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
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component is under test. 2. Background Information [0002]Solid state
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2. espegighniiehendynctionally testing electronic devices to ensure
Ems%]oper operation and compliance with design specifications. For example,
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other than changing témperatures. _

constant temperature of electronic devices. This is especially true when functionally testing

elecironic devices to ensure proper operation and compliance with design specifications. For
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, e.g., through an electric 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



[0004] 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, e.g., through an electric heater. A heat sink incorporates a
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example, the heat sink (or heater) 15 is commonly carried by a thermal
controller 30, such as that shown in Fig. 2. The thermal controller 30 may
comprise, for example, piping that carries different temperature fluids
(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
direction normal to the DUT 10 (in the direction of arrow "A"). In this

mariner, plural DUT's may be moved past the thermal controller 30 (in the
Airectinn nf




arrow "B"), and the thermal controller 30 brought down into contact with
each successive DUT 10 for testing. [0009] However, the rigidity of the
structure carrying the heat sink (or heater) 15 often causes the surfaces of
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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.
[8612]
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[0013] [0014J 100151 100161 10017][00181 [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
wam}drawings, and in which: Fig. IA shows an exemplary interface according to

the prior art;

[0015]
[0016]
[0617]

10018]



Fig. 1B shows an exemplary thermal resistivity at the interface of Fig. 1A;
Fig. 2 shows an exemplary thermal controller and device under test
according to the prior art; Fig. 3 shows another exemplary interface

jee19jaccording 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

[{)gzq}]shows an exemplary schematic view of a valve of a thermal controller
according to aspects of the invention;

[0021]

[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;



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

parial s ol mectionsl e RAPLBRIRIYGSHRIRE ROQMIL Rl Bl 1 he prio

shows another partial view of portions of the exernpiary system shown in
artFig. 4; Fig. 11 shows another partial view of portions of the exemplary

Systag SHew dibihig. cdetjdard Znarfivessacpatiialyideppbaaalternative
system according to e the i ion: Fig. 13 shows. another
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invli8er:2; Fig. 15A shows an exemplary implementation of a thermal

integface materal accordind to aspects of the Javention: Flp. 4 243 shows,.. .,
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aspggof 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.



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; ig. hows. another exemplary
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[00Rf s s\ ews éxbranr) ePrerdlyr sad cluregciriedan rary nditentapisher hemprising
a oframan aRiastavhich B Bt tHRIMALeRIMACIWItRirs: embodiment of the
invention. The zero influence pusher may be used with any suitable thermal controller that is
structured and arranged to facilitate bringing a heat sink into comtact with 2 DUT. In an
exemplary embodiment, the zero influence pusher is used with the thermal chuck described in
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
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Zero Influence Pusher [0025] Fig. 4 shows a thermal controller and an
associated a zero influence pusher comprising a free-floating gimbal
attachment for a heat sink, according to a first embodiment of the
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embodiment of the invention, which utilizes three fiuid sources (also
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[083%uroes SiBvarial Figh 61 4lurddstn fiGeinterconnects the three fluid sources 510, 513, 520t
heat sink 515, Specifically, cold fluid passes though cold fluid conduit 505a and is directed

through the thermal chuck 500 via manifold 580, where the cold fluid communicates with a
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 505b. Once the setpoint fluid in the hot
source 520 has reached a predetermined hot temperature, the hot fluid passes through conduit
505b and is directed through the thermal chuck 500 via manifold 580, where the hot fluid
communicates with valve 524, Setpoint fluid not directed to the hot fluid source 520 passes
through conduit 5055 is directed through the thermal chuck 500 via manifold 380, where the
setpoint fluid communicates with valve 524. During testing of the DUT, setpoint fluid may
exclusively mix with cold fluid, for increased energy efficiency. In other words, eliminating the
direct mixing of cold and hot fluid results in increased energy efficiency, 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.

[0030] Fig. 6 schematically shows a disk valve 524 in communication with cold fluid conduit
505z, setpoint flnid conduit 505s and hot fluid conduit 505b. The valve 524 is preferably
mounted immediatzly above the heat sink, and rotates either 180 or 360 degrees to discharge 2
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



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

nonGesigngl MABeHEATE Ased SBIPRINelSmPer alugerof adail (takingdodp cold fluid is

nsideratio the therm otentially.occurrin h e ther
dis cg‘?ﬁr f or’ éx%ﬁn;ﬁ?#f%ﬁ%%seét?%m of”f‘he Eﬁllslgj%]]] eésr% él‘gﬁg fhe
vaivihis @éﬁrﬁﬁmﬁe friifuilanine selpehardndicebmice SErphaihe 38t drgrees
of r&ﬁo@@a@%@ﬁs@mﬂ@%% Eiéfﬁw sthestemperate vl thadlwshintmsr

hot fl r se er.than the fluid in the setpoint
(SO S PSR Bl CRER AL P FER b SRRt B tis
wayldinpetatUui! saybodic %ﬁ&@dh@m@mmwﬁa@fwd r@mmm@m tHiéa, 505s
and RS UW%M%M%H\%&}Q% I&s&;ﬁm%%&gy&%%%ﬂg 88 ds 1o be at
es

different temperatur 10, 513, fgﬂg it is.appr eC|at &Ee%e of sklléln hed
the gpiet o il e a P utEE iR LBt EaRsbs il rap oeserbe
confngmmtm@mamsmaﬂderbmmmmcﬁ%mWrﬁ@mr@%geﬁﬂpﬁbat@q@mn&}ngi@
iniePE:4586, 40 AlgLnative, embosdimenis, FREAXAHRMGIPRCARE SSRM-Duue ©

configured to test three DUTSs at three different setpoint temperatures, the
the elRsEFPRTATPIRE A AL BIERGIE SBURGE! Sfirt Sed BTG sﬁﬁr@@"a"dﬂmb@d
confipmatichsedpoinbilidsowitersacthitd Se tpdi hi ftarek 50 Heeand dhdovhdidr is not
EmiBRHEG S d WRIRGINELITRINL AVID. SRUIGES CORIAIn %%E%ﬁﬁﬁy‘é%gﬁk sOhay be
rive different temperatures. 10029] As shown in Fig. 5, a conduit 505
useq EFCBAHSEE e three fluid sources 510, 513, 520 to heat sink 515.

{eﬁ:ﬁpecﬁigaﬂys seldpliuisbpagses thotighof eleddl widho it dudt taf Faiadn this:lation to the

isebiananine DEpaliRnYg %RGWQ B S g S

d communicates including but not limited to a
mts\ﬁaﬁ@egrqx@mﬁ@iw St bt FRTEEAG AR SeidiatsalrEd! 31 fiecrE e thephiseia
thatftdiel aoLree h20:via candsitao Shn@neailie metpaintthd danthe Reksenes: of

520 has reached det rmine hot.te rature, the hagt |UI SS
cm?ﬁﬁbug%%? %rg%‘gmt%a}é)é? d%s wec?tear roﬁ{?%k then ff%;é}%gl ucjklgigl §em it is
undepEpfb M 8T, INYrEFOrhe Aot Eﬂmr%@ﬂ#ﬁmmt@wamv@ww. S@tmp e &
sindi/iShDdir est@ddanthaiBiobilichs op Eﬁe 520 passesifiuenolspentlditaiRtures
Is directed through the thermal chuck 500 via manifold, 580, v %&? %the ratire of
2= SBtboint fiuid commi the BUT,

unicates Wltﬁ vaaive 2 rBUI’Inm fmstlng 0?
the SEPoiAEHNI Ak ExieRssivetydHiBrawitAwaidimyiag @ffmméa@éep@vmgypmmas,

maeTHeioneyd |%%§8&ﬂ@0ﬁ%&di&lﬂq&ﬂﬂﬁnth§ed west mixing fsaldmagshetHd tme

results in_inc fflClenc sm e.direc |X|n oId and ho
ﬁLﬁWs?ﬂtE‘ %S gznif‘ enérgy consuorrnep f(f)fﬁrgfg\%{’/}s ﬁn éc e ﬁgﬁ?m’r
maybehserhil @mgmwaw@iwth@hm 545e{00 ﬁ@]d:r@y@s ehized arigaiyiquid

ﬁmé%W&aﬁc%ﬁKc\i%@ﬁ@%ﬁ-ﬁ%@&y Rigationwvith %@&&H'%@&{@Qﬁ't %%ver the
setgomt fluid conduit 505s an fluid conduit 505b. The valve 524 is

InverER PR\ PRISEhYEE MmOt ea BJ& the heat sink, and rotates either
160380 @zgmmgms&mﬁ&mhapgmmmmmmmmmwmm source
5L3ﬂ\HpS%QXMIH&I Qﬁi‘i‘%ﬁirﬁﬂﬁ{ W'&Q@disf I&i% %M@g%%ﬂeﬂnd source 310 via

temperature may flow to the heat sink 515 (shown in Fig. 5). Specifically
colgrf e G Erndb ok ni%ﬁfh%%‘ﬁ%é”%}ﬁﬁ@%ﬁi’?&é&*ﬁ@‘%fﬁ&&?é&é%ﬁv 303s,
505rotatiampbeddditicisciscbardge dniyiven thel vetwe i:ah@ HEglessBR (or 5052R,
sosiptatiogesetpaiatiid.is ISehaRge d WD dleYAING. S Al 80 dedrees %ows 2

rotation, hot fluid j$ discharged; and when the valve is at 270 degrees of
soh Py PEr R A FA L hife |t T Heine oS s BRI AR 505%
505 tifb copgisid BOGR tisheaphinckignd ihttefisbirenabdingiiluiddbaBe 5055R, 505bR
discharged at a generally constang rate. In this way, the valve 524 is
preferably located at the junction of the fluid supply conduits 505a, 5055
and 505b. For optimal fast temperature response, it is preferable for the
mixing of fluids to be at the inlet of the heat sink, to minimize fluid transit
time. Also, with the above-described configuration, the heat sink 515 and
mixing chamber 517 (shown in Fig, 4) only require a single inlet and a
single outlet. Further, problems with incompressibility of the fluid are
reduced due to the close proximity of the fluid mixing to the heat sink 515.

Additionally, the above-described configuration reduces problems with
ranaatahilifny and hyvetaracie However the invventinn iec not limited to the




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

supthBdeah SiRkintmatREEES t'%@é%ﬁkﬁﬁt%% difraneeRetee™ien alternative
setpoint and hot fluids, so the setpoint fluid return conduit 505sR is

ey R EAH CH ES SH B SRR e (s sEhtfSn SFther

afiethibethenbiadC AudkbO0 shieréby sesuitfghinrtitiditermmatioss: Afiditondibyyeen
the Q&%&Eﬁ ra%ﬁ‘ ehRtianed Q@ﬁ?@&%&%xﬁyM@%MBH&Q&%@%@MS&&%% to the hot

internally or externally to the chuck 500. 0033 Of course, it Is understood
uigy RISt S SRR TERePRRG BIETFRA SHErGF RS RHLRR Y torly resulting in
linimamtainiog. acoldicdels Tanthahattieka ket @nio sramiaindhe performed

mth&@r&%%%t}yr& M L{oTﬂ[{QQMuQE gggorporated herein without affecting the

scope and spirit of the present invention. It is further understood that the

[003f)id<{thegpraé iairsmkhar anrarehedsmperderies orarbsraaudyadiuic

(i.e flade imay-heng singleiteaTpesdturet Fameramplerin afa@tﬁbaﬁbrﬁﬁ{pb&fﬂhﬂyf the

DUllﬂvent!)On the (];Ir%{g fl‘los\l%iggﬁ %ﬁr Ou‘%%%é&?nc cdchl:Itg 305&“ a%tp ot Idreecsjﬂ @tl?wantmﬂ
ree or mor pOI"[IOﬂS eac aving a erenPdg?tasF whic

It iiEbrinuparsEehiBp oftfoRuite ﬁt%néwea%sw@ﬁwédiﬁtﬁ%d@ﬁmmm or
atmtﬁmp@rsatﬁteeﬂda@(}%ﬁ bi0s Bishlowsna-patiial iew-eiarmy stem aseaadingor the

ec mven Iude inter.alia, a hermal chuck..
B ol BELATSORAR S0t iR a1 AR I SO o
wtl@ﬂtwppi;ﬁemﬁé@ﬁs%%@v@mﬂmmi@uﬁk&'@%pfﬁ%@@ﬁam@v@ﬂ?md
mn@@@nﬁg%&@&g@@&%&ch may be similar to those elements described

ect to Figs. 4-7). Thermal chuck 500 include
00 e 20, A AT A 620} T RO B PSP o e e
Sysezm@aéts ofzwméh miyrivel cbnep §98 ccolidhwdseitan r@mdate‘ifiiéh?s@stﬁast supply
confRESHRNRIL ﬂ%@@pﬂaﬁtﬁuﬁm%ﬁm% The M@%ﬁ@'%&zﬁg%ﬁﬁ%&d@ and

conn n locations (e.qg., threaded ports) for the flyid supply conduits
s SO RSO AT LHLAR OB BOR P B AR T 47,
Thqm@sth:elpw 550u(desurippd |w@¢e%l‘érmtmmemwx)ifdtﬂ1éh)némmmzfoid 615,
andMRAMHOULE1Esdf '%MQ#&%% %@@MSJ@@'@%Z%?@%’H%%M@%h as, for

ali ores that combine to form six respective chambers 630 that are
=X P%Fctﬁ?é"’& ARG FAREE T o B el ARVBRPCBIAIRA I HER ARt S 1 (e-¢-
thretivied @rotiin fiue teefjpds heprG0 20t e Btendifiarys6 b ddih entdessribed 505aR,
505‘@&,%@%@?%&9 £ &@ss@r&%vﬁ%ﬁ"m@w %g% ﬁhg&’ﬁisﬁ@ nt"?ﬂé’ preumatic

metrically dispgsed about coincident central axes of the thermal chuck
e A TR Blrs Y 565 °h oy 870 YPelitasiaait ibatgroores thas
conﬁilaﬂﬂoettmﬁaﬁk(ezgz@cgwembaﬂ 63ebst tharsthensixd Shawimeangay teopeedvely
confid H0S:0%EN1AN10859] RISPeSeawiincach champber &Qm%ﬁ?ﬁy %ﬁ%&&lﬁm

pneumatic manifold 610 and the fluid manifold 615, is an upper diaphragm

deserilned Aty arepRss &Rl igtnit Ba i CHAMRET 63b aetinsansthaiialismmsrically
dlsﬁib%mmmaﬁ&t&ﬁzﬁeﬁﬁﬁ%mﬂﬁﬁﬁmﬁgm{ﬁ% themmmt:e pusher 502;
diaphragm ow 0, dIVId cham 0 |nto
o R M A B P B o
maydyeEehuiTBs PEEErr630c. The upper dlaphragm 635 prowdes a

gseggnemiéymd&gmﬁewmwﬁenm w@efnodﬁamﬁaﬁm&tmﬁa% HNEhihge fiuid
'ﬁ %ha@xpﬁrﬁé g‘ %3%“%?5 L%‘éVe Jiaphiagm, 649 INCIYOES A 1 the
et asll ui caﬁ%m

at Munication between the middle berbortlon

ﬂwémlé@té the aever Eﬂ’@ﬁtﬁéﬁ@ Bériitsi® G30E. JepgeFTnoét bowiHrerR Siaphaagm 635
andURREE diRphaec683iaiad v celiapbragn @40 LoghhSOBMRRISE: IESRBE,, 2
rolling diaphragms, such as that mgnufactured by Bellofram Corp., of
Newell, WV; although those of ordinary skill in the art will recognize that
any suitable rolling diaphragm may be used with the invention. In a
preferred implementation, a unitary upper diaphragm member 636 that
integrally includes each respective upper diaphragm 635 may be
sandwiched between the pneumatic manifold 610 and the fluid manifold
615, as shown in Figs. 8 and 11. Similarly, a 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
A20 TONR71 <till refarrinn to Ein € an it1inner chamber element RRNA i




[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 substantlally

i etrlcla 10:1%% se.ax o%wé?‘s su the tloa chmen ga €35
coﬁec?‘mé% SIROR P RS S T R ST een § (R thalRReT

proghige ke 58D thic-g@tosia et tsh opB0 Xitisfreetfioa by gindbék middle

cheSRRPSEHARPRAVId eSS 8rQIIUSARRRHS NGO S0l that allows fluid
degree-of- freedom oy Eﬁlatlve to the thermal chuck 500, as
il

SOTBERITHET iR gF “TEOFER 08 s one” petehit sPRign 830
[00aath tHe apb@chqnlate 685 ppmsHapEREsOiiiattidqpne uinpitiesm afifotdeb kOrgrise
msﬁ!é:'éiwé T&ﬁﬂ%%ﬂﬁggiﬁ Féﬁc@a@ﬁ%ﬁﬂﬁgﬁwg&%% @%z%a IS¢ 'ﬁaweil WV,

communication with pressure port 550 via pneumatic ports 645 formed in

AR HSSR R ETRER 1Y S6° MRS FReGRIEE thie aaisriediiohior fephaegn may
be infld evitetipushents0? mayrbdecod ttofiechbyaiht sting tre yppeudhatieagm member
636%&3?%&{ Inihe HRRET.CHAmDELRRTH 9&8&8&%@?%%%&%@ between

floating fluid attachments are biased toward a neutral position along the

the prgpoativwapipie Silypdde dvehamsivldithe tiberaiklieadghswss aftptiely. »
umilewdseiaphiageed 4QnByr aplincaspegitivecpnes snalic:pressur@iatiephragn
@46%8:%%%&&8&%%%@&%9%@ dﬂa%n@%%d@ &%ermaiﬁgé%i%ggéher 502

e moved axially downward (l.e., out of t 500 along
E@Wé z- %%@ef%ﬁ%é?éy 8ty Sofr BB ﬁ%%@éﬁ%@fp@é@%m@w&d wiaie saph)upper
cmaaq)warseb@mmﬁcp@m@mse%%dmﬂm@ Imﬂp@@w@mm&%wwm

ngnrgg&g%ﬂf%aﬂ%gp \g%%% §|ment c 15 R gs'»? Wi 11'15 Qa%aongb ambcr portion

Z- aXIS Ina preferre em e zer uence pusner
55QFav@PW%??ﬁ“é&éﬁWFré@%?ﬁr@?ﬁ%@ RéESRREFOBITSHdfEY heaes @ffw ofisher
bodtaysd, ir"ﬂ}%&ﬁ@g@ﬂ&ﬂﬂﬁ@ﬁé@"&ﬁ QUEHRS 1&%iwm%i%m£ﬂm&@es& RiSpposite

t of,trav the res tlve CO ents m ne
Ormll%ggf pi}lc?w&egévr?y Sul ael ga?nagﬁnﬁ? ?}%%ggl%p (j%ﬂgg{% %fl‘?%‘c ¢ 6(5%8 middie
chapgign glemisat Al | titevgstrinfilaireepu i m@mh@lz%mgmmbm of the

chaaliouvg ihe haat skl oo &@aﬁﬂ@ﬁ@I@@lmiﬁkwmw@n&%@%@dm@sob
Ss&ontact tge substrgte 50% %5610Ids the DU used. herein, "axially’
raférs o a diraction § generally para B tRe %?n& %&l%t%f%rge?g the zero

mfipghise peehpUdide So2tandavbutieitfal chuck 500. Owing to the
[odfsge-floatiegcennestion behweenitherthermal ghHek.800.3Rd He 28rQibstantially

inf] uence usher vided b hragms, 635, 640, a point of
o U B T B (T o B P GP RS mems
aref@rrmscglmbaﬁw@ﬂihe@umndgmﬁeabmétﬂqwmsch&m@mm(ﬂicthimgemmchmsnts
cone&u%w:mua%ﬂ%ﬂfg thismennedhe-taacs surface hhe ealsiticer

515 ma ivoted, or rotated, if necessary, to come into a substantially
Ao o G T S B TS GPRN 7 S, Bancs puse
s0hecduse thereenidreofivotationoéithefrée-floatin thgimb ahadnvectiondatthed n
gmgggrgg% epafdhe heat sink 515) is a contact point between the heat sink

515 and the DUT, any rotation of the heat sink 515 is accomplished
19038 ou e TR IR PFERS IO Jf THE HBa K Bifts IATAREAHE Ul the
podergijovaniichiediead akikids malbamgrai g @léﬂ’clﬁu@tﬁt‘l ORakY}r portion 630a is in

cméﬁﬁg{&mgéywmle healainkp1asng.D éé USO8 h%@%%%é‘cgstae}'a)go?mm

[if)ganar interface without any unde ing (e.g., abrading

o'd pi9ce 181 thie DErPehyBRcahPetiions . feozIIVBias e PrRendeR thay be
comamweadjm@eméa&mSmmsmbaﬁa%@y chamber portions 630a. In

embodiments, the floating fluid attachments are biased toward a neutral position along the z-axis
11



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 applled to
the UT by the heat.sin 5 is substantiall lar t surf
cu e S SRS e R R B e et B
applmmz@@%mﬁé%www&av&ﬁ m@l"@emlsém@mmﬁ@aWam ZET0
infiddRapsieven Q@pﬁmﬁmmwm%@"m@@mﬁm&mw@ along

substﬂ jally fre statgc friction, axial force |2Fapplled evenly to the zero

the jZoAs c& Pus S@‘?S SRR & P FPIRE B B RTSTREN el g il ghamber
porfiogg ddem hargarifiuaneaieraticiiivhen bnitialtydorasito npmgr$fatic friotionihermal

chd&c%@séﬁﬂ&aéﬂ% @Hﬁgpaiﬁ é@@m@ pessiaflibrotiedsindread damage 58y may

qe heat sm 5 and s minimized. [0042]Fig. 10 shows the
m"é’xé’r’%‘ﬁlg’rg? 8?%“8?“ e feh L “é@%“%&%u&fﬁ%‘?ﬁ’f&?&m z-aXis
dire@ L0 aﬁtbwmmhappwﬁ;aphraqrﬁimembeﬁiﬁgammovédwﬁs dejgicte ddBpective

0y I I Z-8XIS
e e it Conint (e 3 Baba Sebe Somh Ao AaA BAE SEVERtE o

dirgglioRross ports 670 formed in the fluid manifold 615. Also in Fig, 10, the
%0dPipefehambesiclenmentitSaancddniddis @h&mb@&@l&@&ﬁﬁ@%ﬁtﬁpﬁﬁw sink

ible | er
o e L L

DUhcifiadgsed bﬁ@i%?é#ﬁﬁtfm@@%ﬁgwm&aﬁiaw%@ é@cwméd@%%w of
the bereifiTeis-piiie tonanuhicatiemiihdheomidolenghamber-parsignsahecton
b@t@%m %?é}ﬁla*?%ﬁcﬁ%%dsajﬁ %&g%&e%&& ge&gy'ée%g%g&ﬁ &Jeﬁbt%fed?S s

of the lower chamber element 650c via a e In the phragm

635 FUHRHE SRR BTGB e BBSRk ndithe DS mapiesstiopevikehod rotation for
th@r@ﬁﬁ@mb éhﬂ@%@&dﬁ\ﬁﬂh&ﬁwl @ﬁlﬁ?@h@[ﬁﬂﬂé&ﬁl !ﬁf%ﬂﬁfn@&ﬁé}b@s@@ 502. In this
hereby ea uid.cha 90 the valve 5 In this mapner,
l:ﬂ'a%c{:%n*tr%\voﬁ e %ﬁovee%ﬂefﬁeo r}%ﬁe \?\a ve% sel%% \\/%éﬁ)? 15’?(‘)%/% 5 853 Fncgessary. 10
cotp iU A caEBRBE cerp eI arpEebly coitkiums wségcsosgfmsbfam DUT.

MoRibiBlebabieidiRs ahtbeombian:e bﬁm@%éﬁzgﬁlgdgl@%\ﬂ%ﬂiﬁau%tt%@ Wedrefore,

th | chamber5 d the fl |d re n on
Oftgf)g %E %gg A& S Sih % e;ge g %%fn%éﬁt%’ém of
the gl EINE i @Qi—*@‘mFéb?-@w@evﬁm&e@ammmam&wmmgmﬁmmm
to HIgBUF (3.oF abiRxamniea tReisysiemAs deseubectmayleised fREkingty, e

point t t (e.g., DUT test temperature )ran ing from
appx}}bﬁgn}’g L%%SE 5g APSHEnTaRRI %’%’mﬂ%}& ?f‘?é AOtERhat theut any
undmmhtﬁmﬂsbmg lieviiterpreolingoif tith mmémwmngm aedd st dhe
ma@yﬁtem Marleslesiangd farussakany sulaRle emperatue, 04 IR . rsany

g %@nt tlongefnpress re flu égtuatlons mg%é)ccur in the respectlve fluid
ke BrEUSHRA SOBER, SoBReF LRy B Ratibe 502
andob@b@%y@tehnuﬂ@@r e&whpi@o&zsum.?@ ssndbit seay premerita plyshayemsitive or

ncgggg}aaﬁ:éﬂf il RressuEe hap Bﬁtﬂ%'lh%‘}légyﬁn@@%%cﬁﬁ’s?ﬁf?‘a@ %@gﬁ%ﬁm% the

the fluild (whether supply or return) enters the respect

surfafe Aifas P850 HaRhEA the %‘F‘%R%F‘Riﬁ/é’ e preRg AR apalyingaepyvanted
tor@@@tﬁgﬁi&&%fﬂfkﬂmhmm%@@%&ibﬁm {i®d affeettinghragm 640

botR TSI %&%ﬂé ﬁﬁ;}g GRSl %Mn@uﬁ%@ 5 9&%&%@&8@@&%&% is

ﬁusher 502 by supply, thereby hel minimize unwan
app

FReuTIL R EE IBERST SHSHE HRa YoiDSesTDUT. In this manner, jerk

(i.e., a sudden change in acceleration when initially ov&:moming static friction) is substantiallty
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[0045] 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 invention has been described with respect to a unitary upper
chmHiaPhragmunenERif 6 thakaalestyabrrnbedies e Rkl oplwagmeT is
. 635, It is noted that the invention is not limited to this exemplary
minigiEESdiment. For example, separate diaphragms 635, which are not
[804&bNn&aged byhawmitargsppérdigptmageh Fenibeitis 36 mapibe @ivhosstmatic

2hB30: 10046 tarpiiried cmbedimeristhe, each
m%n%%@chamber (|nclud|n inlet duct 693 and outlet g%%t 95) aﬁ%%giz

Shdnpen %@é}%&l%@”ﬂ%rﬁ%@c&@& AP ORI Yo
seﬁapaamrsmwm BoFsBx S5t thesmixingrehiih ﬁemsmmawmei atmzﬁ:rktiﬁ

Alsd 8250 %H'us;&mmﬁ@fs%%%@éswm sglgstivaly.disengagsabits are not

connection, Including but not limited to_a friction fit, snap fit,
shovi et SIS BET SIPEIS R Blae Ah SRR IS manner,
[mmrfem:hﬁgbsm ks Big53(havingidiie exanplesidifferénbithsrimakintectadere 675

that HfE Sec%@%ﬁf %xf&ﬁﬁlnéé@eé%a' Hletaceaterals)canhe SHIcYANd, with the

eas y adapted to the system for use In testing different types of DUTSs.

wd#@mtrrw@@w 198 S gBetialinove S g}@%ﬁ@ﬁ@%&@f@ﬁ%@e@r& Hjoueh

bordGfBrtienappestshahtte ieaticasod heatbarsealckuclo@dOdshdnmarindiy. Even
fur‘d%ﬁ% en?([:': u%? Sib r ﬂ 'C‘i)snlgi%tsdn:lo?ﬁmmsg?:a dﬁgféfx S?é h%e a%’néihé%@ of
our flui CO UItS may comprise, 1or examp Ot sup y conduit, a

the Fer iafiupnceateet b&%ﬁ%&ﬁw%%@aﬁ&@%&?&%@ﬁéﬁ jfaive 524, In

this Ai@rRatialysitbe dawettditl 60nEUS EY&WW}' feeasmplel aohdhunication
onduit, a setpain cold u y nduit, and a

L e T

517 prraubeiathermiarifoie ¢2@,ﬂﬂ§|@fn&mmmgz§%fah@f Bottend pratBupBpetum conduits
50550R088teshioihesbatiomuRiate: (3R isiansidel-emRoginsot o8 Bekintained at

influence ush 7 sin Ieastam mg ber 735 a
« G RS TR B T S B 1 £ AR e s
descptbedlmammndfdm ?@owﬁmmmmmgmza ,aéaﬁlbmﬁbmnpim% ranging from

appfRRESE uially, alighed-Recss et coeperals, i formdaunseaRestivttion is not
chambers 745 symmetrically spacgd ab%l ut the coincident centr(? ﬁXIS of

limied ¥, 85 BALERPP TSR o TRAUBRCEDECHER 7258 15iSF0ERE ilPedth™ o
suitghiateipper7as is an upper rolling diaphragm 750 and a lower rolling

ma&ﬁpht@@lﬂgﬁn&uﬁb g+x@&4%&ham9@&z€%ae&9 RANIPREIERAMRBE conduits

a, a middie chamber partion 745b, and a lower chaml%er
(e. cpéﬂ?&nﬁ?ﬁ%é%w e éﬂéﬁb%‘}%@nﬁ‘&ﬂ?%88§%§0&|§66‘Eeﬁ’?ﬁ%e Gp 5EFmple, 2
supgisarmiaizit poatiomoiidbaril deya miigiile Chambeselethent 160nmisaisphsad vice

verdf) g piddle champer;papinn AdRb Additonall, a&%ﬁg—@h&me{he respective
element 760c is disposed in the lower chamber portion 74
chambers 630 between the upper and lower diaphragms 633, 640, each diaphragm 6335, 640 of 2

chamber 630 sees the same (i.e., offsetting) pressure, such that there is no axial force induced to
the zero influence pusher 502 by the fluid supply, thereby helping minimize unwanted uneven
force {e.g., torque) on the heat sink and/or DUT.

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



[0049] 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 integsects, with ial bore 47 'mglﬂg),sa oresl, Q,agm
cxa?lsp??f fﬁ?%rﬁ%ﬁ%%ﬁp? \)?v’itﬁ}#g ﬁﬁ%ﬁ chamﬁgr ;?grtion 745b. The axzial
meriesred ¥ 51dn ey fiSpestA i AR drsEeHiYs ehmmeRigi bore 780 of the lower
[604812MbLEeI8Re REnhEEE:dnt thatmale ciasnsees M(kigudidy thiei o bgh horeutiet

7380_of each low ré%'t]i er element.760c is_provided i ' ]
e S RO T B2 U € i o i o inlunce

pusipathwing 6. plovideehpetiiseniaasismmbiee Shduney 15 alrgheietn 8 shminfuence
oA Ood 80391 Morequetathe dinphrasms.78RalodRrovdaiafating limied o a
. connection of the z_g,ro influencea%%%ger 7%{@5@&@%@%%%%%( 73%@9' -
- Brictop At (AR, B SRR IS e aintains Six degree of freedom’
heaminke iEn (helaty dotostiae thre riifEirok UbkrTeD inntsboa rfart el gAY giermal
intededRERRSHMAHGMARITRI2 Q.cOMINISRS RNBLNSAHGIDRISEIR ihdhe different
provide a pathway between pressure conduit 795 and the upper chamber
Wp??c%ﬁaﬁg‘%?%a. Thus, similar to the system described above with respect to
100F1D. 8ighézeid mfluercespusher? 8bairayebecrmoved axiafipgie fuththespects of
the FiAASIraclion) by, ApRLORHAtE ARPHCALOROfL PRSI YHe- (9L Y 3cT 194h8stad
ressure conduit 795. [OOSlglﬁlgurthermore girnilar to the E?%(stem es%nbed X
of tap R NRMR Fokjfe &t (ORIGE MR SIRIHY ChamBerorEsi PReeRelt &ifR" Supely
conddf) ateselectivelyuicmondblers auhitfrorahelthrenmalaiduck ZEOnBEorely, the
fouE YRR RE Ming, chambeL L3 M heaitac e, WA 8RR MBI, »

ower chamber elements 760c by selectively dlsenPa eable connections .
coly RRCHABIME: L Hot RBHETIS fEdYH fit n s TeRIRRE i SLSrifisgcgpprises &
pns@ﬁxﬁt@ﬂﬁ%ﬁﬂimme,m_aﬁﬁiﬁﬂb&i m&h&mm idifferant l&mh&:i.mﬁsto the bottom
pla h%/énig’a];%he?)éaéggé%irgégi%?qt éQ:%r!Hﬁﬁé%EQr{a% e@%%sc&ﬂ{#&{n 'gﬁ@a@ a mixing

efmal interface materials) can be quickly and easily adapted to the
chasyhsyeThSfaRd iskei $85tit§- different types of DUTSs. [0052] Thus, as can be

rosagen dprmythetResatipt oloaRaN Eidhe 2Rmminiiuanerpifslens fiotlinatedid 725,
e with any.one specific. ther . | epiati fthe..
o R ALy MBI s HAU Sl ORI 08 8 e
chamleras iy SormseTHta N sraeat ZIARY OO ToREHALESHEM it oAt fhpeaal chuck 710
anRReEtachby s dernainsiesetdhe systammbathis way whierzelinidiupasen 750

usher substantially minimizes unwanted influen f the thermal .
oo 7 L BT S Sz mcen e porcion
743  somidle ehanihfiupertiep ke rpf dviawe Sl greisof ffdeddin uppsr chamber
eseﬁxlm@%b mm}%ssg@a ginksdeethedd g&m?l imgafﬁ?gscil,@ﬁ@ilbmgﬂﬂgmwk&menz
nbajanced force (e.g., tar at the interfac ile also eliminatin
76 By o s AT B A AT IO Ry PR, giment
764he prseosmbiichiyorentigelbnydsianddement of the zero influence pusher
oYW selstantially ietkdes.movemantof thedeat-sipktengdnedpHRionmect
application_of a force against the DUT. T%%rm}l Inéerface, Mat?ﬂgl [gg%f} ddt
PRSI, OB Rt 5 Ay RGBS G BB L0 mARSh AP e
chaorapeising: Q76 kiisysofrnsntrte 86 $85imcrortingto maspédtbat fé. The cross
bolDYORHOR Al RAeHRIFRd R bedimeplidie HaRedHhaa 40P QOMBHSRial bore 775,

. carbon nano tubes grown on a substrate 810, although the inventign is not

in |t dtEHIEESE Jffarto WBEEBERHUSEhE N o RIEEs B6% e HIERBIe, /60

Fuitkérretednatheir:t e il 1engthiivbign beret 7 #ech aat tiobes @G znectamablésic is
of conforming to deviations in the

14



surface of the DUT 815 (as shown in Fig. 154) while providing a
substantially uniform thermal resistivity across the surface of the DUT 815
(as shown in Fig. 15B). Accordingly, the nano tubes 805 minimize
puaptadinermal.gadienis, agro e %p{_‘ 815..100541In embodiment
?rothe‘nano fubes 805 cpmprisgatgi%ﬁ%t}? ate ;/l{) i%%&m%é%‘g‘%%%%ﬁ%ﬂigng&my
is ngmidedhgure sravwhidiradihditand dhohephainytrate 810 may
Iﬁ:ig“m%s&domnaﬁmﬁ?@w’mQE%fﬁdgﬁt&SfmﬁG t{@ggm Iﬁi\@@ﬁh &j'ygt@é%fo influence
e ve), su copper surface. Growing the car nano .
P tugsegs di%)eﬁ y%éan a%ﬁ%f’é%é@ a E‘éasfméskﬁ n l%gﬁr%?/ﬂ%é%ﬁ gﬁg%%gﬁgé%i I%%/ tavHige s
degrasitAredommenrmveIpiHEeS By itengd OhuaiyThlchAbe. mafiothebes 805 ig. 14,

the FR-GHEMIARY NG Altashestesahaatsinkvia r‘%\/@fé@ﬁ&?ﬂ%ﬁé@%%@%mm

or thermal grease, In.a prferr d embodiment, the nano tubes 805 have a
pm%ﬁ{_lerf@msgﬁ%%g}s.tlvnfﬂ 6% f‘éﬁis‘lﬁ?&% %hra’énq VR oR:| rjﬁ%a{:ﬁ%.@‘f“@?{wﬁc%)wmm
desppibrskebovisrdbgreesrCeBiu s, WeizewdttSpamnd wmhis téntimeterspat! axiaily (i.c.,
in tAPLENERESSIPEARRE fmakaW bRRs!L0 BPAULIAPS] (DEI& RS ki duir

5pounds per square inch), substantially no thermal mass, and can

accommodate greater than 50nm flatness. However, the invention is not
[tfiRite duthpmrosi e ddnavitiy these dpedific piopertizs rened-oth@idypeseabixing
chaRRROWDES MRDE Maedwith.thalonention, For.example, Ranqtubes. oo

71 haying a height in the range of about 25gm to about 50tim are _

OCoﬁ%rrﬁﬁ?ﬁ% BB R IRR TRV it gR ST o9t i Bt s BrtrEs lower
chammmn@ma?ﬁ@tiIizesa&ammpﬁsaﬂ@g@meeiﬂﬂﬁémapsmlmad@@ but not limited
10 ﬁ‘ﬁﬁéﬁ@@@ﬁéﬂaﬁ &89-5@30&19&, &6 ﬁ@/doﬁ)%rsgﬁwgllé rggg};c%ﬁggf(;tsgg ftﬁg%anner,

d.ﬁ(ﬁ?%lpano tubes 805 act as a flexible thermal interface materia between‘
TS I S e P URE B0 BT % dfiesamh pheraal dafsrdetl fres giriér ofifferent
theypaaiticher826 (egriaiid kris)othatiikisrandesiysizeriiandie lopgi efithe HaBlring
di@,l&g@?&%%kﬁgp damage the substrate 810 and/or DUT 815. This is due

to the tact that the nano tubes 805, which act as elongate thermal springs,
108 pAhy Hese A THPIESP AP RS TIERT A20¥RGRR PRICHTSl TepusesriRatot fimited
to usderfacemmate ipdctimpased ahakp|walty, ghpaneies80R VIR may be

elatly, ) L 1D x\{i t causi tress concentrations at the

?Seedges%%‘( %%%%ﬁ‘r%}%‘%ms rf%?r%%ﬁlegs}w %ggs%b}lse %}Fﬁgé{)el 8!%% ijelatBSi%dDUT

it BRI Er tRe AR AdE e BT st shecotantr itV A00B6 pero

inﬂﬁmﬂ&ﬁmm&ﬁ%ﬁﬂﬁ@@ﬂdﬂiﬂﬁﬁ" hésimwwad@da' dﬁf&gﬁ@%@f&ﬁ%@égﬁr%}ﬁx%‘ig?@mmm
ongst the n no[%bes 5..Suc stops 840 are,

t(_) %ﬁﬁgﬁg%ﬁ%@tﬁ%@%& ngnaﬁdigl desired ‘f‘gsf’ratﬁfér%el‘foa‘%‘r’lggcﬁgﬁsi grovides 2

six demeraid Bionieimeaing P Bbs hes sinkequheB ViR detis dntroitestingeby eliminating

unbeRAEIignS: e, hareghsp:84R-aRcompaseralamy suabipmateriaki . ding
Oftgeng r@g%kbe %%St' réegﬂﬁ apgr%gltagpe size or dimension g%g Ienat ,

Wi ﬁ?’ and Hﬁelg%t%,‘ according 16 ha TS TREYPREE9Sme i if supuernt of
the jgrep prdismed b0 dlinen subrtahizall Stop S84 narershortsritisairesheiénatid the

unifRf G HRGORMIESERE: N8AA:UResBPS, 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 é%}gﬁé 8ALHFEEa uniform thermal

i0¢53lerkizelbatsbern thesubbyaredidinand the BlifiaB iberibile:aleiagnrising a
plur@g@{8a8o AREY MG N9 &%‘a‘&g 3 i3 heanplieddQ {a@&c@%@z%gﬂ?dimem, 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, yet retain their

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



[0057] Fig. 19 shows an embodiment in which hard stops 840 and vacuum
channels 845 are provided at the substrate 810. The hard stops 840
function as discussed above with respect to Fig. 18. The vacuum
ﬂﬂ‘ﬁbaaﬂﬂiﬁ 1%{4’5 H@j B)ngmﬁﬁhvﬁ@ IESSLbe %ﬁ@ﬁg%ﬁ@sﬁﬁﬁiﬁﬂwﬂi&h rm thermal
enclose e substrate 8 15, an S 840. This
e R ST O (08 Tt e UFBD o Bl Sl ghe rae
tubgpgheainyhire wattaviadhemmabzersispstraesil PEODBHIes and/or force
[ae8pplicatienniithentertace.baivactthessibst ate:810.aRd D58 ¥Right carbon

0058] Fig. 20 shows another e diment of the rmal interface
s e e o B e T i ool
surigaebor hemcirklies- 3080580 5H atesartiscad o arslirstrater@b0sunzem Growing
the URRGH SI8R 8502 and-a/lower side.830h. Hhe SHbsiate-850RkeRNeR termal

nano tuhes 805 may be easily placed between a DUT 815 and a heat sink
oS R AT U BT Bt B et 0 A BT BTGl R ey be
attaTivel Substhate sndy Gomprisdkiblt, Sucha ssddeerartipteiatapper.foilron preferred
emWRIER N AMORHANR Ubes SR8 00RA RO MOTEQUES: {g'gpp:g}ximate}y

substrate.850 maéh,ave a thickness that allows the substrate 850 to be

0.0 SUTEeTS ) E M iy GBS SEIFratl BoWPHEIBRIOR I A6 EBRHGH M 2heerating
pregiithe @lginflefkiblefarbdimano thbes BSa(80Db pei thersurfaces ofthe: inch),
sub%@a%}%@@grmﬁ RQQDI, M&%QCJ&%%Q@ &9&@ l@xﬁg %ﬁiQMsSS. However, the

implementations of the invention comprising a thermal interface material

NVERFFEAS RAbELILH dE™S SRsS Rt aH rReR IR TR fiste AR AR DAEREL nano
mbmﬁ:dgbmg&ﬁh@tﬂ)hﬂmmfﬁme and cameketap ﬁinaeE)m?i@gesighiilﬁoﬂi; range of
aboBRUSING SHEessaoneRnirations, Moreover.the theymal interface materigl ..

comprising nano tubes according to aspects of the invention will not burn
e Frefscde ik ey THETh BIAN R EE S WE0I B iosh deari  ce b fodara s nor-
encatitiptddamaging the OUT. [0060]Except where otherwise indicated, all
06 élm'%‘%rss.. ?é%ﬁﬁ%‘&%@%@cg#‘éﬁ ues gLAranert Sg@?é%@%é%‘%‘éraeﬂl%%?hemai
thérmal resistivity, efc.) used in the specification and claims’are to be
integfide A EE. R6THETA MBI A1 AIFRdStANCE 55 F e snEpmieis sgpicted in Fig. 16,
a pAacerebnglyy Vatess) indicateckiprtheserntarhdhenymetic alapatasaeterswill no:
set forth in th cificati .attached claims ar oximatians that . .
e e R s Iy
act tifecisstnbmvehromeatng ferywienst thhearistad e dopsiderberasmAiz. 17, &
theRH@MPEIRIMitthe.pRpHgatiaN &f thendaslrine afRAUIVAIEN!S RN SGORStively

th ims, each numerical parameter should be constru g?in#gj%t f .
s S e e O i 2e JE R Ty Ths
minigetfopriipledenagitition BEAURGrivhily algeydidthirtthivdseeiimatidee i© stress
core@hsidered to be a disclosure of all numerical values and ranges within

hat range. For example, if a range is
[00%6? %13 18 s%ows an gm%odimcnt 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



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
embodiments, which can be combined in any suitable manner, it is

ARG SRS P U RB R AL IR He bR TSR d s ORI B0 g T 815
whmmiiw’stgaﬁbn_p rathesibranimaehs] 06 Igmmm e lappifgpeisomiay HEMAaTle
jeo¥4fhingne pupview f&%ﬁﬁ’&éﬁ@%?@}ﬁ@%%%%%ﬁ%% %&%&%&%ﬂ%&s 845 are

amended, without departing from the scogg}?a,n spirit of the invention in
Proj¢es et STRRIE R thd TR Vet SR 4 hedirirestyiBserith Terer sriteregrect to

Figha#licuia means, sakelials Antlembadimentsirtherin e NiompiSiedte the volume
IS e e g sl Tl e D e
alioges 4h6 W BN RS pEBTTE ben deey ehits e WHRa RiVRE dlerivag, thermal
propiigiasatissfanconbolingalemperatie Wha-deieueamPHsSIgicaUT 815,
{ﬁ}ﬁgglbsn :%’ 98‘ ns 0%@19? %nSO %Qr:!:ten%g mta%ntthgfs Yﬂg %‘grgél%%%ﬁma 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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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
fromUBSHALG AR 8 WeRemed tindB2RRAUAHISION Claimy Leguhereindhgyy other

device comprises a semiconductor device. 3. The apparatus of claims 1 or
valus ot rRaes S 8% es comprise carbon nano tubes. 4. The
[008Fparatithaigiaim Siverhiercimsheesarbsorivan oxdidb esidrave achetgirhinegemplary
cmﬁ@%ﬁg,%ﬂbﬁ g%{lbl%g? bﬁ%ﬁl&hw !suﬁ%ie mméxb;!- i géﬁﬁm h%é}rﬁ{e words

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

that bavesbpe &58 o PRt rhfsPEamies Bt A TSR tctERst hav Hrrdh g dtion.
Chagmpensatedatchéhgesdpthedempasatepe-pidheisierice andently stated and as

tanti intai | ice.. The, .
i e R e SR S

the Jppcationy it Sore detrapraar G s fennesit raiees memeanHanas e qsbodiments,
the thesmRlgreASSinnded 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 apnended claimes,



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
st one hard stop is structured and arranged to transmit the force
%ICE 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

nan ofa ong o the recedin Ialms u
her%tl)rﬁ%%?r)?srl&gasaft e%-tgsq?g%@ \%asu%% g‘“r%ﬁe di sﬁgéced %Hmo%g%
salssheirate: 10. The apparatus of claim 9, wherein the at Ieast one

hﬁéﬁoﬁﬂﬁ’es“&&ﬁfc@%ﬂ&ﬂ%%ﬁ%&ﬁ %aﬁdnnel and the substrate form a

vacuum cup at the device e apparatus of any one of the
phédesiihgaianng, sibieretntbdadanio hubeshhve: ardubistantialiytcangisterfron the

substrAermakLrgsistivity between about 15psi and about 75psi. 12. The
apparatus of any one of the preceding claims, wherein the nano tubes are

gyﬁwwmréi@q|yl@mptﬁgtwbw3$guctured 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.
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13. The apparatus of claim 12, wherein the substrate 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.

ADVAK SIS AR AL CORTROMIReIEREAMOESABBTRAE fength 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.

20



An apparatus for controlling a temperature of a device. The apparatus
includes a body (500) having a plurality of chambers (630) spaced
substantially symmetrically about an aX|s of the body (500), wherein each
of the plurality O‘Lﬁﬁ 5 (G3R: LOMPHSRSF ﬁ@rﬁ.gd@ m (633)
and a lower diaphragm (640). The apparatus also includes a heat transfer
element (515) attached to the body (500) via the plurality of chambers

(630) such that the plurality of chagaisasA630) is in fluid communication
with the heat transfer element (315). FIG. 8

An apparatus for conwolling a temperature of a device. The apparatus includes a
body (500) having a plurality of chambers (630) spaced substaniially symmetrically about an
axis of the body (500}, wherein each of the plurality of chambers (630) comprises an upper
diaphragm (635) and a lower diaphragm (640). The apparatus also includes a heat transfer
element (313) attached to the body (500) via the plurality of chambers (630} such that the

plurality of chambers (630) is in fiuid communication with the heat wansfer element (515).

FIG. 8



