B05b are grown., Moreover, the
substrate 850 may have a thickness that allows the substraie 850 10 be flexible. Such flexibility
of the substrate 830 helps optimize conformance of the also fiexible carbon nano tubes 8054,
205b to the surfaces of the DUT 815 and the heat sink 855,
{0059} As described herein, implementations of the invenfion comprising a thermal interface
material of nano tubes provide a substantially uniform thermal interface that does not damage the
DUT surface and can overlap the DUT edges without causing stress concentrations. Moreover,
the thermal mterface material comprising nano tubes according to aspecis of the invention will
not burn off or freeze like a thermal interface liquid, and can accommodate debris without
damaging the DUT,
10060] Except where otherwise indicated, all numbers expressing numerical values of
properties (temperature, length, thermal resistiviry, 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 confrary, the numerical parameters set forth in the specification and attached
clairns are approximations that may vary depending upon the desired properties sought to be
obtained by the present invention. At the very least, and not io be considered as an attempt to
timit the application of the doctrine of equivalents to the scope of the claims, sach numerical
parameter should be construed in light of the number of significant digits and ordinary rounding
conventions.
[0061] Additionally, the recitation of numerical ranges within this specification is considered

to be a disclosure of ali numerical values and ranges within that range. For example, if a range is
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14. 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. 15. The apparatus of claim 14,

wherein theﬁ%ﬁb%@ﬁ%@%?@ 1Pik QNN Gl HERMAIC ONTROLINDERFALE ARSTRACT

An apparatus for controlling a temperature of a device. The apparatus includes a body (500) having a
plurality of ¢A%Hh B"e"??%%%?% W& Eubstantially symmetrically about an axis of the body (500),

wherein ea¢®B6tlthe pllitatiighofehambérs 63 Hecondpsisibsdwiippetaaphtagea83xamndssy lower
diaphragm (G40); h06 ARRATAIS S RGeS @@%&%@%&%9%@@&%&&%&?& body

(500) via the plurality of chambers (630) such that the pIuraat)l/ of chambers (630) is in fluid
communicatiéh &iith T et e vk sleAfemiraers png dugraton, rather than words of limitation.

Changes may be made within the purview of the sppended claims, as presently stated and as
armended, without departing from the scope and spirit of the invention in its aspects. Although
the invention has been described with reference to particular means, materials and embodiments,
the invention is not intended to be limited to the particulars disclosed. Rather, the invention

exiends to all functionally equivalent structures, methods and uses such ag are within the scope

of the appended claims,
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What is claimed:

1. An apparatus for controlling a temperature of a device, comprising:
a substrate;
nano tubes connected to the substrate; and

at least one hard stop connected to the substrate which transmits a force from the

substrate to the device,

wherein the nano tubes are structured and arranged to create a thermal interface

between the substrate and the device.
2. The apparatus of claim 1, wherein the device comprises a semiconductor device.
3. The apparatus of claims 1 or 2, wherein the nano tubes comprise carbon nano tubes.

4. The apparatus of claim 3, wherein the carbon nano tubes have a height in a range of

about 25um to about 150um.

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 compensate
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-workable thermal solder or

thermal grease, and

the heat transfer element is comprised in a thermal 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 apparatus of any one of the preceding claims, wherein the at least one hard stop

18 structured and arranged to transmit the force to the device.

i9



8. The apparatus of any one of the preceding claims, wherein a length of the at least

one hard stop is less than a length of the nano tubes.

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

vacuum channel disposed through the subsirate.

10. The apparatus of claim 9, wherein the at least one hard stop, the at least one

vacuum channel, and the substrate form a vacuum cup at the device.

11. The apparatus of any one of the preceding claims, wherein the nano tubes have a

substantially consistent thermal resistivity between about 15psi and about 75psi.

12. The apparatus of any one of the preceding claims, wherein the nano tubes are

grown directly on the substrate.

13. The apparatus of claim 12, wherein the subsirate comprises a copper surface of a

heat sink.
14. 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.

15. The apparatus of claim 14, wherein the substrate comprises foil.
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