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WD 2004/ 093152 PCT/ US2004/ 011720 CARRIER W TH

ULTRAPHOBI C SURFACES RELATED APPLI CATI ONS Thi s
wapplsiooztsz on cl ains the benefit of U S, WilitpCPaiSent/011720

Application Serial No. 10/454,743 and U.S.

Provi si onal P gﬁklﬁ@gw ' ﬁg? ]ﬂl}io X6R§63,
entitled 5 "ﬁtrap 0 icﬂgjr arTce %I?* |g§ Qjessuse
Li quids", filed April _15, 2003, hereby fully

i ncor porat ed herein bﬁﬂﬂéigﬂgﬁégﬁLﬁﬁéﬁéﬂﬁF THE

I NVENTI ON The present invention relates generally to

car Thir spplidtichetihed teSbepehit ONTLS. UHRROPRE: SApFHetisP Serial No.
articularly to a carrier havi na@gltrah dr hobi ¢ or

10)2164,%3 y«mdh b.c Provisiengl f Beterf Mp ionh &eadn] OB@K@%NDentlﬂed

OB B0 GTUBER P dURREIES B JAridn s et damfinbin 200 hclsteoy fuy

incdfRkatkd Bérkindyasfer@@ei r es hi gh I evel s of precision and
cleanliness. As these articles becone. increasingly

conpl ex and m niaturi ncerns grow.
15 Cont am nation pr obf@.ﬁfp Qﬂ%%ﬁ?@r ovi di ng
controlled fabrication environnents known as "cl ean
r ooffké . piSsait dveation oeimesargengnully etwt edrigronfor hdeficasd electronic
and particulate contam nation to the exten ) )
coma%«rﬁqrse arlff (o5 BAEEBlatHite arqawerélagmsr@ralvﬁrq opic g ftltralyophobic

Su&&gmﬁggﬁ{% ally renove nost contami nants found in
nmbient air, it is often not possible or advisable to
conpletely process conponents in the sane clean 20
room envi ronnent . ROUNRAYF THE BNNENMHONt i on and
contam nants are elim nat ed. For that and ot her

I eagapSprobdki 6RBringC EMNEhdGOBP ONEBEsS oA &her delicate electronic
transported stored, and fabricated in bul k using

comppeneatst intocusefir iartenles. re@xisendligls leyels of pracision e @gemlmeﬂrss As these

a6 855 5l o onl 0 iy PuiRisign popgms erow.
Cofttagiibatio Iproblefti3 2art 6 duded 0640 pra3dding ,céittoded/ fabﬁoﬁt‘ﬁﬂm 8ddionments

and 3, 926, 305, all assigned to the 25 owner of the
kngyyie 88 neleath QoS orSuchr?éea&I poigf afghproteciaderers chpiqa ppd, particulate

col iSRRG B & Rehete oty AN T kadtle, PUT POSES Of

resent application arrier” includes,
but is not limted to: sem conductor wafer carriers

suc kil deagapoma sebstangielly eqmoverpericonipaminanty found i avabient air, it
is E@%S EéT)F l%‘gg € 9 a((iiw?a{b%’] gér" gmyﬁ?éi'ﬁ“ﬂr&c%gs J:ol‘}q%r{eﬁ&einpﬁ’lgssame clean

e carri
room environment. Moreover, not all contamination and contaminants are eliminated. For

that and other reasons, delicate electronic components are transported, stored, and
fabricated in bulk using protective carriers. Examples of specialized carriers are disclosed
in U.S. Patent Nos. 6,439,984; 6,428,729; 6,039,186; 6,010,008; 5,485,094; 5,944,194;
4,815,601; 5,482,161, 6,070,730; 5,711,427; 5,642,813; and 3,926,305, all assigned to the
owner of the present invention, and all of which are hereby fully incorporated herein by
reference. For the purposes of the present application, the term “carrier” includes, but is
not limited to: semiconductor wafer carriers such as H-bar wafer carriers, Front Opening
Unified Pods (FOUPs), and Standard Mechanical Interface Pods (SMIFs); reticle carriers;

and other carriers used in the micro-electronic industry for storing, transporting,
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and other carriers used in the mcro-electronic

i ndustry for storing, transporting, WO 2004/093152
wWeMAEASD4/ 011720 fabricating, and general | yPeoUS2004011720

smal | el ectronic conponents such as hard drive disks
fabaicating, ad genereBy hahing smakk chetronial cotgponemrts .such as hard drive disks

tam nation and.contam nants can be generated in

an(ﬁﬁtﬁlgrlmspgllqngﬂl{s Eghanic g(igvm&%arrpl e, particulates can be

generated nechanically by wafers as they are inserted

i nt €onfanzEnationearsl eshtimmantsadaar be gemarated in andhyadiffdaent Svays. For

are attached and renoved .fromthe carriers, or they i
exad%ﬁ%%afg% 8PS C8 DR 1pEReRisr o _wésegwﬁf?ré agjtheefigripserted into
andPFRER28 iFdeh {vakl @8rriersCaid ANANRE bR G4 ??Iggvédl]?om the carriers,

result of out-gassing on the carrier i1tself,
or bthey oginc dle iganeratad uckendioalyt dnhueretiomcto \Wiffgrentorpresessing  fluids.

the .result of inproper or inconpl.ete shi nqg of . L
Cobafyfiph cam st PR abF drulipt ANCERORE Qi B SRercltel Biglogical in
nat@fe d1eG8MHuhfh Rfvit, or Svéd ARIBAIT Sn{frser of _th%hf}tlét@ Qfgglﬂng of the

station during processing. Process contam nants an
cargien tomianainhieom eemyalsseogcyt gu dle bxtemer ofomlcarsbl 3s visstansgorted from
Statandé?osr {:OI eunj ng carriers. Typically, a carrier is

LA B R PEINHAME s and contani nation by pl aci ng
it in a cleaning apparatus, which subjects the
ext @rdcess emthniintms iand centamatdion twayabe fddacd oy pafrdigallgfwashing

| eani ng fluids,, After the.washing step, a. .
g PR Eer SREAI, 2P 15 syl Of bR ingpis 9 contamination
by BRETgaf in d Blefnih@apstdbs, MMES shiedty RleCtdribr Ahd GHetdrisirBees to a

streamof dry gas or Dby centrifugal spinning.
floghpr ppsay obeleaming duislsi nifiec tieevashingrayepyerossidérablerahmmes of fluid
hat .ar i ffi.cult,.to d I.n. additian, .a.residual
mal A3l 5iefs bacich it ey bt i Bl Req §ithcscti of cry gas or
by settfifggisspafnige. carrier as a filmor in a miltiplicity
of small droplets after the washing step. Any

1 AR B P Bt ROP RS S PHises Abs e ihghlgto dy. Tn

addHidi€ % resi@ad]iabbuhPoLOB RAhM2 il Moy HAUEE YRRt #Ees of a carrier as
carrier is reused. Consequently, process efficiency

a fdmdorefnf @ anultiplicatysof small diaplethefien ther whshingétap. iAnys torithminants
e i the jindustry ds.a carrier wi.th featur t ha .
sus A n' s bl PR Y oy B, e ong i ol 2t muia
driés@ldatiBg teicbhtain@hie edryoovehed thel fidtuateuBé D CESBseqeently, process
contam nation. SUMVARY OF THE | NVENTI ON The presént
efficiepenindeiiactvensaeis dmmishedovesgllt h ul t r aphobi ¢ surf aces
for pronoting

What is still needed in the industry is a carrier with features that promote more

effective cleaning and drying of the carrier with reduced levels of residual process

contamination.

SUMMARY OF THE INVENTION

The present invention includes a carrier with ultraphobic surfaces for promoting
more effective cleaning and drying of the carrier. In the invention, entire surfaces or
portions of surfaces of a carrier are made ultraphobic. The ultraphobic surfaces of the
carrier cause liquids that may come in contact with the surface, such as may be used in

cleaning, to quickly and easily “roll off” without leaving a liquid film or substantial

2
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nore effective cleaning and drying of the carrier. In
the invention, entire surfaces or portions of
w@ohaeas2 of a carrier are nmade ul traphobic. TPET/US2004/011720
ul traphobi c surfaces of the 30 carrier cause |liquids
numbeat ofrliyuidadrepliets. cAsaesultyileds tithe andrehengg,is s:updndaek immlyying the

e used in cleaning,.to.quickly and.easily "rol
sufiehai PRI, BT R oo S aiay i ovessl ggocess quality.
In Z&ﬁﬁél@ Yi2d BiraBhIYiLREBRES %%%%Qesﬁibﬂfqg inifh1 ddpBttibn of contaminants,
oplets. As a result, leSs tine and energy is

Wl@ménewammadtmabgbﬁ indiquidiierf vapesformnd r edeposit ed

residue is mnimzed, thereby inproving overall

pr o

01 O 35BN premhReP Sl baRne b EARBOINE wiphotic sufce
inchaodes amnu]stmhmty ofvicirselyt dpecatlomicaodcakentosnaneycaleeasparitiésgfvinged on a

ap orm 5 1In parti ularly. preferred
sulfipioal BandRoPUPRE P ieiess BPAcaichy SRRObicEles sepgaly refers to

dith&sl A4 &F 185 MM 130 hl‘?drBﬂlefEfs %@sﬁidbsw@(: eﬁl rgﬁﬁaﬂoedlmensmns
to nanoscal e asperities formed on a Str
of tesethanrlpo senwheteise The sudfate iaPedignedito ma;lntammdﬂra)ﬂlobicqitopertles up

o RSB EEHS  BE0 PG R SPR e i

haﬂh'ﬁékfdtéiﬁﬁnedoéoﬂt&‘ﬁ ink NRAsikP theAARO S &lebers DRQoRtdES ﬁx‘f@per square
is designed to maintain ultraphobic properties up

memi oA suefactqaarf:a puatita @iy greatenthpn e coufpet lingl dessityTvadue “AL” determined
acco (gg 1hmsf d| sposed so that the surface has a
Redt cont act line density neasured in neters

of contact line per square neter of surface area

equal to pr _greater—than a contact |ine density val ue

"AL" deterim ccC I n the formula: P A

ycos 0A0+CO r‘%(@)(')S(9 % ergebot’ is the predeterm ned

pressure value, y is the surface tension of the

liquid, and ea,o is the experinentally neasured true

advanci ng contact angle of the liquid on the asperity

gﬁ:; l%xéle?eTﬁ éyth% évgécf ge?trnnl%gd r%éf)sgléezxoatrhgee ’Yalg % s'uﬁ%ce t.g:élslon of the liquid,

an($ 61, £istihe eﬁﬁbrﬁlﬁen‘taﬂlyhﬁe@ﬁfbﬂt tee ddvancihf ottt ahlglbaéiFﬂe liquid on the
qui d pressures expected to 20 be encountered during

asmr@amal@gla o dregecss andr@ iy Hierasperity Tiie apglgerl; he.péedeﬁﬁa@lr@é pressure
Valglg gﬁ%ﬁ)e’ &Ié&fed% e bgg?édtté’I‘QBﬁl élﬁé%lgétggthg{ﬁ d{}ﬁggsufeg expected to

nore layers of materia
be snxrcﬁmteeecbdurhige:lauhgtoralseof thheammeperi ti es may be

The asperities may be formed in or on the substrate material itself or in one or
more layers of material disposed on the surface of the substrate. The asperities may be
any regularly or irregularly shaped three dimensional solid or cavity and may be disposed
in any regular geometric pattern or randomly. The asperities may be formed using
photolithography, or using nanomachining, microstamping, microcontact printing, self-
assembling metal colloid monolayers, atomic force microscopy nanomachining, sol-gel
molding, self-assembled monolayer directed patterning, chemical etching, sol-gel
stamping, printing with colloidal inks, or by disposing a layer of parallel carbon nanotubes

on the substrate.
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any regularly or irregularly shaped three di nensi ona
solid or cavity and may be disposed in any regular
w@ewnedIsr pattern or random y. The asperiti esSPOHYS1964/011720
formed using 25 photolithography, or using
nanditeohiinelygrandomtyost@mpid rsgrfaq:ds angyclonp@adicedrbiyrdnyrd,a variety of
sel f- assenbl i tal collo nonol rs, atomc
ngh pichves dub e AR o SBBR (YR ot ai no.
sel f -assenbl ed nonol ayer directed patterning, chem ca
et citha gnveﬁtlbn griy alsb dngludga groce’s ifgpmidubing &l tatiealvith surfaces

i.nks y di spasi ng..a | ayer of parallel carbon
hay{gg dﬂw@e i° GOPHECS, Ab SN S HESsyreaD 08 esismuned pressure value.
1 [ 0 p
T P g e d atkey ek of oEREAR il Mebertt A e DB pERER o critical
copacidims slensityi‘ gl wdiuagcadrding ¢athevfaqmauladeposi ti on ( CVD),
The invention nmay al so include a process for producing
a carrier with surfaces having ultraphobic properties
at liquid pressures up to a predeterm ned pressure
value. 5 The process includes steps of selecting an
asperity rise a gle deterffining a critical contact
Iine density ly&k%g agcgrdiopy to the formula: - P
y cos 0 a,0 “90' 10 wHere P is the
predetern1ned pressure value, y is-the surface tension
of the liquid, and Oa,o is the experinentally
nmeasured true advanci ng contact angle of the liquid on
t he lts‘ep}g rs! ¥ e?err}n%e o& sgﬁ%r\?aﬁe 94 ﬂle\/\éurﬁ{:%]{%%smn of the liquid,
asperl y rise angl
and @), f aake Bx;feﬁrmmmtallgnﬂeafsafdm tAg aivamtmg pbhtatttanglef of the liquid on the
pr.ojecting. asperities on the surface portion, so that
asneﬁ@y g@léerlag@ Aedreesn 28¢ @Y the GPEEY rise @@g@e REQViding @ caprier with a
I at
surgﬁ: 3{ ortfi %hg f%rtrnl(i}g} SSIHEIT%.I fl b’ Sﬂéroyz}ﬁgg 9.5}%?1?1%8(5 t)fsl {t]lge sur%ace portion
SO dimte]nem;urfaag has @niactvahbomsqdinetdenbii gdital tovat geeater Zlnan the critical
&rs.. .according to the fornula: Z 1 - cos(0a, o+co
Conti‘ég% ensity. 5 sin TOa o + co - 180 20

The process may further include the step of determining a critical asperity height

value “Z,” in meters according to the formula:

d(l ~ cos (9,,0+co ——180“))
Z, = : 5
‘ 2sin (0 ,,+ o — 180°)

where d is the distance in meters between adjacent asperities, 6, is the true
advancing contact angle of the liquid on the surface in degrees, and ® is the asperity rise

angle in degrees.
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where d is the distance in neters between adj acent
asperities, 0a,0 is the true advancing contact angle
w@booties31bi qui d on the surface in degrees, and BOI/US20041€11720
asperity rise angle in degrees. 4 WO 2004/ 093152
PCT/ US2004/ 0117 3 B EECRS BN AUObRUERRRAW NGS
Fig. lais a perspective Vi | of a
carrier with ultraphobic surfaces thereon according )
t o Fige lgrisseperspentivat View; ofpng. embodiment péesqsener wish ultraphobic
| ew, | Ler iV ' t of a carrier with 5
Sur\l%ct% P g%%eggi%g@osréﬁgg@@se ﬁﬁ%ﬁg@g&g{é@m ding to the present
invention; Fig. lc is a perspective view of another
al t Etgaakh e acperspgctienviest of aparli¢raativei ethbodimentpfiabearier with
Sl ﬁ9ces t her,eon accordiqgtto t he rqunt i nvention;
u EPE‘.’ 1f §itnfages HSEon ASEeTiRg 1 S RTET) My Sl ner
alternative enbodi nent of a carrier wth ultraphobic
sur Fir ds it lagreespectaccaedi ofganother heprgscanbodiment obHa carrier with

ulePhebiR RS DorocR o aaRs Pt REntesont

i nvention, wherein a multiplicity of nano/mcro scale
asp@igd. tlideis ap@spoctiadgasy of yat aroditdraatigttative @htbaddimdnt @f2 carrier
i1s . a tog, plan view of a portion of the surface of Fig.
with- ulirpphobiy sugfagesdhergonpceprding e the BESHT VR f ace
portion depicted in Fig. 2; 15 Fig. 4 is a partial top
pl amig/ilevis @fpetspeativies eflidided 6/i@n @ dh nemiphebict skefapé 86RRding to the
I nvention wherein tﬁe_asperiti es are arranged in a )
prasetdguemsionayhergin Fmpltiplicity of ngne/anieioesealei asperjties\gro prranged in a
ative enbodinent of Fig. 4; Fig. 6 is a side
recé%@&%%%%éﬁvi ew depicting the deflection of liquid
sus&ended between asperities; 20 Fig. 7 is a side
el eVig 2 tre top @landaew of e pgrtoncidlia surface of Figgli d
suspended atop asperities; Fig. 8 is a side elevation
vi e dani ¢LideQ1dviifor idwi i HEOREAEL h&Mioh REpPRELPMLD; t he
space between asperities; Fig. 9 1s a side elevation

view of a single asperity in an alternative enbodi nent
of Fig. 4 is a partial top plan view of an alternative embodiment of the present

invention wherein the asperities are arranged in a hexagonal array;
Fig. 5 is a side elevation view of the alternative embodiment of Fig. 4;

Fig. 6 is a side elevation view depicting the deflection of liquid suspended between

asperities;
Fig. 7 is a side elevation view depicting a quantity of liquid suspended atop

asperities;

Fig. 8 is a side elevation view depicting the liquid contacting the bottom of the

space between asperities;

Fig. 9 is a side elevation view of a single asperity in an alternative embodiment of

the invention wherein the asperity rise angle is an acute angle;

Fig. 10 is a side elevation view of a single asperity in an alternative embodiment of

the invention wherein the asperity rise angle is an obtuse angle;

5
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25 the invention wherein the asperity rise angle is an

acute angle; Fig. 10 is a side elevation view of a
w@Revghegsiasperity in an alternative enbodi ment PET/USI964/011720

i nvention wherein the asperity rise angle is an obtuse

anglFeg. Bl WOHafidtdpO plan2vie@T bﬂﬁﬁOﬂﬂdfﬁHIﬁlEZﬂnb(ﬂi@.enﬂ of ahe present

partial top plan view of_.a ternative enbodi nent  of
lmteatéorbw R TF AYBRLFOHe AR BIR G apsangefite 8 regiaggular array;

cylindrical and are arranged in a rectangul ar array;

Fi gFigl22iisa sids cldeattdnevadiofthevdliematie thbodilteat ofFigy el ;

enbodi nent of Fig. 11; Fig. 13 is a table listing

;g;glg 33 ig %rtgﬁggt ﬁ%%rﬁ%-lngtﬁ?sdﬁg éhlté%‘ft lmer_cfe %rjff)ety V%{eg 8%asperity

shfe€¥ad hPdhg¥meMsOf an al ternative enbodi ment of the
present invention; Fig. 15 is a top plan view of the

?lo:) et na Yﬁeé\% od| r‘ggﬁrllﬁt){b f‘)’fée"glsﬂg agyerp%wgnelﬁb?félﬁ}?af io@éhe present

nn@ﬂﬁ&glnent of the 10 present invention. DETAILED
DESCRI PTI ON OF THE PREFERRED EI\/BCDI MENTS Fig. la
depicts, .in exenplary fas i on, E_E)g‘godl ment. of a

car Figd 5192 o %Ylﬁ‘d qfdhe ¢ F?énaﬁ‘r"é§ 10MRPe At Fign 14; and

Carrier 12 generally includes a body portion 13 in the
f or m@0f1648 a t6p plaASHER o4, anFlé BspRrityoid abddtendtiRe teh®diment of the
14b, a pair of opposing sides 14c, 14d, a back 14e, 15
Pr%ﬁlétlﬁ'fﬁn@ipén front 14f. Open front 14f may be
sel ectively closable by means of a door 15. Wthin
encl osupgETI¥I EPOESCRIPIIONIOF TIEE PRIFPERR HI® EMBOBDIMENTS
|n the formof wafer supports 17 are provided to
ort fers.in a parallel, sp .apart, . .
r eI 1§ dadspists, & ary i, é&r?‘? 1@%%?&;? R 151 #pgprding to

theC VRS, Qﬁﬁ{érqasgeﬁl@fallgl&iﬁdlhdlés@i 100: ST ﬁ&rﬁoﬂr’?? ih Bheé?form of an
ocess, such as for exanpl g, ki nemati'c coupling

engdos'ure M Wﬁh adopd 14, radiwpnﬂ‘}bandnlalrng” OPE@snﬂg siderel 409 14d, a back 14e,
| t 2 be f t ti
oo PRBLRR 1 25 50 7Pt B OSBRIty 7RSS o oor 15

Withgr &f&iosuﬂéhws ot bF apdebidviceUsippefSpdravnd g6 Pl forth of wafer
critical locations of the carrier 12 while other

suprortsi Ignaretpaerddesbinanpetd Mealfers iy # parelel, sacechangbrelationship to each
tlgeg:]; 3 tytl on‘g’m gz}]\% otfhg{ %ﬁpb&n@q¥ Bglftl%ng/ %11 ?ac}iltgtfn%g its use in a

gura usirng a vari ocess
process, such as for example, a kinematic couphng portion 18, and a robotic handling

flange 19.

Ultraphobic surface 20 may be formed on the entire surface of carrier 12 or on any
desired portion thereof. Thus, ultraphobic surfaces may be placed in critical locations of
the carrier 12 while other portions have conventional surfaces. Ultraphobic surfaces 20
may be formed in any of a variety of configurations and using a variety of processes as

described hereinbelow.

Various other embodiments of carriers are depicted in Figs. 1b-d. In each of these

embodiments, ultraphobic surfaces 20 may be formed where desired on the carrier 12.

Surfaces resistant to wetting by liquids may be referred to as hydrophobic where

the liquid is water, and lyophobic relative to other liquids. The surface may be generally

6
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25 descri bed herei nbel ow. Various other enbodi nents of

carriers are depicted in Figs. Ib-d. In each of these
wepdvaeadirent s, ul traphobi c surfaces 20 may be fRPCTES2004/011720

where desired on the carrier 12. Surfaces resistant
reféreednetas ian giltbahytiiopholis omaltra@phetie sudatetibthasurface resists wetting to

T e o NP i
of 9 ﬁ‘ﬁr &lobets @mﬂ%@%ﬂé@@ ?@ﬁetp hhh UpoaP450 Jeﬂeé%@s) cougled with low

ferred to as an ultrahydrophobic or ultraly
commtf aiggde i Hystehesiss maruas e(levsesthgn sabgat t3th gieg@GS)ara emrbedly reduced

char.acteri zed. b all ,of .the f oW n
proR RSl Dk o ke it a8t o B ek oL Etiq-gas-solia
intdrfRe SHthe Garfh& %&@ fthé bface 18 Womp2&clgefibaREded Cial Lﬁ@I For the
wth low contact angle hysteresis val ues (less

purpbsast of thisl appbieation, herdariedltsapbeliaciedussd ﬁpowéqisgqnyraélw to both
r f.ace droplets; or the presence
ultt@Fy%foﬁl? Wit & 'gl a§'8§l]il g’lc f"’ﬁf cgsf ace at the surface when

the surface is conpletely subnerged in liquid,. For
t he Anpenlpigeé sview ¢hbse pppbirghtinbodindme dfeanmuliraphobic surface 20

aphaobic is sed .0 _r.ef nerally to,.both
sccFdipRIg B HEHPE TR 15 SPISHRoB £18 (4 adde. Safpee 20 gencrally
1ncﬁfde§ﬁgﬁt¢su‘éteeﬂ ®ith Q@lﬁllﬁﬁlﬂlgf JrRloj 8RR sPBtes QY. Ach asperity 24 has
ul t raphobi c surface 20 accordin o the present

a pﬂmbtytofcandaSS?.de ztapd2§.nErely asmrlé' 2 h@s 8 Wwidthadimegsion, annotated

w88 clud a_ substr at nultiplicity
o 5 Biiwbe o] ChaT PSR L s s s L
pI urality of sides 26 and a top 28. Each asperity 24
has Az depuitdu idi FiendieSh aspenities 24 e diSpd'seql in a r@uia'r gentagular array,
ur.e

oo nd a. hel htdl al%l Eetgm %f %@gé%tagg hics Sa EEFCH}ge fﬂ%gﬁ% ggnotated

“i fh Qhé %%er@r TRE taf PG Ududicndbd Y, thelopeaizl AP BEMthd Ysperities 24 is
spaced apart fromthe adjacent asperities by a_spacing

anihtatedh o) and thermisstaagledol thsf side r%t qféh¢ awrléss 24 pedatiwegioghe substrate

subt e thet ties 24 is
22%%’6’9%?2%”0?16 51}{8 gleeé anglc%lso tdrs1 reg%. de 26 of the
asperities 24 relative to the substrate 22 is
annéieactaﬂy,csmfaw @0swnth exthibih altmpgb@s mpperies wben ¢ lig@idd-solid-gas
. .d ees. . urf e, 20 exhi.bi.t .
i S5 OO b EP Aot SRy R s G1 f g 52 coptacts only the
toﬁs nigesids %oi‘ti?onr'@f e i B D Aprokiteats v agL 30PSf dgRtigbed4) Iéavmg a
Fig. 7, if liquid 32 contacts only the tops 28 and

spase 3t katwedn thn@ssemi@g filpd pyigx parer @ﬂmﬁ asdfe rapisite hquld-sohd-gas

mt%ri gll‘r' tplfeggntf ﬁ}}e liqa{\l\ﬁii P&Ay%ersagcf P 025 Qéen\égf “%té{)‘ r%lé% El)etween the top
edgds 301 of tiscPAspkitiaD4.

As will be disclosed hereinbelow, the formation of the liquid-solid-gas interface
depends on certain interrelated geometrical parameters of the asperities 24 and the
properties of the liquid. According to the present invention, the geometrical properties of
asperities 24 may be selected so that the surface 20 exhibits ultraphobic properties at any

desired liquid pressure.
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interface is present. The liquid may be said to be

"suspended" atop and between the top edges 30 of the
W@s@endtises 24. 25 As will be discl osed herei nP&r/v82004/011720

the formation of the liquid-solid-gas interface

depReftsring t€ @id ctanguibe arrsy) af Eiksgdesde snifaml 2(aragriet divkled into

e o S el 4 sy 24 T
areg g&g@?wg %%erﬂflfgg ?8[1% b&h RiforASREI 4 ?}ib@d’es@?yed)&r the _eguation:

SO t e surface 20 ex Its ultraphobi

properties at any desired |iquid pressure. 7 WD

2004/ 093152 PCT/ US2004/ 011720 Referring to the 1)
rectangplat array of Figs. 1 e-3, surface 20 may be

di vided into uniform areas 36, depicted bounded by
dashed |ines, surrounding each asperity 24. The area

den¥ibese o thespagingibsveen pshsiitiss Bieasiied Brnstsiea 36 may
be described by the equation: 5=12 2, (1) Y 5 where

Yy | Sot PefifecINGithalsnead crspesdtiones depieruig®idsNle-3, the length of

meters. For asperities 24 with a square cross-section
perimetge) of ép 35attppedeel3:3, the | ength of perineter

(p) of top 28 at top edge 30: p=4x, (2) where X is

theyasperity width in neters. 10 Perinmeter p may be ()

referred to as a "contact line" defining the | ocation

of the 1] q(ui d-solid-gas interface. The contact |ine
den¥ihelp ¥ 18)theasperly Widis Wdaetezhi ch is, the length of
contact line per unit area of the surface, is the

pr oBuginert A heye tof@ted to( &) a adenthbieliny edefind@n Het oc@tion of the
_asperities (6) so that: A =p 6, %33 15 For the .
liquidesolifpas arcrizceayThsfcontpghline dansdy (4 ethgeprfagee avhich is the length

. 1 6.3 A = Al 2). . i aui :
of Gl e oo oa Ll rbEes D HORA L IR prbedepid e ren
derthitg of ipegitiay (&) Yo dati ng on the liquid are | ess than

surface forces (f) acting at the contact line with

A=pd. - 3)
For the rectangular array of square asperities depicted in Figs. 1e-3:
A=4x/y". 4)

A quantity of liquid will be suspended atop asperities 24 if the body forces (F) due
to gravity acting on the liquid are less than surface forces (f) acting at the contact line with
the asperities. Body forces (F) associated with gravity may be determined according to

the following formula:

F=pgh, | 5)

where g is the density (p) of the liquid, (g) is the acceleration due to gravity, and
(h) is the depth of the liquid. Thus, for example, for a 10 meter column of water having an

approximate density of 1000 kg/m’, the body forces (F) would be:

F = (1000 kg/m®)(9.8 m/s?)(10 m) = 9.8 x 10* kg/m*-s.
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the asperities. Body forces (F) associated with
gravity may be determ ned according to 20 the

wo edooedisy fornmula: F= p gh, (5) where g is tPEI/US2004/011720
density (p) of the liquid, (g) is the acceleration due
t 0 @rathk bovher A, thdgurfase fdreesdepddperd of i Sutfged @nsidiusthe liquid
for exanple, for a er. col unm of water havi.n

¢ 10, Heg@ : € .Ng an
(Napprapreat eondesisngly Bith 10619 Nl thenaspaddss Fortiisreppsst to the

il G Moot e 8 OB T s TORB i B il avea of

thet Inpid{Her hand, the surface forces (f) depend on the
surface tension of the liquid (y), its apparent
contact ith the side 26 of the asperities 24
Wi t ré%gg‘%otgtégthe vertical OS, the contact |ine ©)
density of the asperities (A) and the apparent contact

ar edheftruet #dyaheiggicaniesd) angde {EoALoye dig@il of @) givatheolid meterial is

B RS RN P b Bt e Fl T on o
swEXdRed i tHE Rabdrlay hAHAS YsRAtifllyadd pefitles OMhAGhe aM@heingicontact angle
the liquid on a surface of the nmaterial having

is reedibnmeasuraplaby teeiyaapasivesdl kupwe intheathdvanci ng cont act
angle is readily neasurable by techniques well known
I N hepelba didhs ISPERERE WAIPRD cRRePe:dibit @ffr Whd Rdvancing contact
asperities exhibit their true advancing contact anglé

anglal vadue( @ ot thie sites of thesaspéritidse Bop eontacteanglermath respect to the

0 angle with res t to the  vertical at th
veiRalghe S8R ufisperES Nty ePusd Gt B e nnile dofct anele (6o
bydorangd flloGent act angle (Oa,0) by cp or was fol |l ows:

es=0a, 0+90- cp=0a, o+w90. (7) 15 By equating F and f

and sol,ving for_contact |ine density A a critical

conl‘gaﬁtga'ﬂg%'%l@ S?t‘ﬁ)'%grameter AL may be deterni ned )

for predicting ultraphobic properties in a surface: AL

Pgh By8quatingsSan@ £ arfd sbl@ng forSésntash éine dgndity A ciéem icbitact line

(p) of the |iquid, (g) Is ,the acceleration due tqQ .
de@%l%(\naf%n}et?rrm gy g@ H%tera%laﬁ%}%ﬂbr%@mgi Hirhobiapropsitigsine surface:

tension of the liquid (y), wis the rise angle of the -

si de -

A = pgh =, (8)
y cos(00,0+a) - 90)

where g is the density (p) of the liquid, (g) is the acceleration due to gravity, (k) is
the depth of the liquid, the surface tension of the liquid (y), ® is the rise angle of the side
of the asperities relative to the substrate in degrees, and (6,9 ) is the experimentally

measured true advancing contact angle of the liquid on the asperity material in degrees.

If A > Ay, the liquid will be suspended atop the asperities 24, producing an
ultraphobic surface. Otherwise, if A < Ay, the liquid will collapse over the asperities and
the contact interface at the surface will be solely liquid/solid, without ultraphobic

properties.

It will be appreciated that by substituting an appropriate value in the numerator of

the equation given above, a value of critical contact line density may be determined to
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20 of the asperities relative to the substrate in
degrees, and (Oa,0 ) is the experinentally neasured

w0 eae/0g8dvanci ng contact angle of the liquid onP€TES2004/011720
asperity material in degrees. If A> AL, the liquid

design h shfaceubpiewilbrttah afirdphebia ppepertiéses adg degiraidamouny oépressure.
uItraphob| ¢ surface., OGherwse, if A<AL, the liquid
Theeqyatiog mayhegenea 1z¢d7s: asperities and the contact
interface at the surface will be solely |iquid/solid,
wi thout ultraphgbic 25 properties. It will be

appriact a‘t‘&‘d;@;hm—by‘gﬁ?ﬁst ituting an appropriate val ue ®
in the AuENarer B e equation given above, a val ue
of critical contact line density may be determned to
9 V\Q}%W(SQQQ’ i‘rﬁ%nﬁ%@k@g@@ W8 lwidlh HQ8HAE: ﬁuﬁl&ﬁﬁ%ltraphoblc
that wll retain ultraphobic properties at any desired
propediestn flogrws par squaremeteequatﬂimwrfmy tansiogeafehelifjwiddn Newtons
wher e

P Rsiehl s EneEmiE TogteieeS e v Reboisel eneli pihe Havid on

theUds Erp Aedral iPdddi QREAd 6§ the adfetiBSiEngREn degiéas.e
er, y is the surface tension of the liquid in

o is.th erj nental |

I\Ie net er
o o0 e TS i 2 ORESE 2O G BPOHE Pithe phpveelations
wifl B€hiB %ﬁ?dﬂlﬁbl@%ﬁfér@és dn@eldﬁﬂir 1RfeRd {)ﬁﬁgﬁr@(?alhe% dg¥® and including the

asperl ty rise ang lein degr ees. ener al
valaatafcP paedadntelqaatlm (ﬂ)r fhwye. 2Dhef @hrwliolac qupph:rhgs woll theeexhibited

rel ations ul t rraphabi c rti.es

wHRGE e ot B e, SHedled e 141 3B R paffgected with
mdiﬁauall&og@ksue 10kif? uespéidﬂ? a@EfeaiatesantHae)th@l@%/s@ureTMue P may be

ul trapho operties w e exhi bi ted whet her the
selggied a@es t%b@gtm* dlecn, the Uspest eadcipyed liguid oy vaper agessfre to which

r i dual droplets. It wll

thﬁ§d¥£mqgu%eSg%ggééﬁg?%%ﬁ¥”H°ﬂ% é’pressure val ue P may

be selected so as to be greater than the | argest

ant ﬁtcwpihfoecgencnun dipplrecwqdoﬂlatptmsmlu@ of @ sttouddh be tShlscted so as to

'L ehopb D Subl et ed, durhing, use or aleant taril

o g Penprpts SpETHEEH I Plb e PRGaEs B By IR pddentariy or
local1p WigheP ehapednBicipatbds BisésntinQiticd i@ thel Qurfide ARt ﬂélbﬁh@e variations,

safety factor to account for pressures that may be
andrpibendughifagiorsy | ocal |y hi gher than anti ci pat ed,

di scontinuities in the surface due to tol erance

var i@t QiFace 20N ieh®Id PHEHyGGVARRs of P where the liquid contact may

be in the form of droplets on the surface, the value of P must be selected to account for the

smaller apparent contact area of a droplet as opposed to a uniform layer of liquid. In
general, the apparent contact area (4) in square meters of a small droplet on the surface is

given by the relation:

e (S I

where V is the volume of the droplet in cubic meters, and 8, is the apparent
advancing contact angle of the droplet on the surface. The critical contact line density AL

parameter for suspending a droplet on the surface becomes:

10
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If the surface 20 is intended for very | ow values of P
where the liquid contact may 20 be in the form of

waele@plogis2 on the surface, the value of P nust BPET/US2004/011720
selected to account for the snmaller apparent contact
area of a droplet as opposed to a umffmlayer of

l[iquid. In eh r@thog@g df erbs@9 t area (A) in
squar e mePE TWH— #@Wn surface is
glv&‘sbythere t i"0He 2 = (6V)3 1
ec) 3+ (1-casec) 3 (10) sin 9" sin e0J ﬂ?)
V\,here V is t h@omof ynmeodf . Hewdr 8BlJet in cubic neters,

and ea is the apparent advancing cont act angle of the
dr opl et ﬁn the surface. The criti cont act

den®iese Wiis tsayelimedt! the dropieja t?gmatem @ptSé{i gesitidp) of the

llqﬁHr @Cﬁ the %?é\'%éat d]%pglggsjgg tgggé 3¢ tscl)é:-sﬁl{eéﬁ%qotgilé ﬁt'qgc)l?@ QEe surface

tensaoih qof thd h)luld(@ti @ri} 3yCose angl c@)f(i’he sti8) ofvthe rasperities rélhgve to the
vol une of the_ d utH(vc neters,

in
SURTERE, Ty S (RENS FPRRFY. SV GyRG Cpractsly of Jbg dipplet on the
sur@éé@ b1 0,39 i Yhe @Q%eﬁrﬁeﬂtﬂﬁy ﬁ'f’eﬁ&ﬂed)ftrute rh%vltﬂc%ﬁ gontﬁcﬁeangle of the
surface ‘ténsion o li"quid (y), wis the rise
hqlad@Ineth@aSPtehbf mitdealgh dbgeesaslﬁxmatlbn é$ mayl betuisofal tacheble tis value of

P Bt o PeSeeCient Bt Setises RREREC AL BE S wit suspend

drop@s.0) 1S the experinmental |y nmeasured true advanci ng
contact angle of the liquid on the asperity rraterial

11 may. be useful. to check t
vaI g)élg%f e ‘fﬁl‘éee?fg‘d'{t’éal PHaqt Sie FPREYs detsring h@s.r@nammg details

of ﬁl‘éréeaﬁl‘éﬁ'y BPt}férh%b@rﬁleE hady B @tSHiARCR Bidile SURL BN onship of x and
dr opl et s Once the value of critical contact Iine

y ghegrsint thei @mabom fori padacttline densdy.nilngotbiat wtds, the geometry of the

surface may be determined by choosing the value of either x or y in the contact line

equation and solving for the other variable.

The liquid interface deflects downwardly between adjacent asperities by an amount
D, as depicted in Fig. 6. If the amount D; is greater than the height (z) of the asperities 24,
the liquid will contact the substrate 22 at a point between the asperities 24. If this occurs,
the liquid will be drawn into space 34, and collapse over the asperities, destroying the
ultraphobic character of the surface. The value of D; represents a critical asperity height

(Z.), and is determinable according to the following formula:

D=z - a1 - cos 6,0+ - 1§0°))
2sin (6,,+a ~1807)

, (12)

where (d) is the distance between adjacent asperities, o is the asperity rise angle,
and 6, is the experimentally measured true advancing contact angle of the liquid on the
asperity material. The height (z) of asperities 24 must be at least equal to, and is

preferably greater than, critical asperity height (Z,).

11
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of the geonetry of the asperities may be determ ned

according to the relationship of x and y given in the
weewavyam f or contact line density. |In other wWweHES2004€11720

geonetry of the surface nmay be determ ned by choosing

t he Aifhotigh i Tégd. hier3 xhemsperity risheanglentoaist 90 idegrees, other asperity

equation and solving far the

t her varlale The _.
gem%fupﬁanem%%lblsc FORSX BRI <O R fseaéréeam’fe&darﬁlg 9 or an
[ Wy GRlle | [
obﬁ'lg@ Ghtk uagt%le%)fteﬂrlnaf’fga{ﬂer el gﬁﬁ}{ ﬁgf& hﬁrﬁ:%grteﬂ rﬂ%aﬁ ®be Qretvlfefen 80 and
13aﬂ@geest| es 24, the liquid will contact the substrat e
22 at a point between the asperities 24. If this

CCPH A ARk B ) 0 9 o g

ardlbégsmwbﬂhﬁl tHeadcapd 6|f tief pitehemt sm;]énabﬁ.. FBInex?mplﬂae agfferibés may be
represents_a critical asperit ei ght, 20 (Zc), .and |
polybedphiciipiricabas é?mvtﬁ@ 13 JI%ShéY*fl@l» F%W%@% ﬁ*&»? gthersuitable three
a, 8 .
il P ool N iy Mootk ey B izl 6 milnizk contac
hnasdpﬁsniyt ofethe a\spérme‘e.h Asadgected yn Figse 1éragt1e1,5 dhedadparitbes 24 may be
he experinmental |y neasured true nC| cont act
forgﬁ—@ Veithyg %@qﬁ?@qrﬁl%?%a 2 had PO&%%‘#@ t if Rt pemeteraf head portion
40@1@ 'thptt:dg(a@o 19&6?5%@ &hid Edrﬁ&t Fhe WBdityRST (AL shi®RS! A8 abathRs such as
25 prefe greater than, critical asperlty
redesﬂegm 1hZy belforiiel m@w 09858 Qé:Tdsu@med @1 F¥R2016 to increase the

Al t hou in Figs., 1.e-3 the asperjt. ris a le wis
Pe@’é‘e@éQgg’Bser&gB?ﬁ’e?“e%??%é‘?‘ir?%?l °<9ﬁ1 Hé%d i@fpegitics may also
bech'hﬁ@Q%!i‘i’ﬁE&thegﬁyst@& an acute angle as depl cted in

Fi g. or an obtuse angle as depicted in Fig. 10.

Generall referred.that co Qe betwee

[

130 Té‘égarsé%@le%mﬁ i Tanged i BregiBpE e ArRyaY éf‘Fu%ie‘i?\naB‘é"e in a

po Bhﬁta)fra9fsué!§ RS et Hex%E&&?%nﬁ? deptticans @’1‘%337“435 Racircular or ovoid
ssiblew thin the scope of the present invention.

anﬁmgenmnanﬂ}@ aspsyibes tagsalsmpe bendqmdlyy(hé:abaﬂed so long as the critical
coffgt B ORI A0 BT Eh AT i afanEpeht sy have fss
pr&ﬁ’éjthﬁlb QMraph@bicOp@p&rtieat 84 RStheRYorbeedst plefetd. t On such a random

maxi m ze contac I ine density of the asperities. As
arrgrgrineané of iasparitigs,. the 4riinel coptact Hae depwty adeatheureigypniparameters

for e a d tihon

mazygb GoTCeR .)ar’,Yleelc'i a%ea&glﬁag?f %r t#lé) Eur%ag; gﬁ ttﬁl% nlt'h%f'e 8P§1{g tlg,pformulas for

caRABEng Qohtaetr lﬁﬁ@amtti&é fo0Rdrisis dtheﬁ@sﬁ@rit?lshypasfanﬂlwfangements are

_surface. Also, features such as
listed.

Generally, the substrate material may be any material upon which micro or nano
scale asperities may be suitably formed and which is suitable for use in the processing
environment in which the carrier is used. The asperities may be formed directly in the
substrate material itself, or in one or more layers of other material deposited on the
substrate material, by photolithography or any of a variety of suitable methods. A
photolithography method that may be suitable for forming micro/nanoscale asperities is
disclosed in PCT Patent Application Publication WO 02/084340, hereby fully

incorporated herein by reference.
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recesses 42 may be fornmed in the asperities 24 as

depicted in Fig. 16 to increase the perineter at top
we@dye/0®052 t her eby i ncreasing contact |ine densP€lUSZh€011720

asperities may also be cavities forned in the

subgith@tmethdds thhemas pe Slhltdb&SfdffﬁM‘nﬁﬁg aspesitigedf the dasired shape and

rectangul ar array as di SsS ina _.poly
spagiRgyinc maagmﬂgnwg@gﬁ?é@segrlﬁ dgaﬁeeft Agr} wtlprlg%lb%catlon No.
2062/003 ﬂr879 Ridr64h 1ngraSQﬁQ:'1 egl'r1 gh (AR08 No T@ ©25,788, microcontact

asperities my a be random'y distributed so Iong as
printing casi tdischised cmntIhSt Raiemé Nen$i200,160, neifrassémisldd metal colloid

mfliFty A5RC 356 Ao BB opErL DL, MAIRFHRUSPR i dhisiased in US.

PateRENoP6 21£05£ datorhi‘& ﬁfb%@n@rds@cfﬁ%gﬁaéﬁlﬁﬁ@gﬁ '@IFS‘&IOSQJ in U.S. Patent
asperities, the critical contact |ine defnsity and

5,25L1836, nmoamhnm@asadm@leml inry. BatesoNoep#038R%.ewl-gsl molding as

G RHERED S chetcnl NS ot g B SREmoRd Bo Bk sy gatteming of

suMidel OHSHQIERE 1R SRS Ptont N2 BES 35S, SHendbal M S adliSclosed in U.S.
listed. Generally, the subsfrate material nay be any

Patent &N¢.ab,5dp38O.whi chl-gtlc sf@m@rngw andlisdesed cial &).3s Petent u"ggvhcatlon

PoPRRE P e B PR i BorBt, R TacePondp, nerein oy

refefebe. Uﬁﬂocﬁlsﬂﬁfotdbeeﬁrd&ﬁh‘esbﬁiail calsasewé géabBCid orinnthehiesired asperity
substrate material itself, in one or nore |ayers of

geempiaies.npE&pmples d@béérbt)%dnaélﬁﬂlbﬁem%}%% rage lispdesed @ U.S. Patent
t t
A 1{3%2)313%11@1@%% Eﬁlﬂ%t A @m()ﬁg 35a \ﬁﬂr '2?@?/9%6635%(5&@&} qlereby fully

grapny
incoupdrated @efeit by e¢fbience. mAd:sroQémaibdlsmbﬂtyaﬁmmréd ®ay bs fGfhed using

di scl osed |n PCT Pat ent lLi,cation Publication
knewn gaothos of einging with ¢q) loAéoaﬁ &S &fa@élasehgr\@ﬁrbeo%ppremated that any

otﬁe‘?frﬁétgs Gy 3 M@ H&%%}lézasﬁgﬁéﬁ&%? PIArl withNBE requisite

suita or fornfng asperities of
degﬂ&eoﬂp}sems&nimtwqim betasedpaci ng i ncl ude nanomachi ni ng as
di sclosed in U S. Patent Application Publication No.

Zoo%ggﬁgdﬁé’ﬁ%@%g@?ﬁ Al lj;g/h@t% tﬂ{a SERP %qll'rﬂl)t l’rJe %ubjected to high

Pat én contac print
fluid pedsemes or whérS.thPaueade Nointdnd8dGo Zhﬁﬁel d;tebfetsasﬁ énpoice that may
nmet.al colloid 5 nopol ayers, .as .disc

| o
Prosipigats of cgRdensp P ihe QngfAhoRic & Zi%é%&l%ynb%f%med with a
cod r%g %cﬂl?mepnéfeﬁag :éépl Al lfé'iﬂgckﬂd%rp EhdBhiESI0RHRP ’ﬁ%osttlgogéc’echmques.

ning as ose In U S Patent
Fonexampleha thimpyasoflPEA] BEEL, ormpther$olyPadrenstetild. may -be applied to the
pogl’cgr%%hgig 8§urfs.218és_ %? | a r(rzgll'ndelr nLgsmg gas phase polymerization. The resulting
ultraphobic surface 20 will be generally characterized by randomly shaped and arranged

asperities formed in the PFA material, and will be ultraphobic at low fluid pressures.

In another embodiment for low fluid pressure applications, a fractal ultraphobic
surface may be formed as a layer of material on the substrate. In one such embodiment, a
layer of alkylketene dimer (AKD) or similar material may be melted or poured on the
polymer substrate and allowed to harden in a nitrogen gas atmosphere. One suitable
method for forming an AKD surface is more fully described by T. Onda, et.al., in an
article entitled “Super Water Repellant Fractal Surfaces”, Langmuir, Volume 12, Number
9, May 1, 1996, at page 2125, which article is fully incorporated herein by reference.
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disclosed in U S. Patent No. 6,530,554, self-assenbl ed
nmonol ayer directed patterning of surfaces, as
waele@ehensrd in U S. Patent No. 6,518,168, chem El/US2004/011720
etching as disclosed in U S. 10 Patent No. 6,541, 389,
or uPlangdkr ShiddRinieht asuitdblscfo@siees ifflmid).pbessiiat epplications, polymer
Application Publication No. _ 2003/0047822, all of
maigiiab Fugh eas rmlﬁmp}flemqa Y3 be dissP e dn e pelventpguch as p-xylene. A
e t I
audyEPpERiEsqticH 3orh, RO g KoHile P HERIICA, 5 0 Olution, and the
sol@i@n@é@sltaf orc thielratristaniditatee When dtaﬂoé\&narﬁ\mpmtedseﬂorous gel-
in U S. Patent plication Publication Nos.
thB’@ZPM@‘B%@CsﬁHu%BW@fS%‘ss al so hereby fully 15
I ncorporated herein by reference. Al so, suitable
aspef ichdh DFrHEtdboes poRymeeldyors/meite wedultthg Klﬁl(fm Wil 'edgenerally
of printing with colloidal inks. O course, will be
chaawere@déwandomlv shaned aa@ﬁ@ﬁngﬁétm@ao@;ﬁemawspenﬂes Although the
C
act{rﬂél {Jo%éa%?'i‘l%§ dﬁhﬁgﬁgrpcf Eﬁttrléeagl%gf}%%t ﬁ’nlge E&‘F ﬂgd\b‘f‘ﬁetagfo% Ql?(ihnsurfaces are
diffeure tcﬁlﬂﬁienﬁﬁr‘el duesto thar\tamubm Iy mﬂlmdmltal&pemaﬂsr itexse witfhces will

not be subjected to high 20 f|UId pres r where
exlpis uétmmlab@ PIePeTHES hfd@s qoptar g am%fm 8? §uiteee equals or
ol h
ex%e:@@ I{Eﬁé(%tll%i ggfrnggtg gﬁ% Sgﬁsng(){c}g?l?% F%IS chﬁlgsglgfalc%sg the actual

COIﬁﬁCtpbﬂlQ/ densityatvet mbesaqmyllmda]msava@gkmmlwe cEcbrethecairfazathle to the
posi tion techni ques.

VR o RSO O BB TRACEL GRP e Wt g papeity ris

an%ﬁ% inR hé’tfb%‘é bonat ¢ sﬁb‘&lﬁ%@ & aPdrage GANS foR thdisiirfiBe 9as

ase o ynmerization. The resulting 25 ultraphobic

surface 20 will be generally characterized by ran(i!1 g
shapéd pmalltdpv%@adnasaé%éml)@@ls% i} gihg8pecHic REmppathout departing
froHP{h%rs‘SﬂJit' orae@gen‘ﬂ'a 5 n%E%BP %lﬂki(i %t }iei’é’i’o%e' Wkbred that the present
pressuares. In anot er e I rent [ ui
empodiasnt be appldecsitinaisespacth asaﬂtuatratmaandphotﬁsmctw&r face
may be forned as a |layer of material on the substrate.
In one such enbodiment, a |ayer of alkylketene diner
(AKD) or simlar material may be nelted or poured on
the 30 polyner substrate and allowed to harden in a
nitrogen gas atnosphere. One suitable nethod for
form ng an AKD surface is nore fully described by T.
Onda, et.al., in an article entitled "Super Wter
Repel | ant Fractal Surfaces", Langnuir, Volunme 12,
Nunmber 9, May 1, 1996, at page 2125, which article is
,fully incorporated herein by reference. 13 WO
2004/ 093152 PCT/ US2004/ 011720 I n anot her enbodi nment
suitable for low fluid pressure applications, polyner
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mat eri al, such as pol ypropyl ene, may be dissolved in a

sol vent, such as p-xylene. A quantity of non-solvent
waeemh/oglEset hyl et hyl ketone nay be added to tPET/US2004/011720

solution, and the solution deposited on the carrier

substr . When the solvent is evaporated, a porous,

gel - e ul traphobic surface structure will result.

In each of the above polymer |ayers, the resulting

sur Wimeiswildilnees:general |y characteri zed by randomy

shaped and arranged m croneter scale asperities.

Al t hough xt he - bine density and critica

conf act |%€n%g§£#?$h§g@%§§é?'r such surfaces are

difficult to determne due to the variations in .

i ndibody Arving pesubstraie portiea Jeiths g spiecss airlepst appriqn phHpaid surface

ul trapheobi.c..pr ] [ Line:.: '
hafag ERREIPEHE QEREaER upitSisf bRt s IRt 19 form an
ult@PRSIIE tsutthdrs cdemabieyity davinper sormfndacaspbidty Seecingle relative to the

surfaces, the actual contact line density w|l
substreteestion, thepsparfiennositigaed s that thgmlipapbobigsugface defimes g contact
ing (Y Bl b o 88 CRORL B p@ A HE MRS of sface srca equal to or
greated e aontacelinsaddnsitg vaua i, 1detarhind dadoerdarg tavke fogeula:

value for the surface. 15 The present invention may be

enbodi ed in o[h%; specific forns wi thout departing

fromthe spirit or essgntial attributes thereof, and

it is, UheméﬁggéwvdeQDred that the present enbodi nent

be considered in all respects as illustrative and not

restrictive. 14 WD 2004/ 093152 PCT/ US2004/ 011720

CLAIMS What is clainmed is: 1. Acarrier for articles

conprising: a body having a substrate portion with a

sur fwhes: y Btthd @afice éenpiontaf adiqoid maiodtastiwithctee sunfavé imgNewtons per

mul tiplicity of substanti al uni.formy shaped -
mejpled 15 8 SRSTBSHALS TGP HUE QY PEPEEL ghels of the liquid on
the® 85iariRS Rfdriay iHaHéSgP&s,amC ATTRNFRES HEY ahbRein?B&rEes, and P is a

relfati've to the ubstrate portion, the asperities )
prgorhined eliusd presatret Maluellit ridpigomc psumiciere vdetdindgbe ailtraphobic

ontact . |ine .densit asured. i ters. of contact .
suiffiegiitsnlang e Trosteras b BAS g SRt up o and
in@iBAS e roRrRifAMUME pressifs wdRsi ty value "AL”

determ ned according to the formula: P AL _y cos O
a,0 + CO - 90

2. The carrier of claim 1, wherein the asperities are projections.
3. The carrier of claim 2, wherein the asperities are polyhedrally shaped.
4. The carrier of claim 2, wherein each asperity has a generally square

transverse cross-section.
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where y is the surface tension of a liquid in contact

wth the surface in Newmons per neter, 0,,,0 is the
wezp@enditent al | y neasured true advanci ng cont acPCEHOF1084/011720

of the liquid on the asperity material in degrees, w

i s the agper cirvier | 6 cdaigl €, wheeix ethe, aspedities i area cylindrical or

predeterm ned liquid pressure value in kilograns per

Cﬂﬁﬁ?@ﬁaBWH@ @n the ultraphobic surface exhibits a

liquid-solid-gas interface with the liquid at liquid

pressures up to and including the predeterm ned

l'iquid pressure value. 2. The carrier of claiml1,

wherei n e as er| i.es cti 3. The.car

of 61 ai miBS et eiin, T EpBeR Bl RRRspo B it in the
sutsfigeed. 4. 'The carrier of claim2, wherein each

asperity has a generally square transverse

cross-section. 15 WD 2004/ 093152 PCT/ US2004/ 011720 5.

The carrier of claim2, wherein the asperities are

cylindrical or <cylindroidally shaped. 6. The carrier

of ¢l ai mThe whigeeiof thinaspevlictdigsther aspeaivied iws paitiomdd in a

in the substrate. 7. The carrier of claim1, wherein
substpatigly BRIfQEY T e positioned in a substantially

uniformarray. 8. The carrier of claim7, wherein the

asperities are positioned in a rectangular array. 9.

The carrier of claiml1l, wherein the asperities have a

subst ant | unr m _asperi hei rel ati.ve

SubSt rat dBBGHEDA a7 RBEk e APHSpR R ey SHEReHE 4 BCangular
arr9y eat er than a critical asperity height value " Zr "

I'n neters determ ned according to the forrmula: Z -

d(1-cos (9a,0+co -180 ) 2sin Bao+CO -180 where d is

the distance in neters between adjacent asperities,

9a,0 is the experinmentally measured true advanci ng

conbact gmglcarridk of R&ithi Iguiitran tidsspadpes hivg a subkendiglly uniform

in degrees, and c) is the asp errﬂg rise angle in

aspeaiy helsht refptiva tg rhfc%@gtr%tr paEienngndawhgich be ASpari{y hight is greater
alrjll at &ARE Ioat%,'pgn%/lflefg%(f FalRO %' O m&%% determined according to the formula: -

dfl-cos(0,,+o—180)
Z, = - : 5
¢ 2 sin (Ha,0+w—180)

where d is the distance in meters between adjacent asperities, 8,9 is the
experimentally measured true advancing contact angle of the liquid on the asperity

material in degrees, and  is the asperity rise angle in degrees.

10. A process of making a carrier with an ultraphobic surface portion, the

process comprising:

providing a carrier including a substrate having an outer surface; and

16



process conprising: providing a carrier including a
substrate having an outer surface; and 16 WO

w0152 PCT/ US2004/ 011720 form ng a nul tP@I/U81004011720
of substantially uniformy shaped asperities on the
out gyl haeeltiplicithef sulksintialle, unéfeehlyastipped tagpdraies RG the outer

commn asperity rise angle .relative to the subs]tj:ra%gi
surfise of gt sqbﬁ@atas@@h.aﬁpeé%y b@@% a&ﬁ@an%a%la%y Hfgengleielatige to the

sublgﬁ'ﬁtejx ?@({;ﬁ, 3t aéﬂe?ﬁieg §H§ih&¥ed JRasH uRd drfhc%ﬁ? ralsco%acf hne density
cont &c I'ne” per square neter o surface area equa
measwr@l maheterstdfaontaet la'nmr}teaSQualm meted eﬁ smnf@ce\aadalmlua]Ab or greater than
det erm ned ,acc to the for cos O
a contpet linggensigyva %% dhie dgtermingeg éc“s‘lﬁ &é%ﬂ?texf E’f‘%‘ﬁ of a
liquid in contact with the surface in Newtons per
meter, O0a,o0 is the_eyperinentally neasured true
advanci ng\Lco he liquid on the asperity
material in eﬁP %50 D the asperity rise angle in
degrees, and P is a predeternined |liquid pressure
value in kilograms per neter, wherein the ultraphobic
surface exhibits a |iquid- sol i d- gas interface with the
liquid at pressur to and includin
pr ew@@@rwsaléedsqrfaaa realsasflég Jiaid g cqgtectytth ﬂ}?é“ff% @ﬁ%ewtons per
e B 1R D MEfREP L b ARl hIBRIBKE e tauid on
thet M)easfparalt&madasnaiegra‘es,r we ﬁlﬁ asppritycess anglel iectlegiedsy and P is a

t.he groyp.consisting qf na ch|n| m crqsta
PRI R, TR HEL HOte 38147 ORI BPY i Hrora1e b, b raphobic
suﬂtﬁ?:@ QxRS llﬂlﬁ%ﬁd{g% fifferfce rvﬂ%? Y1 Lﬁ@@@ 'ﬁgﬁllﬁ' ﬁl‘bé’éﬁres up to and
sol - gel nol di ng, f-assenbl ed nDno ayer directed

incpatingthaipnedetermereddmuid presshianglusol - gel st anpi ng,
printing wwth colloidal inks, and disposing a | ayer of
paral |l el carbon nanotubes on the substrate. 13. A
process for producing a carrier having a surface mﬁth
ul traphobi c propertles at liquid pressures up

pr eddt er fﬁhﬁe@rqy,egssqfr &lajm l}@ whgremf o@és§SPe€1<§1ﬁ§Jr ilr§| ﬁ@‘med by
ph&lifGkipayan asperity rise angle;

12. The process of claim 10, wherein the asperities are formed by a process
selected from the group consisting of nanomachining, microstamping, microcontact
printing, self-assembling metal colloid monolayers, atomic force microscopy
nanomachining, sol-gel molding, self-assembled monolayer directed patterning, chemical
etching, sol-gel stamping, printing with colloidal inks, and disposing a layer of parallel

carbon nanotubes on the substrate.

13. A process for producing a carrier having a surface with ultraphobic
properties at liquid pressures up to a predetermined pressure value, the process
comprising:

selecting an asperity rise angle;

17



17 WO 2004/ 093152 PCT/ US2004/ 011720 determ ning a
critical contact line density "AL" value according to

wWo b@4fgrisul a: P ALy COS 9 0 + CO - 90" wheP€T/PS1084/011720
the predeterm ned pressure value, y is the surface
t engleeimbiing herifidatjvordact lia@Qdendity ‘)8 vekipacéonding & the formula:
nmeasured true advanci ng contact angle of the liquid on

the asperity material in degrees, and wis the
aspexj ty—tri —providing a carrier with a
subst T atjecpaft.bone a®d forming a multiplicity of

projecting asperities on the substrate portion so that

the surface has an actual contact |ine density equal

to or greater than the critical contact line density.

14. The process of claim13, wherein the asperities

ar e vileienPds tsd prgdetghdneal preksogs aglhy,.y itGhe firfacptasasofahe liquid,

claim 13, wherein the asperitjes are fornmed_usin L.
Ou i r B rPxPeiBentalhe moarEed de dyARging §8niagt angle of it Tiquid on the

i Nj | ' Fag tact printing,

aslgem}%@é‘%i | ﬁgrgé&rr’eca?lgﬁ& %o %%&rlﬁgﬁ%%&%?s, atonmic force

m croscopy nanomechi ni ng, sol-_gel nol ding,

sel fPregdiagis| caEiNHGI aspbptrale pedioagaght t er ni ng, cheni cal

etching, sol-gel stanmping, printing with coll oi dal

| NkSormndihg Wmﬂlt%ﬁ@i%b BE prdjdcling fasSiritiRa lodl the kus@aRfbrtion so that the

nanotubes on the substirate. 16. The process of claim _
surface Hagranhasiuat sopiectslineglenkidy squap tobr geshatee thamghe critical contact line
prretri cal shape for the asperities. 17. The process
Yelaim 13, further conprising the step of selecting

an array pattern for the asperities. 18 WO

2004/ 093152 PCT/ US2004/ 011720 18. The process of

claim 13, further conprising the steps of selecting at

| ea on [ ' for: £t hexa 11 @S . 1 A .

at Tcast e Pnrne ogi o' PRk 8 BREHHE S B using
phatolidgpgadphgn for contact |ine density.

de$

15.  The process of claim 13, wherein the asperities are formed using wherein
the asperities are formed using nanomachining, microstamping, microcontact printing,
self-assembling metal colloid monolayers, atomic force microscopy nanomachining, sol-
gel molding, self-assembled monolayer directed patterning, chemical etching, sol-gel
stamping, printing with colloidal inks, or by disposing a layer of parallel carbon nanotubes

on the substrate.

16.  The process of claim 13, further comprising the step of selecting a

geometrical shape for the asperities.

17.  The process of claim 13, further comprising the step of selecting an array

pattern for the asperities.
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19. The process of claim 13, further conprising the

step of determning a critical asperity height val ue
w0 Z004/093152 met ers according to the fornula: Z PCT/US2004/011720

d(1-cos(0Oa,o+co -180)) ~ -~ 2sin 180 * ) where d

Is the distance in neters between adjacent asperities,

Oao is the true advancing contact angle of the |iquid

on the s f [ '

ang| g | n"frgg ?gceegg oggﬂ{ﬁQ§é§@'ﬁg—:¥ %?mkﬁsﬁlgthgt@}% bt Q’elécltlﬁg at least
on€ dimenstormn@or the egytitha vindgdaersnihisipr Atleasarute sother §imhsion for the

outer layer on the substrat the outer |ayer having
asperidigs FHBS APYURLGN A2N qonfsct q@enérﬁy asperities thereon

form ng an ultraphobic surface for contacting a

liquid, the asperities distributed so that the surface

has an average cont act line density equal to or

re er an a crit nt.a line densjty

oDy o e et it ity O3 S Gy 1 oBErERY e, 9, of etermining a
critib 414k rﬁ’fﬁél 9ARue % i 61‘%&!8)1‘&1Hg dd neYoemas: 1iquid

pres res up to an |nc |ngapr etermnedquurd

pressure value. 21. The carrl er of claim20, wherein
the critical g@t_a&,rs (Jgi ne gensgey) value "AL" s
determ nefl & j & a: - PALYy cos O
a,0 + CO- 90" 4¢ 20049 09 PCT/ US2004/ 011720
where y is the surface tension of a liquid in contact
with the surface in Newtons per neter, 9a,0 is the
experinmental |y nmeasured true advanci ng contact angl e
of the liquid on the asperity material in degrees,

i s tvheradpisr theydiptpce imgieters rbea’é@ne@sbaceah@smmhgs,tﬁe is the true
ad‘pin[%%%tc%é?cp%%ee 8g ﬁ{redh(ﬁxr & ?ﬁgﬂ[‘ afl}\fnﬁaﬁgffn dn rle(tl:esl, ?1119@ %mgltﬁeq aslpgrlty rise

anglofii aedréssg the surface is in the formof droplets,
and the critical contact |ine density "AL" is
determ ned according to the fornula:

20. A carrier for articles comprising:

a body having a substrate and a polymer outer layer on the substrate, the outer
layer having a surface with a multiplicity of asperities thereon forming an ultraphobic
surface for contacting a liquid, the asperities distributed so that the surface has an average
contact line density equal to or greater than a critical contact line density value, and
wherein the ultraphobic surface exhibits a liquid-solid-gas interface with the liquid at

liquid pressures up to and including a predetermined liquid pressure value.

21. The carrier of claim 20, wherein the critical contact line density value “A;”

is determined according to the formula:

- P
y cos(@ ., + @ — 90°)

A, =
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2 23 - pg(V)3 (1-cosCa) 3+ (1-cos9a) sin Oa sin Oa

AL - 1 (361)3 y cos (0 -'0 + co - 90') where Vis the
woodounesisf the droplet in cubic neters, g is tPEI/US2004/011720

density (p) of the Iliquid in kilogranms per cubic

met evherqgis thesirfaee tmsiohexf atliquid idwentaot withwhd sorfane in Newtons per

nMeters.per secon quared, . (h) is the depth of the .
ity o i e AP ErBentely Tieasirhs il S e s able adbe liquid on
thd hapehifl hiddNAMGPRReRES, (8L Qhe a¥perity k8 AYURS AOBedrE&E and P is the

angl e of the side of the asperities refative to fhe.
predlgtsemingd diqiid mdesgnreeslueda kilognatns peppmtesnt advanci ng

contact angle of the droplet on the surface, and

((r)a,o0) is the experinentally neasured true advanci ng

contact angle of the liquid on the asperity materi al

in degrees. 23, The carrier of claim20, wherein the

pol YRer e &arricspé elajm A0y sdsrein the limyid pentgeting, the surfaeds in the

i ' it .pal Quf er er i

forfPT BRI, a6t Bl ftal CFAE e HRAR" Y035 d@hffocd BXBRaige o he
foremila:i er with an ul traphobic surface portion, the

process conprising: 20 WD 2004/ 093152

PCT/ US2004/ 011720 providing a carrier i,ncluding a

substrate havin n ou % surf ace; s0rmng the
uItraphobild:gg,c)E a@e‘cﬁﬁéd ﬁ%;qéb&‘@ﬁﬁgit']ig a | ayer of
pol ymer materia emd he joutler s fagejusing a
chemica i ; yer of
pol ymer materkalys ' a ut @pclsurface with a
multiplicity é?é)é)sgz}rgl) 9@§?‘?he@gs)r53eri ties distributed
so that the ultraphobic surface has a contact line
densihiete WEQIKE S6luine JTEthedForfdét BQtbachetekd)® isRBE dSSHHF(B) of the
. meter of surface area equal to or greater than a
liqeid; ipj e kagrasempercaublq mstegetadiis fhe saselseationt ieciorereyy in meters per
I [ exhh hiit s. a. |1 qui d--s50]i.f- .
sl PRS0 G P ABBATBE IRl ML POk (e s pion or e
liqaiddini Newtwas n@r angiercdetieind petladel dst angle @FshE sideadbflithe asperities

relative to the substrate in degrees, 6, is the apparent advancing contact angle of the -

TN

droplet on the surface, and (6,0 ) is the experimentally measured true advancing contact

angle of the liquid on the asperity material in degrees.

23.  The carrier of claim 20, wherein the polymer outer layer includes a

fluoropolymer.

24.  The carrer of claim 20, wherein the polymer outer layer includes

alkylketene dimer.

25. A process of making a carrier with an ultraphobic surface portion, the

process comprising:
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26. The process of claim25, wherein the critica

contact line density value "AL" is determ ned
wa@aewangiltey to the formula: P AL _ y cos 8 a, OPET/0R004/011720

90 where ,y is the surface tension of a liquid in

contpasitiding bRairiee irelidige € substriielaving ape@uter swtfere; af , , 0

is the experinentally neasured true advanci ng cont act

anglee of the liqui,d on. the asperi teri ' .

3095t s S 5RO Y L gt
onRthe SoutdiesurPES AT AMich@elichl Ghipat dUpOSisivh ry@ks/ethe Mayer of polymer

kll_o%rarrs per neter. 21 o . o
material having an outer surface with a multiplicity of asperities, the asperities distributed
so that the ultraphobic surface has a contact line density measured in meters of contact line
per square meter of surface area equal to or greater than a critical contact line density
value, wherein the ultraphobic surface exhibits a liquid-solid-gas interface with the liquid

at liquid pressures up to and including a predetermined liquid pressure value.

26.  The process of claim 25, wherein the critical contact line density value

“Ar” is determined according to the formula:

- P
A= y cos(f .o+ @ — 907)

where v is the surface tension of a liquid in contact with the surface in Newtons per
meter, 6, is the experimentally measured true advancing contact angle of the liquid .on
the asperity material in degrees, ® is the asperity rise angle in degrees, and P is the

predetermined liquid pressure value in kilograms per meter.
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