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and apparatus for applying supercritical fluid drying techniques in the fabrication of
microstructures.

15

BACKGROUND ART

One method of manufacturing micro-electro-mechanical systems (MEMS) based

devices is Sacrificial Surface Micromachining (SSM) or surface micromachining. Fig. 1isa

20  prior art illustration of a simple “anchored” SSM silicon based production process. In Fig.
la, a substrate, such as Silicon, is deposited with a sacrificial material, such as grown
Silicon Dioxide or SiO,. In Fig. 1b, the sacrificial material is etched to open a hole for the
anchor of the structure. In Fig. 1¢, a structural material such as polysilicon is deposited on

the sacrificial material. In Fig. 1d, the sacrificial material is etched away to release the

25 structural layer, creating the microstructure. These steps can be repeated to form more
complex multilevel structures. Although SiO, is a common material for a sacrificial layer,

other materials like photoresists may be used in other applications.



usually is done with deionized water, which causes.the problem of stiction
upon drying. 5 Stiction or adhesion occurs when a "released" structure
adheres to another surface. Fig. 2 gives a visual representation of
stictionwooidzoe it is generated. Fig. 2a, shows a properiusersimased
cantil evered polysilicon beamwth rinsing liquid still trapped under it.
Fig. 2b, shows how the capillary force generated upon ary drying of the
rinsing |iqui d\fsairemoyahof thes saerificialymaterialnor sactificialiayen iyt etelting oFber 2c,
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flawed. The capillary force, responsi or

dryi ng asususllyisdeneavithideionized yatep, which caeges drqudtden bfstictien dgenldodhglg equat i on:
15 F. = LA (cos 0, + cos 92 ) where y is the surface tension of the rinsing
liquid, Ais the surface area that the beam shares wth the substrate, h
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in contact with the rinsing |iqui 5 etermning the contact angle, can
var y 10| n rarfsring the devierflawsddi ti on of the rinsing liquid can vary during its
use and may |l ead to unpredictable stiction and loss of yield. 2 WD 01/22016
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environnment. In it's supercritical state, y, the surface tension is zero,
and therefore capillary forces cannot be built up as can be easily seen

in the egyati 2 codd, +icbs@,) now possi bl e

where vy is the surface tension of the rinsing liquid, A is the surface area that the beam shares
with the substrate, h is the height of the gap between the surface of the substrate and the

beam, and 6, and 6, are the contact angles of the rinsing liquid with the substrate and the
20  beam, respectively.

There are two methods of controlling the capillary force, (i) manipulating the contact
angle of the rinsing liquid by modifying the surface tension of the rinsing liquid, or (ii)
reducing or eliminating the surface tension y. The first method can only minimize the
25  capillary force since the conditions of the surfaces in contact with the rinsing liquid,
determining the contact angle, can vary. In addition, the condition of the rinsing liquid can

vary during its use and may lead to unpredictable stiction and loss of yield.




to keep the environnent surrounding the structure in a state with'y =0
during the whole drying process, stiction never occurs. The supercritical
fluid of choice was CO2, carbon dioxide, due to its low critical point,
. determ Regofzoms Criti cal tenperature Tc of 31.1 degr eesPCHEIWRFRGde and a
critical pressure pc of 1073 pounds per square inch over atnosphere. 10
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on t e waf su t

liquid | ayer of nethano uring ransport. The
pres‘s@:re vessel is then sealed, and a through flow of |iquid carbon dioxide
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with the surface tension equal to zero.

Using this laboratory method, a silicon wafer containing a pattern of microelectronic

structure, having been fabricated in the conventional manner, but with the added step of

20  replacing the rinsing liquid water by methanol, is introduced into a pressure vessel, with a
horizontal orientation, submerged in methanol. To accomplish this, the pressure vessel is first

filled with methanol. Then the operator quickly transfers the wafer into the vessel while
deftly attempting to maintain a liquid layer of methanol on the wafer surface during this
transport. The pressure vessel is then sealed, and a through-flow of liquid carbon dioxide is

25 introduced for about 15 minutes. The methanol is rapidly absorbed into the liquid carbon
dioxide and carried out of the pressure vessel. When the vessel has been entirely purged of
methanol and is completely filled with pure liquid carbon dioxide, heat is applied uniformly

for several minutes, causing the carbon dioxide to transition to its supercritical phase.



5 The prior art pressure vessel used in the |aboratory setup for
denonstrating this process is shown in Fig. 3. As is readily apparent from
the figure, a vessel that can be opened in cross section and when cl osed

I s subj eav@ou/f206el evat ed tenperature and pressure to thPET/USKV2TR nust be
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devi ces onto e waf er strate Hence the transport of wafer from one
nmanuf act utad the vessal by external deaters, and pertsdn theviessgl admitiand remone the mazasialsiofthet i ct i on

s al ways {:alwg#obl em and usually has been dependent on operator efficiency
resul ting PIS*Pow devi ce yields. 30 4 WO 01/ 22016 PCTIUSOQO 25726 SUMVARY OF
THE | NVENTI ON The invention, in its sinplest form is an apparatus and

et hOd For i rrpjrﬁerre ! \%rai1 gl:?ﬁous problems with the laboratory set up that must be addressed
in order to make this process sufficiently cost-effective and efficient for use in a production
environment. The device is not suitable for integration into a production line with automated

means for inserting and removing wafers; there is no safe transfer mechanism to ensure that a

liquid layer is maintained on the wafer during the transport or transfer process; the closing

20  mechanism of the pressure vessel is manual and too slow; and the serially administered steps

of the process are manually accomplished and too slow for production requirements. The

device is also lacking the safeguards required by industrial standards and regulations for

production requirements.

25 During manufacturing, once the sacrificial layer is removed, if for any reason the
wafer becomes dry, it can result in stiction or adhesion of devices onto the wafer substrate.
Hence the transport of wafer from one manufacturing step to another manufacturing step
without causing stiction is always a problem, and usually has been dependent on operator
efficiency resulting in low device yields.

30



inproving on the prior art nethods for the drying of
m cro-el ectro-nmechani cal structures on 5 silicon wafers or other substrate
material or drying of wafers in general. It is therefore an object of the
i nvent i owots2Mevi de a practical and safe producti on nBEHERNEH260r the CO2
supercritical phase drying of wafers, and of mcrostructures on
substrates.. 10 1t is a further object to provide for enplacenent of the
-wafers o pressure vessel submerged in a first process
fluid or rinsing agent such as nethanol, and to then directly displace the
met hanol with a second process fluid also in a liquid state, such as
i quid car bonm@mmlﬁnﬁmbﬁ %Gﬁmmmwm@%ﬂ;ﬂmlég%sel and
wi t hout b st ire ect to
the the ah%néﬁx&l& ?ilzﬁ %Jy{tﬂg%?mlér&e S

t hen el eva process supercrrtr ca tate SO as to
causest hexlmwwﬂgsofo&mubmemmdwmmmmmemrdt he supercritical
process, then reducing the pressure and tenperature for recovery of the
wafers. 20 Still other objects and advantages of the present invention wll
becone r eRdis| dierefoppan asbject of tieo Kvedtion! doeprovvide tmbﬁctwal ahd G#fe t grodvctidrl owi ng

detail ed descri 0 erei n we ve sho de cri bed onl referred
ermbo e RESGARISE 45, i 03 PEre et Pt A Of el 508 of ARFBRTBENE! best
node contsgusphid.ed by me on carryi ng out our invention. 25 5 WD 01/22016

PCT/ US00/ 25726 BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a prior art
repré8entation of the sequentr al steps in the manufacturi ng of a typical

S f | Swr
(zl\i/(lérlvls)I (t;:aged ﬁgggew ce. JE%W%@@#%@?&Mt ation ofﬂ%ytﬁ =

sequent i giressire pessel subroergedeinf farstt process D mgnn@g:agem sucla ks Bethanroed.cand to
M cromac rHle 'dax%ctvﬁénsp(?a%eftge m%uf $ith 8'seddg process Ha’%%?soqga 'hﬁr?ld state, such as

liquid carbon dioxide, this being connected within the pressure vessel and without disturbing
15 the microstructures.

It is a yet further object to then elevate the second process fluid to supercritical state
so as to cause the drying of the wafers with the benefits of the supercritical process, then
reducing the pressure and temperature for recovery of the wafers.

20
Still other objects and advantages of the present invention will become readily
apparent to those skilled in this art from the following detailed description, wherein we
have shown and described only a preferred embodiment of the invention, simply by way of
illustration of the best mode contemplated by me on carrying out our invention.
25



experiencing stiction in the drying process. 10 FIG 3 is a perspective
representation of the prior art |aboratory apparatus for denonstrating the
process of supercritical CO2 drying of mcrostructures. FIG 4 is a

di agr amedo 61/2016SS Ssection view of the preferred enbodi wemwssgesasat us of
the 15 invention, illustrated with the base plate in an open position
relative to the |nverted pressure vessel FIG 5 is a diagranmmatic cross
section tids I A 4, in a partially closed position
where vessel tubes and cont ai ner tubes are extendi ng downward, respectively
outside 20 and inside the container FIG 6 is a diagrammtic cross section

vi ew of tHi@. Elsimpiiormrttrepréseﬁiatjjm of%ﬁﬁtdu&tnali Sﬁep@ it ﬂiehtlanuﬁbﬁﬁﬂ@oﬂﬂ@bichlon Wi th

Dl a1 o andoba) SPHH Dherorishat (VL merspechpRecmnifd St (MO ol

r epr esentdatice)n of the fluid val ve and pi pi ng assenbly of the enbodi nent of
Figs. 4, 5 and 6. 6 WD 01/22016 PCT/ US00125726 DESCRI PTI ON OF THE
PREFERRED EMBODI MENT The invention is susceptible of nany vari ati ons

Accor di nghig, 286 FfiatVar® $epraseatatidnObi Ml gague;l #Cddps! deite tharkiiSrPlaCisid ©

enbodi nent are to be regarded as illustrative I'n 5 nature, and n as
restri ct iSperificiadf %ltfchhgb/lt@fﬁcg@mg4me$0@rfer gnanufactring) MEMSp based  devite,

enbodi e invention in its open, sem -open and
cl osed prl&?étylx o&@a respe?ﬁ l*@“ﬁ%"m € apparatus can be operated with base
pl at 80(10), stationary, and pressure chanber (11), verticall y novabl e; or
10 with base e_and [essune c novabl e; essure
chanber (q"#f;':; R Q?qbf ﬁ?ﬁeﬁ'@a gﬁﬂobggﬁéo‘?'fﬁj apparEts f‘VﬁF’t“P’F%FW novabl e.
In this phea;iremmfsepdmﬂicmz,dryd@ofdﬁaagmhm stationary pressure chanber
and noveabl e base pl ate.

FIG. 4 is a diagrammatic cross section view of the preferred embodiment apparatus of the
15 invention, illustrated with the base plate in an open position relative to the inverted pressure .

vessel.

FIG. 5 is a diagrammatic cross section view of the embodiment of Fig. 4, in a partially closed
position where vessel tubes and container tubes are extending downward, respectively outside
20 and inside the container

FIG. 6 is a diagrammatic cross section view of the embodiment of Figs. 4 and 5, in a fully
closed position, with the vessel and container tubes extending respectively to nearly the base
plate and the bottom of the container.

25
FIG. 7 is a schematic representation of the fluid valve and piping assembly of the
embodiment of Figs. 4, 5 and 6.




An advant age of the inverted pressure vessel is the reduction of any
particul ates 15 generated by a renovable top and falling into the process
envi ronnment. An advantage of the inverted, stationary vessel and novabl e

. base pl &goifeiche rel ati ve ease of elevating the base ROIRUWORF2he vessel,
and the absence of flexible connections for supplying and renobving process
materials fromthe vessel. 20 Referring to Fig. 6, it shows base plate (10)
and pressure chanmbeBRESCRIPIIGNOL PREFRRRED BEMBADIMEN 16| ect r 0- pol i shed.
“Base plate (10) and pressure chanber (11) are sealed using an Oring seal
(16). One or nore wafers (13) are placed in a wafer cassette (14) which is
made of quar t Fhednvention isisusseptiblesf manfvasiatiorfseAccoadingly.tthe drowitigh gnded i n

cont ai ner, {12 | | i fixtur e 3 ai ner (12)
is pl ace@lg’ﬁ"‘%%deég%g’ggnéﬁg‘? gk%e%@?e{d‘g&n% t%écbgﬁg%##gragﬁggﬁgn@n fixture
(17) . 5 Thaaterepami noeas festAtives filled with a process fluid (15), such as
nmet hanol or acetone. The choice of such fluid depends on its mscibility
with liquid carbon dioxide. The system contains internal heat exchanger
(9) for heati pefeaing 16 igsi 4)3 dnli®, teP SiWa préfered emBodifmeit offieCapparifug b al
connections are provided through heat exchanger inl et ri:;?) and hea 7 WO
01/ 22016 trdrvention wsjtsopen, ssranensh and cloped pesitions, respagtivelys (TopRPRIFEBIS AR 58 o5
rupture %?ﬁjéteé %th%%s??_ ﬁef(m)ysdn%a&y,r@d_ s Yfidifiner OMEveRicMPHbIAR: P The
| So contains

system a our process flui Ines that termndate in vertically
ext eddi ngvithubngls baseplate and pregrureschambenmevable; orwith apnasstre; ghambert () beheld ) |

qd)
vessel in C l: e : I t ube
(5 anoapoery B b bacL0] ButlEberiiihy Hovitie o s ARmUEBRSCRlh, B 107
pur gi ng afesdribea stptidnary|pressure ehaniberrand Mjovedd lase platg. to Fig. 7, the | ayout of
different systemvalves and plunmbing is shown. Reservoir (28) contains
C02, which can be provided to process chanber of pressure vessel (10) at

constant presyi dvalth@ef the averted Pressurd vessdl i GhetedMtion@F. any articalaes voi r
pressure is read 10 at pressure ?auge 4}27). The di fferent conponents shown
®

on tHS sgspergted byja remayvable topad falling.iptor the plocess papdropgignts AB dYaRtpe ohte n

v

o
reservoi rinVé?‘l!eéf,estJﬁb%{ I\{é&‘ﬂ’ dnd Movable Bade Pidtd'R the telidftive eaB)of elbhRingdhd bk ent

val ves connected to chanber are the container inlet valve (21), vessel
i nl et valplae to the vessel, and the absence of flexible connections for supplying and removing

process materials from the vessel.

20 Referring to Fig. 6, it shows base plate (10) and pressure chamber (11) made of
stainless steel and electro-polished. Base plate (10) and pressure chamber (11) are sealed
using an O-ring seal (16). One or more wafers (13) are placed in a wafer cassette (14) which
is made of quartz or stainless steel. The wafer cassette is aligned in container (12) using
cassette alignment fixture (18). The container (12) is placed on the base plate (10) using a

25  container alignment fixture (17). The container (12) is filled with a process fluid (15), such
as methanol or acetone. The choice of such fluid depends on its miscibility with liquid

carbon dioxide.

The system contains internal heat exchanger (9) for heating and cooling the process
30 fluid, for which external connections are provided through heat exchanger inlet (7) and heat



(22), purge line valve (23), container outlet valve (24), vessel outlet

val ve (25), dual inlet wvalve (20), recovery inlet line valve |ow flow
(31), and recovery inlet line valve high flow 15 (34). Qher conponents

i ncl ude wepdpeedi sk for safety (26), chanmber pressure BeDys00232¥%, chanber-
pressure transducer (33) and separator and recovery system (29). Descri bing
now t he nmet hodol ogy for using the apparatus, wafer cassette (14),
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waf er cassuicelly extending tubesinsiderthe pressuttovessel;icantainerduitt tabe (3), vepsehdmlet thlbhext ur e
(18), ang,all ' e, base.pl i.s _done vi.a
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waf er § arpeovided dartinitiblyair purgitepof thetspstem;puegeilime (3)ocat i on on base plate (10). 25
The drying process is then started by pressing the start button on an
associated control panel, not shown here but fully appreciated by those

skilled in th@Reftdng tbFg.CRhd Riyout AW erehit SRy vivés anagmmné & sho@y. oper at or
I ntervention an rovi,deéor eadout on process status during the drying

d
cycl e. Prwﬂg(%sﬁsom »YhichFap be pravided 4@ process shambsy of presutsyesel3o pl at e
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provil@e St preawregauge (2harde differand compapents shavan pn the supply side grecthe maiter al |
rocess i ) . tiple
D ocess ok Rl fiow [ malf roldif valfUSAEAN 085 38 F i il (9. fRE P
wal | . Condiffierem galvesgonnetted to the chambenae theeonthinér inlbvatve 4219, vepsehinlet ¢al@®) | s
rai sed, vegrtically extending container .in t ube (.1 nd.cont ai.ner outl et
b ( 4)ZonPiERe ke BAkE A RRRER FURF Faihe (2 vpiar o v (2R Al sEe
pressur e vaReg20), fetdvery miet dife vala ot v ((13,2nd 3tdvery irddl dink @alve digh¥lowhe bottom .
of the container as base,phéée glO)_is raised into place. At the sane

ti me,15er(®4)c Dehey campnswls iy idipk dor safte (363 chamber \pessiss sa0gE (3. 10 t ube
(5) al so dhsfberpebesuke @disduter (3PQhd Sépatatte aid REdVEly spenP(295SUr € vessel (11), not

entering
Describing now the methodology for using the apparatus, wafer cassette (14),
containing wafers (13) immersed in methanol, is placed into a container {12) so that the
20 liquid level is about 10 mm below the top of container (12), and about 10 mm above the
top of wafers (13). The alignment of the wafer cassette to the container is done via cassette
alignment fixture (18), and alignment of the container to the base plate is done via
container alignment fixture (17), assuring that the container and the wafers are repeatably
indexed to a precise location on base plate (10).
25
The drying process is then started by pressing the start button on an associated
control panel, not shown here but fully appreciated by those skilled in the art. The control
panel display will prompt for any operator intervention and provides readout on process
status during the drying cycle. Pressing the start button raises base plate (10). The base
30 plate and pressure chamber (11) meet and are sealed via o-ring (16), and a locking




contai ner (12) when the-base plate (10) is raised, but extending outside
the container nearly to the base plate, outside container (12). Once the
chanber of pressure vessel (11) is conpletely sealed, the nmain reservoir

. 15 val veyd omez2bisow (19), the dual inlet valve (20), the RGEEWP25T26et val ve
(22), the purge line valve (23), and the vessel outlet valve (25) are
opened. Th Qont ai ner inl et val ve 1) _a%% the container _.qutlet valve (24)
care cl os‘B‘EF anifm (ot sheyayp js tQ proyide syjigble retjstanse jo apging,of NI et

val ve hlﬁbseihﬁu&ﬂ%ﬂocéssepém{ﬂgpﬁésgﬁ@ﬁ It is inportant to pressurize the
vessel slowy to avoid turbulence that m ght danage the m crostructures on
wafers (13). Carbon 20 dioxide is introduced into the pressure chanber at a

very slow ratg lte;%ec‘m 1) hed" ﬁ%@érfap \Und rd@dput fromthe
pressure gauges o?ép? 32) ang ?%g?ﬁﬁ%l&ﬁ{drcgsﬁs ucer P§3) (36)p Si nce CO2
i s heavi inesthatpengirate thetvessebwinly; g &igs. 63t andf6; nh@cetbatarﬁmbaaehrough pur ge
line (3) ing is done
unti | %lafIR sel%&l%s e”%%“npﬁe‘{’&‘fmxﬁ?.?&%‘ L{ {1&8%215and&ﬁ?:{ﬁliég uﬂ‘%:1)<l'1!1ﬁsb%been

ex haust e@#) whith pheinkle dowewardlydront tha eoof af the chidiiber b pndsmevbssei@tﬂ)ldmmc hanber

is pressurized abo 700 Si ssure i hi.eyed, main
reser voi f° %?"\‘iéf%if‘ﬂ‘ﬁe’#?w P%%ﬁ'sq‘%b%% a{?e °°§ e Fﬁzbaéﬁglﬁ{?éio), b3 ssuri zed
faster tmtdpladed Akt ksap@itimeOntticdlllextdidihg Asdsdd it Subieq2) 4nd v@ssel qutleel, Which is
nonitored_ via chanber ressure transducer (33) as wel|_ as chanber 30

pr eskir etuhs (Rjlsp protrude foof of the chambgrof pressure a?ﬁael&bls)smt eBriR%t val ve
(25), ar godiRgRth) wHah the%a%.?l%(ﬁﬁ%sgﬁﬁttﬁﬁgéﬁ zaéxde%e%ﬁm&; ndallyS PO Nt
cont ai ns net hanol cont al ne t he contal ner an [ i QUI , sur roundi ng

t he cont b the base plate, putside peruainer{hd. next step is renoval of nethanol fromthe
systemand its replacenent with 5 liquid CO2. To do this, the container

outlet valve (24), and the recovery inlet valve | ow flow (31), are opened,
wher eas vesseDnmthd:dtanxbaiqf@n(ssnﬁ)vcsseidlhsismmmadysm themmamreservoion of t he

Che. 8apapdt o B hdp RIS e (207, i it 020, e g B ot hanol
i s conti Ru@eIE3Y, and the vessel outlet valve (25) are opened. The container inlet valve (21) and
the container outlet valve (24) are closed. The recovery inlet valve low flow (31) and
recovery inlet valve high flow (34) are both closed. It is important to pressurize the vessel
slowly to avoid turbulence that might damage the microstructures on wafers (13). Carbon
20 dioxide is introduced into the pressure chamber at a very slow rate, and the chamber
pressure is monitored via readout from the pressure gauges (27), (32) and pressure
transducers (33), (36). Since CO; is heavier than air, it slowly pushes air out of the
chamber through purge line (3). This ensures the removal of air from the chamber. Purging
is done until the chamber is completely filled with CO, and all air has been exhausted.
25
Next, the purge line valve (23) is closed, and the chamber is pressurized to about
700 pSi. When 700 psi pressure is achieved, main reservoir valve high flow (35) is opened,
and the chamber is pressurized faster to go to 1100 psi. Once the desired pressure is
achieved, which is monitored via chamber pressure transducer (33) as well as chamber
30 pressure gauge (32), the dual inlet valve (20), and vessel outlet valve (25), are closed . The



replaced by liquid CO2. The constant flow of CO2 via the vessel inlet tube
(2) into the 10 chanber finally results in renoval of nethanol from
container (12). The line comng fromthe recovery inlet line valve |ow fl ow
(31) is wowmesmmed for end point detection to determ nepcumseorsTeé net hanol
has been repl aced conpletely. Once no nmethanol is present, all system

val ves are closed. At this tine the chanber is filled with 15 liquid

car bon d$mnmﬂéﬁpoiqt@9ntp@5memlmmdne@inhmonmnm@&ﬂM@?z, the C2 in the .
pressureg Ak, 35 - 40 degree centigrade to transform
t he Imw%%%h%{r}\ltgg It"s sh%grcrltlcal state. A thernocouple (not shown)
I's nmounted within pressure vessel (11) whi ch provi des 20 tenperature

terper at ure_ ofter S eRleSl < Bfiaphl e e sem PRUBSRRRE ST case i n
pr essair eliquid COReTo fi6 €hs; treeonitainerwsletvaii@l(24), aidaberedovedt inleovdive Ipvessur e

(25 S B ovrts groor ST ISR WS v e ebmains Sogse TR P e o the
Pr essur eof ke cdniifer blifet Ribe ¢4 Yanbirbsthé ﬂ&%fﬁeﬂh&mﬁlahﬁu@%ssahemsont ai ner outl et
val ve (24), vessel outlet val vgé£25) recovery inlet valve high flow (34),

are ope néﬁ!al{a@f aedeeapery iy sgB pRwingthis progess step theanethanehis gentimyausly npspheri ¢
pressure, &Plfy ﬁ]‘sﬁﬁf%OJ He Eﬁ@&n%ﬁ%{vré g%#ﬁ?igfeﬂuﬁ@@é'iﬂw heM0de to bring

t he vess an 25 degree centigra ensu at at the
st art0 of cmbbh&laﬂamsubymlremﬂhdm@bmlﬁommnt&aﬁa(ﬂl ower than critical

tenperature condition. The pressure 10 WO 01/22016 PCT/ USQOQ 25726 vessel
can now be opened, and wafer carrier (14) can be renoved manually or by
automati c rrefmmeloemMgrfgamﬁxemysdrgmletdmdyalfmlbwtﬂm @exis nsbnjtored faycl e. As
will be realiz t he i.nventio f oth | fferent

erbodi meFRLEoIs FiretadP HEHE0RS P e Pehenc fanheehroperEimm gy Joe

hor i Zont ab histhaiél is frestnty &1l bystead Va¥ves htCldsel. A(ﬁflﬁlimfé&ﬁéiﬂiahﬁerlk filedswiter al
details are _capable of nodifications in various obvious respects, all

wi t hddit Hepd Fapepdipxigeat 1180 Bsence of the invention.

Next, using heat exchanger (9), the CO; in the pressure vessel is heated to about 35
- 40 degree centigrade to transform the liquid CO; into it's supercritical state. A
thermocouple (not shown) is mounted within pressure vessel (11), which provides
20 temperature information back to a system control computer. As heat is applied and the
temperature of the CO; is raised, there is a corresponding increase in pressure. If the
pressure reaches a value above a set point pressure calculated to be the maximum safe
operating pressure for pressuie vessel (11), the recovery inlet high flow valve (34) is
opened to relieve the pressure.
25
Once the supercritical state is achieved, the container outlet valve (24), vessel outlet
valve (25), recovery inlet valve high flow (34), are opened to achieve atmospheric pressure.
As soon as the atmospheric pressure is achieved, the heat exchanger switches to cooling
mode to bring the vessel to less than 25 degree centigrade. This ensures that at the start of
30 the next cycle, the vessel will be at lower than critical temperature condition. The pressure

10



For exanple, there may be an apparatus for drying wafers in a supercritical
10 environnment, consisting of an inverted pressure vessel, a horizontal
base plate, a wafer cassette configured for supporting at | east one waf er
.for dryiwgouvaeent ai ner sufficiently large to subnergePERUSHRPES® cassette
and at | east one wafer in a first process fluid such as met hanol , and
where the cont ai ner al so, sufficiently small enpugh to fit on the base

plate aYfEsRhFEROY ﬁh‘éPeB g%wefet/mw)tmbeammlmn%&wt Bcquareatis way for
al i gni ngpbRR lw:ﬁéthé@%?eﬁ&}tﬁrm&n@hm&lﬂﬁcfc@“ ainer, such as a sinple
fixture on the bottom of the container, and way for aligning the

contai ner on the base plate, again such as a sinple fixture on the base

plate. The apRé‘{vﬁf eﬁ?z)éd%é vEGR 1A p@%}@éf?&ﬂ&aﬂ&d&ﬂeﬁ%ﬁ&%ﬂ or ot her

lift and | ock ani sm for rrnging the pressure vessel a dse plate
into @ cimkxdmga;nnﬁweaioadadapeﬂm handlig wafetsotoﬂimtdbp@natatysrmdw stackedher

i ncl ude a for di the al t [essure ve with a second
orocoss PRI psiele, i R0 klCafible o i eaRiRSR Mo GRSk ettt © 70
el evate hmmmmdaphrmmmma‘dssmdeémh&nw:ﬂbnd state, and then displace the

first process fluid in the container with the second process fluid w thout
any intervening contact of the wafer by 25 air or other substances. The

appar at us nayFérekhipie, theie mi®e an dFpardnsy foLr9ing bialills indsup@emnudl process fluid

to a supercritical state, and then reducing pressure in the pressure vessel
to ARbi ERirogmeats consistingefan lwep%wﬁeveaseiwor@mebesem!ﬁje,tawefwe mai ni ng

second pi, &%%0 #lir&] SOIREL WO
01/ 22016 %%T US%% 257216'39'1 ﬁtg? a“%;(gnp e o%owﬁ?gb%par at%é% thﬁ]}ln t he scope
of the i rlnrgmtpusglpmcrgetluaeﬁemasettmﬂ|ayleabmmmfdtxylad'xstmrnhessglwewblas| nl et and

out | et t yhagoltlief Ghdlfhe bbiNERed ChiTl BhSen Bl Lol HS, RO AL B g near the

base plate, and a purge I'fne ou A% 0of of

t he pr esand withintbepressiiearssehiie a;imnhenayeimttudaad Way fdt)m,tgnﬁfgdheywakt ending 5
container inlet angn outlet tu ) re these tubes term nate |n§|de t he
. S

cont &PneCaSIFF Withip thecqpiaings. § e Bt hs bottom of the container, an

way for aligning the container on the base plate, again such as a simple fixture on the base

P
[ 4

plate. The apparatus may also have an elevator or screw assembly or other lift and lock
mechanism for bringing the pressure vessel and base plate into a closed and sealed
relationship.
20
The apparatus may further include a way for displacing the air in the pressure vessel
with a second process fluid in a gaseous state, such as Carbon Dioxide, and a way to
elevate the second process fluid to a liquid state, and then displace the first process fluid in
the container with the second process fluid without any intervening contact of the wafer by
25  air or other substances. The apparatus may further include a way for elevating the second
process fluid to a supercritical state, and then reducing pressure in the pressure vessel to
ambient pressure. There may also be a way for cooling the remaining second process fluid

to below its supercritical temperature.

11



In yet another exanple, the pressure vessel may include an internal
capability for heating and cooling, such as a heat exchanger connected to
external sources of heated and 10 cooled fluids, so that it can be

oper at edwapig2016at i ng or cool i ng node. There may al so bECHUPIRERES | i ne at
the top of the pressure vessel and an associ ated purge line valve for

venting the pressure vessel. And the . apparatus. may be set wth

associ at ed eqgf® _rﬁxa‘F‘BlF°_§§’ﬁla oV g\"ﬁ&"p&"?fhﬁéa/vﬁf“é%mc@ ssel wth

vaf ers s wyhifedlaibwnivatdiextdnding vedselGatetantlouilét tubkb, wWierethé mbed wfrhiige exanpl e,
there is within the scope of the invention a method for dryi na(i]Ywafers in a

super cr i sk thepentaingnadinearthe base plats andra nuege e Qutlet apd asseqiated yalyq At

| nventi O&ae&ﬁtﬁ%%agm%ea@t ﬁer@ﬁﬁiﬁ&&ﬁ‘eb’@rﬁd&h?d&m&%ﬂeﬁkﬁﬁ submerged in

a first process , aligning the contalner on the base plate, bringing
t he pPessamteinerdslctandoytietiiahes, where these ityhes tesminnis dusifegheicontaines and »8aht i onshi p,

and di splagl t L.t n the pressure vessel with a 20 second process
fluid i nt%c%gggo@e?[og@él&me nmet hod may i nclude el evating the second

process fluid to a liquid state, displacing the first process fluid in the
container with the econd.pr.ocess fluid in.its,|iquid st . e met hod
may then incl t %F&@lgfm&%‘ﬁ ivﬁaeq Wéméléd&?ﬁgﬁimccggébﬁwg}d to a
super Cr i theftitlg afill 0dcling Gsuciasiathedlt exclidngerwoiited td dxbdinal eotircesiof hédte andr essure in
the pressure_yessel to, anbjent press

I re, and i:ool i_neg he sec n% gr ocess
f 1 ui @0t o coslsd Huids, o tha it can be qrergted iR 3 Beating OF ¢poliggy meds. 65?#’2%8 8
PCT/ 11S0Qfusze 1146 at thb pB tHRHREISure Vssel laid APassdcatdd PrdeQine Qlve Gor venting AN

apparatus for drying wafers in a supercritical environment, conprising: an
i nver t ed the pressureavesssk dafl thegppasstnymey be sebup with psseciatedieqyimasnt fofsset t e

confi gur %q}ogrgpc glof 18 %rﬁeggruéée@eg%? yRl St Eibrlefied B e ke pRcAORLAL NeT

sufficie arge to su cassette and said at | east one
10 wafer in a first process fluid, said container also being sufficiently

smal I1 5t ofit Al y?:ffjl ai ngearseyecample, there is within the scope of the invention a method for
drying wafers in a supercritical environment, consisting of using an apparatus of the
invention and aligning a wafer cassette within the container, submerged in a first process
fluid, aligning the container on the base plate, bringing the pressure vessel and base plate
into a closed and sealed relationship, and displacing the air in the pressure vessel with a

20  second process fluid in a gaseous state. The method may include elevating the second

process fluid to a liquid state, displacing the first process fluid in the container with the
second process fluid in its liquid state. The method may then include the steps of elevating
the second process fluid to a supercritical state so as to dry the wafers, then reducing the
pressure in the pressure vessel to ambient pressure, and cooling the second process fluid to

25  below supercritical temperature.

12



plate and wthin said pressure vessel, neans for aligning said wafer
cassette within said container, neans for aligning said container on said
base plate, neans for bringing said pressure vessel and said ,ﬁaig pl at e
.into a OYQEWROMNd seal ed 15 rel ationship, means for diRHEI Y he air in
said pressure vessel with a second process fluid in a gaseous state, neans
for el evati ng?](s’g*lﬁ second process fluid to a liquid state, neans for

.di spl acing sa Fst process fluid in said container with said second 20
process fluid in said liquid state, neans for elevating said second process
fluid to a supercritical state, . nmeans for reducing pressure in said
pressure ves °?%°‘§§fﬁ“aﬁ?fe§r°ef§1§%‘m$- and neans for cooling said second
process fluid to bel ow supercritical tenperature. 25 2. An apparatus for
drying wafers according to ¢claim1, said neans for displacing the air in
sai d Pr edsAn eppaeiusdor diying walesia 3 supgergicakenvirpRment, cAMBigiAL e ous st at e

conpri sing VegdinGéHeldpreslodpiiedidl y extending vessel inlet and outlet tubes,
said tubes termnating outside said container and near said base plate,
and a purge |#herizontal base plat, associ at ed val ve at the roof of said pressure

vessel . 30 13_j L | I * 01/ 22016

PCT/ usoo12572%“%?%#%5%‘&?@2935% %“Flb?fg‘;}%%‘éeg\ﬁg ngr%aktgé‘%rc?}@f’%g to claimi,

sai d neans f ot caitasnertsufiigiestly birgede submebrger saitosaferfdassenle 4l saidlat pastenet at e
conprij.sing.means for ingreasi ressure .within said ressure vessel. 5 4.
e abbar A T prsptorssd i i Shafio ol it Sl el G RRLSSRE

di spl aci ?gtmhdviﬁﬁﬁgﬁd saeaessel,l uid in said container with said second

rocess fluid in said |jquid state conpri.sin
P means for ahgnmg smg wa}er cassetten\Bitlnn said container,

means for aligning said container on said base plate,

means for bringing said pressure vessel and said base plate into a closed and sealed
15 relationship,

means for displacing the air in said pressure vessel with a second process fluid in a

gaseous state,

means for elevating said second process fluid to a liquid state,

means for displacing said first process fluid in said container with said second
20  process fluid in said liquid state,

means for elevating said second process fluid to a supercritical state,

means for reducing pressure in said pressure vessel to ambient pressure, and

means for cooling said second process fluid to below supercritical temperature.

25 2. An apparatus for drying wafers according to claim 1, said means for displacing the air in
said pressure vessel with a second process fluid in a gaseous state comprising vertically
downwardly extending vessel inlet and outlet tubes, said tubes terminating outside said
container and near said base plate, and a purge line outlet and associated valve at the roof
of said pressure vessel.

30
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vertically downwardly extending container inlet and outlet tubes, said
tubes termnating in said container and near the bottom of said container.
10 5. An apparatus for drying wafers according to claim1, said neans for
el evati ngyé pissdoresecond process fluid to a supercritical perAlSes/s@spri sing a -
heat exchanger within said pressure vessel for increasing the tenperature
of said second process fluid. 6. An apparatus for drying wafers according

t o cl ai m3l Ansappatatue for sirying wafend acdondingtoetadarl esaidmedS foxlavajingssislur e vessel to

anbi ent pressure c | Sing. ur ine at the t of said .pr.essure

veosel  antroon PreSIE to i Gt borsiidTudthe o BereRng el WA .\ cocer
7. An appsessimesedsel. dryi ng wafers according to claim1l, said nmeans for
cooling said second process fluid to bel ow supercritical tenperature
conprising switching said heat exchanger 20 to cooling node. 8. An

appar a us4,fAay appinitus Gor\ @il Wafess @cdotdif@itolcthihl125aid thearls oridigplacER¥aidifdtng nMeans
for automatic_|ading of said pressure vessel wth said wafers submerged
in said fppeess Qweetew? conaineg withsaid secapd proeess Huiddn said ligyid state compsieg i n a
SUPET CI i 1) ebal)f BN Rcen AETRrkabhe et afd it {uBAAGAI hiBVSHeh il @ S Ur ©
vessel, a vertically ndbvabl e horizontal base plate, a wafer casSette

conf i gur eshid eontaingpansk neprthe bottampefsaidnentainarf.er for drying, 14 11111111111111
111 12122 11 11'1 ¢ L s WD 01/22016 PCT1USO0/ 25726 a cont ai ner
sufficiently large to subnerge said wafer cassette and said at |east one
waf er10 n % An apperatus forelsying wafierd, aceondidg toaldimi Insaid means forslewvgtingsaid ci ent | y
small to fit on said.base | ate,and w thin i essure.vessel , neans for
al i gni ng 59§ R}(&‘F&Sﬂ‘&gg%ﬁ“?gmmt‘%F tegodrpansg&_ﬁs%aﬁg{%fxmggr A& or aligning
sai d cont gresigre vesselt thekasing the tnderabiO0Ssaldsecold ratessfnidiai d base plate into
a closed and sealed relationship wth said

(D

pud
-
\J
-

L

6. An apparatus for drying wafers according to claim 1, said means for reducing pressure in
15 said pressure vessel to ambient pressure comprising a purge line at the top of said pressure

vessel and an associated purge line valve for venting said pressure vessel.

7. An apparatus for drying wafers according to claim 1, said means for cooling said second
process fluid to below supercritical temperature comprising switching said heat exchanger

20  tocooling mode.

8. An apparatus for drying wafers according to claim 1, further comprising means for
automatic loading of said pressure vessel with said wafers submerged in said first process
fluid.
25
9. An apparatus for drying wafers in a supercritical environment, comprising:
a stationary inverted pressure vessel,
a vertically movable horizontal base plate,

a wafer cassette configured for supporting at least one wafer for drying,

. L L]



pressure vessel, vertically dowwardly extendi ng vessel inlet and outl et
tubes within said pressure vessel, said tubes term nating outside said
cont ai ner near said base plate, 10 nmeans for increasing pressure within

. sai d preosgeigenéessel , vertically downwardly extendi ng OREIIVUSO#RA7T26 nl et and
outlet tubes within said pressure vessel, said tubes termnating in said
contai ner and near the bottomof said container, a heat exchanger w thin
sai d pressur e coetginet sufﬁﬂmlﬂ!&araﬂpuﬂyaetgcmdmfermsqﬁepn‘éﬁaléemwb?@ssure

- vessel an%er 3 a Tik g’gdr g%sus cg Q:«Elggox{télﬂ& aYs%fb\éﬁg sufficie %péﬂuﬁ oitlof] sﬁagﬁur e

vessel . accor 0 claim further
conpri srplgeﬂﬁﬂwsluhmmdpaassmmsed, I oadr ng of said pressure vessel with said
waf ers subner al, d roc 20 f.l ui d 11 A met hod for drying
wafers in a s'ged’@ @’I“f‘ ﬁ? tﬂﬂﬁfjﬁdlcg?tﬁ‘é‘ usi ng an inverted

pressyre Ves&ﬁémﬁ\fdrbl@m@iai&@ﬁfaﬁierbﬁmdmsabme using a wafer cassette

configured for supporting at .| east one wafer for _ drying,.25 .ysing a
cont ai ner squP?*’é‘F F}eyaqngrs@ébﬁ? %}Br?é‘rgél%e&laﬂd%‘%rr ‘eté‘g'?g‘ﬁ’t H%ﬁ? sai d at

| east ﬁg ksel,N @ first process fluid, said container also being
sufficie Ty small to fit on said Dbase plate and within said pressure
vessel , al i grventiralindomnwerdly cxtanding vassalinietiand gutietj tubeywithinspid Pressurgni ng sai d

cont ai nef i 57 ghdidshidlial Suside bdd sontdid: bbdeai bhdelpidd 111 15 s VD 01722016

PCT/ USO0 nging s pressure vessel d base plate into a
cl oszdl and sembaxdfornmdredsmgrpsdssqnewdhmrshxdcpresglremsseirr in said pressure vessel

with a second e[%n ﬁe Swiw “hﬁ'r elx{;néimg con O:lljesr mlgtt aﬁ olitlet tubes within said
pressure vessel, said tubes terminating in said container and near the bottom of said
container,
a heat exchanger within said pressure vessel, and
15 a purge line at the top of said pressure vessel and an associated purge line valve for

venting said pressure vessel.

10. An apparatus for drying wafers according to claim 9, further comprising means for
automatic loading of said pressure vessel with said wafers submerged in said first process
20  fluid.

11. A method for drying wafers in a supercritical environment, comprising:
using an inverted pressure vessel with a horizontal base plate,
using a wafer cassette configured for supporting at least one wafer for drying,

25 using a container sufficiently large to submerge said wafer cassette and said at least
one wafer in a first process fluid, said container also being sufficiently small to fit on said
base plate and within said pressure vessel,

aligning said wafer cassette within said container,

aligning said container on said base plate,

I



5 elevating said second process fluid to a liquid state, displacing said
first process fluid in said container with said second process fluid in
said liquid state, elevating said second process fluid to a supercritical
state, kfgle\gat@ Pressure in said pressure vessel to ampcemsogesemwsure, and
10 cooling said second process fluid to bel ow supercritical tenperature.

12. A nethod for drying wafers according to claim1l, said displacing the
air in said pringingsaid pressurs|vessel dnd said bassiplhtpintocreciesed hnd staled a gaseous state.
conprisin a&?‘%ﬂiéti ng said second process fluid into said pressure vessel

t hr ough vertitally 15 downwardly extending vessel inlet tube term nating
out si de sai d displbcihg)the airrin saidpressare dssebaitlea pdeatdeprocessiflwid rvaigdseouy sai d air

t hrough a Purge line outlet |ocated on the top-nobst part of said pressure
vessel. 393" A nethod for drying wafers according to claim 11, said

el evati ng sai detdtingRaidBERE® pocess Auiddo hfiqaid/stateyi d state conprising admitting
addi ti onal said second Process flui.d into said, pressure vessel under a
pressure at | Siplpcingsaid tishpropess finidin spid copfatnes with sgif secgpd praress duiddng

process fohiliiguid4fel4. A method for drying wafers according to claim 11,
said displacing said first process fluid in said container with said
second pr oceséleyating@aid secpnd process fuid te e superarisiegdstats ng  adni tting addi ti onal
said second p Sk ' WeltN jre@éu?e { d contai ner through
a vertically ?@&ﬁ&g?&%y extsgﬁi?éﬁguécg%%%?on%{lﬁ%ﬁlpet GE‘ZA and exhausting said
firstio sai d praondingsaifllsedodd process flaiddo belnwaipescritichlrteropgnataresai d cont ai ner
outlet tube, said tubes 30 term nating inside said container and near the
bottom of said container. 16 ILILELLEELEEErE™rettiiiillll * CLMS W

01/ 22016 1P(A mdfi{ad fandiying whiers ascordingaalclbing 11]said digplaciigthe agrdcsaidli ng to claim

11, said elevatin id second pr S . .
pressure vesseq »\%31 a second procegs t?u?c? 1Sh a gaseous state comprising

admitting said second process fluid into said pressure vessel through a vertically
15 downwardly extending vessel inlet tube terminating outside said container and near said
base plate, and
exhausting said air through a purge line outlet located on the top-most part of said

pressure vessel.

20  13. A method for drying wafers according to claim 11, said elevating said second process
fluid to a liquid state comprising admitting additional said second process fluid into said
pressure vessel under a pressure at least equal to the liquid state pressure of said second

process fluid.

25  14. A method for drying wafers according to claim 11, said displacing said first process
fluid in said container with said second process fluid in said liquid state comprising
admitting additional said second process fluid in said liquid state into said container
through a vertically downwardly extending container inlet tube and exhausting said first
said process fluid from said container through a said container outlet tube, said tubes

30 terminating inside said container and near the bottom of said container.
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fluid to a supercritical state conprising applying heat to said second
process fluid through a heat exchanger within said pressure vessel. 5 16.
A nmethod for drying wafers according to claim 11, said reducing pressure in
. said pregeigmevessel to anbient pressure conprising exrcumsimrsy26éai d second
process fluid out a purge line at the top of said pressure vessel by
operation of an associated valve. 10 17. A nethod for drying wafers
~according to claim 16, said reducing pressure in said pressure vessel to
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waf er s afhidtala supetcriticdl statercbfiprising applyingsisaat ¢o saidssednd prodessifluid ttaoughl 5
i nt er nal Fe t gé%ﬁlana@r c.8nnect ed t? external heating and cooling sources,
sai d coof “r‘?gm T BB AYC BrSREEE™#%ui d t o bel ow supercritical tenperature

conprg sing operating said heat exchanger in a cooling node. 11!'I1Q) 111111
11(211 12122 11111 S* . . . . .
16. A method for drying wafers according to claim 11, said reducing pressure in said

pressure vessel to ambient pressure comprising exhausting said second process fluid out a

purge line at the top of said pressure vessel by operation of an associated valve.

10  17. A method for drying wafers according to claim 16, said reducing pressure in said
pressure vessel to ambient pressure further comprising keeping the temperature of said

second process fluid above its critical temperature.
18. A method for drying wafers according to claim 11, said pressure vessel including an
15 internal heat exchanger connected to external heating and cooling sources, said cooling

said second process fluid to below supercritical temperature comprising operating said heat

exchanger in a cooling mode.

g

17



