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sensing of the

I'ng” "very smal |
nore particul ar | \LITHQGRAPHY y sensing with liquid flow.
[ 0003] Many automat ed nmanufacturing processes require the

di stance between a manufacturing tool and the product or

materi al surface being workeehtol:n soieviailt Vidlétens, such as seni conduct or
| it hography, the distance nust be neasured with accuracy approaching a
nanoneter. [0004] - The chall enges associated with creating a proximty .

sensor of such accuracy are significant,

particularly in the context of

photolithography systems. In the photolithography context, in addition to

bei ng non-i ntrusi veRGEFIRBERERRKCAHE0aVED ATEDL Op

di st ances,

quality.

-2- [0005

detect very small

the proximty sensor can not iIntroduce contam nants or cone in
cont act W|th the work surface, typically a sem conductor wafer. Cccurrence

of 1 tlosws| Luattin BicaShON" hORRINAAS0T TS o Ukl seryconduct or

fferent types of proxXi

nmeasur e verh/32g168, cﬂlsd ddwembeEX P0G whichrioXhedrporae@nEtin imgl ude
capaci tance, ?f/ﬁi% optical gauges. These proximty sensors have serious
short com ng%1

&
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BACKGROUND OF THE INVENTION

Field of the Invention

[0002]

The present invention relates to an apparatus and method for detecting
very small distances, and more particularly to proximity sensing with liquid

flow.

Related Art

(" [0003]

[0004]

Many automated manufacturing processes require the sensing of the
distance between a manufacturing tool and the product or material surface
being worked. In some situations, such as semiconductor lithography, the
distance must be measured with accuracy approaching a nanometer.

The challenges associated with creating a proximity sensor of such
accuracy are significant, particularly in the context of photolithography
systems. In the photolithography context, in addition to being non-intrusive
and having the ability to precisely detect very small distances, the proximity
sensor can not introduce contaminants or come in contact with the work
surface, typically a ser_m'conductor wafer. Occurrence of either situation may

significantly degrade or ruin the semiconductor quality.
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used in photolithography.systens because physical properties of materials
. deposited on wafers may inpact the precision of these jdevices. For exanple,
capaci tance gauges, bei ng dependent on the concentration of electric
charges, can yield spurious proximty readings in |ocations where one type
of material (e.g., netal) is concentrated. Another class of problens
occurs when exotic wafers nmade of nomconductive and/ or photosensitive
materials, such as Gallium Arsenide (GaAs) and | ndi um Phosphide (InP), are
used. In these cases, capacitance and optical gauges may provide spurious

| t 006 . P t 953, 388 d 4,550,592 di scl
;Fts gr ni‘%‘?“\[/sg ap]prolf)al?ﬁren?gﬁgefzgfmwgéﬁg% fFagvalable ﬁ*]sﬁ;agu?ga{awgse sensor.
An air gaugemaHndiefanées. NTxamplés NSF B xﬁmﬁt? s%ﬂgb(}? %{lﬁﬁé %géérc?t%%cgel grf& ric

charges or electrical, optical and othe ysical pro a waf er
surface. CuPPUéRl gaveesoridest proximityfeosars ihage seHOWEMRIcom@di WRS, t hat

proximty i \.1.h _high precisjon on the order of nanoneters. [0007]
Furt her nor e?’segﬁﬂ?ﬁg%ﬁ%ﬁg‘oﬁé’&ﬁhs@ﬁ’éws SHERS6 Rhysiqah pgenestiss pbmatetials becone
nmor e chal | edepdsfied 6f Gvatdrk &4 | ' | S i mer sion

epasfe rb @Y Aip4et @9?)5‘%?\53&% Eﬂh@ge ﬁ’%g%\%.e Z’Hr{é Thpl

| i thography. Wthin imersion l'ithogra e gap dMP'%st lens in
the proj ect FERCHHICE BaBess, heidg slepeident ors thei doneehtratibh oft electtidi dhatges enhance

system per : . an rgach .s Qrts printing of smaller feature
sizes. In %ﬁgg&gfhg@g §{rll'r§B r°§’¥k§§£?a %SB%T%PR%HW Feone tmmefaratesiala pool of
the |iquid. (e megdiuigeconeatnne. AH6MeASabOSEroHieSH L RerPogticPat ent s
4,953,388 and_. 4,550,592, woul d be inef faecti g }e%%aﬁ&lﬁ&mr@r?esq %)houlci t hogr aphy

system [ ooWafers masies pb moniqoRgitishend/grs photosensisivgemateaialsn guelpnsi der abl e

i fterest  Wohikuh ARSadCHE A r ni t The techngl ogy enables the
i ndex of refracti o%nlmrﬁ3 {Q%A%)%geﬁggé%ﬁ%? ﬁ&g)’t‘ﬁ‘é ‘ﬁ%erﬁ‘é—g?seapert ure of
t he proj ect ¢ases, capasitemetandloptical@atigds thieprovide spuridds résulgsul t, the

t echn has t ot ent | extend 193nmtools used in |ithography
down ?li())ﬂ%]nm ang'esp%ée’lng’l 4/8%%11’ and #,350.5%2 disslose pw alternatinegapppdaghsyst em t o
be ef fecti v, proginty@ensihp that SR anQfir gadige sensor. An air gauge sensor is not

vulnerable to concentrations of electric charges or electrical, optical and other

Y =

physical properties of a wafer surface. Current semiconductor manufacturing,
however, requires that proximity is gauged with high precision on the order of
nanometers.

[0007] Furthermore, as imaging requirements within lithography methods
become more challenging, one alternative approach being used is immersion

lithography. Within immersion lithography the gap between the last lens in

{
I

(. the projection optic box and a wafer is filled with a liquid to enhance system
performance. Such an approach supports printing of smaller feature sizes. In
these systems, a wafer to be worked is surrounded by a pool of the liquid. Air
gauge sensors, such as those disclosed in U.S. Patents 4,953,388 and
4,550,592, would be ineffective in an immersion lithography system.

[0008] Immersion lithography systems are generating considerable interest
within the microlithography community. The technology enables the index of
refraction in the image space, and thus the numerical aperture of the projection
system to be greater than unity. As a result, the technology has the potential to
extend 193nm tools used in lithography down to 45nm, and possibly below.

For an immersion lithography system to be effective, however, the index of



refraction of the |iquid. surrounding the work surface nust renain constant.
. Such variables as bubbling and tenperature changes inthe liquid can effect
the index of refraction. A proximty sensor, therefore, nust not induce
bubbl i ng or tenperature changes, and ideally can reduce these effects.
[0009] What is needed is a liquid flow proximty sensor that can precisely
sense di stances in an inmersion Iitho%r aphy system SUWARY OF THE
| NVENTI ON [ 0010] The present invention provides a high-resolution |iquid
flow proximty sensor and nethod that can precisely sense distances in an
imersion |ithography system The liquid flow proximty sensor determ nes
proximity Esfragtios @fi tgg liquidi sureounding the wark surfece muserandie fohaase
st andof f s. i he di stance or p between a nozzle of the
proximty sgﬁé%?glg%&t ?\Seggtihhf‘gca@ 'FROREratuRe gﬁ%ng%ﬂ the ligwid1cen effectiet er i ne

t he st andof thediddefr et lo EATR] it ns t_ . liquid mass fl ow
e acflof.| OW Brox|mAysdndr gl'fe?efﬁféaﬁ'élﬂl?snot g{a

rate is netered with a liquid nass flow cont’ er f SR t hr ough

two channel Bubblingpssemperatint chohgesnaid ideallypcanabducenhae effaanel . According to
i reference

t he pr i nveRiyl.on, .Roraus rest.rictors are used in the f

channefmgg rreasmagé%tn%%%egnlﬁeﬁ .lq"l*ﬂeﬁ%%ﬁ’ém}”é(sﬁepﬁ‘trt btk campresihgbe no
turbul ence, sense Utpees iaranlimehersib®RidbtapBy biiGhi on required for proper
operation of the sensor. In alternate en%odi nments of the present invention,
a porous snubber is placed within the proximty sensor follow ng the

liquid mass flow contrelRaAR imty sensor bifurcates
into the reference an neasurgpngﬁﬁf}%ﬁﬁkgﬁﬂéﬁé porous snubber quiets
turbul ence and reduces possible noise propagated through the channels, and

enfhanc e proximty sensor's precision. [0012] Each channel has a probe
ogﬁt hef@i1 @?al %‘f H‘é?tsg’}t dnysREpR peYYides adugleresolution fliguisl flow Iproxiimdtyi s f or ced

masurerment g 1o aroned at Fat Jrokie Bl el BE imIBHO Re 1 of er ence
and nmeasur ehidagraphpsysttrs. sBheskquid iflpsi proxiraiy bt determines proximity

by detecting a difference in measurement and reference standoffs. A standoff

is the distance or gap between a nozzle of the proximity sensor and the surface

beneath the nozzle.

[0011] To determine the standoff difference, a flow of liquid with a constant
liquid mass flow rate is metered with a liquid mass flow controller and is
forced through two channels — a measurement channel and é reference
channell. According to the present invention, porous restrictors are used in the

» reference channel and measurement channel. The porous restfictors introduce
C no turbulence, while performing a resistive function required for proper
operation of the sensor. In alternate embodiments of the present invention, a
porous snubber is placed within the proximity sensor following the liquid
mass flow controller and before the proximity sensor bifurcates into the
reference and measurement channel. The porous snubber quiets turbulence
and reduces possible noise propagated through the channels, and enhances the
proximity sensor’s precision.

[0012] Each channel has a probe on the distal end that is positioned above a
surface. A liquid is forced through the channels and emitted through nozzles
against respective measurement and reference surfaces. A bridge channel

- between the reference and measurement channels senses liquid mass flow



-4- between the two channels that is induced by differences in the liquid

~préssure in the reference and measurenent channel. .The sensed |iquid mass
flowrate is representative of the difference in reference and neasurenent

standoffs. In other words, the sensed liquid mass fl ow across the bridge

Is representative of any difference between a reference standoff of a

reference probe and reference surfacesin the reference channel and a

measur enent standoff of a nmeasurenent probe and a neasurenent surface in

t he measurement channel. The liquid flow proximty sensor can provide an

i ndi cation ng%inv ke a cont og action based on the sensed mass flow rate.

[0013] Accord nttge §"9 thangels thatds indused by diffarensen in theviequid pressuté f f er ent

nozzl e types tifafefdibndd reference prohes. These
nozzl es enable the $eﬁ%§rﬁ§agﬂﬁ§%ﬁgggiﬁ@%l'gﬁgepfeéﬁ“{ gﬂulgirg?sérf@ﬂ‘f 14§ pes of
wor k sur f ac éstepfesentativernfche diffegerioe ia réfefehbeindnpRGternt RRIGHES RN

i nvention, a Iigvui flow proximty sensor can contain a neasurenent
“channel conSEIEF EPTds, the seps Hidig mage fipweactasa thecknidpsds sepresentative pf e

measur enment aifeh@ce bE&FRn A ref: nt. branches has characteristics

that are t_hghgarre as thosenofregp&ﬁggggggfrfr@%r%:fﬁ%?ﬂﬁ%]’roﬁﬁ3885‘39‘168@that does

not cont ai nSWAResUR Srremferdcachiier! andvilhriehfirem SR ABAESTRI G nbéaeﬁ}@&%ﬁt enhance
ala

the ability prea roximty sensor. tq peasure standoffs over rger
regi on of aPhneastrehSHESEHPEaCairiacadadhe meagramaet ehonael uThé diquidmbodi nent

of the presdotv proximity S¥hsorPciEhRORle drSi ' ro i qui | ow proximty
sensor with_ a si ngzl e ymeas?Jr ed?rrlgl?]t ghanlr?g{c.gﬂ(%rﬂggdné} 9k aﬂ??@%ﬂ[i@“snoé‘t eps of
di stributi naaqefl@ai ke senssd massdflowresur ement and ref erence channel s, and

restri gio l'i qui venly across .. cross-sectiognal areas of each

chz nnefd.m[ggowl ﬁgﬁ’:%@g‘\gég %4 éerf"ﬁp?(ﬁé)rf G AR Eentien, iferprtexarle i nvent i on,

a met hod i typps can itaded as nﬁaédr&ﬁéﬂ_abh@&fe&h@é(%ﬁ%&’ éﬂ{;zi{‘%st apul tiple
rstributin

measuremantth branches. The nethod includes steps o | 8 l'iquid
flowinto alteFEROnRbssadiby adaptedLardisferaat bipemotwoikasunfates. rest ri cting |iquid

fl ow epongy According to a further aspect of the present invention, a liquid flow
proximity sensor can contain a measurement channel connected to a switching
device that connects to multiple measurement branches. Each of the
measurement branches has characteristics that are the same as those of a
measurement channel in a device that does not contain measurement branches.
Multiple measurement branches enhance the ability of a proximity sensor to
measure standoffs over a larger region of a measurement surface, |
| [0015] According to a further embodiment of the present invention, a method
( ) is provided for liquid flow proximity sensor with a single measurement
channel. The method includes steps of distributing liquid flow into
measurement and reference channels, and restricting liquid flow evenly across
cross-sectional areas of each channel. |
[0016] - - According to a further embodiment of the present invention, a method
is provided for a liquid flow proximity sensor with multiple measurement
branches. The method includes steps of distributing liquid flow into a
measurement branch and a .reference channel, restricting liquid flow evenly
across cross-sectional areas of the reference channel or a measurement branch,

and' switching between measurement branches. An additional method



across cross-sectional areas of the reference channel or a neasurenent

_ brdnch, and swi tching bet Wween neasurenent branches. An additional nethod
-5- describes the use of a liquid flow proximty sensor with multiple
measur enent branches to map the topography of a neasurenent surface.

[ 0017] Through the use of porous restrictors, a liquid mass fl ow
controller, and/or snubbers, enbodinments of the present invention allow
measur enent of distances based on liquid flow at a high-resolution with
nanomet er accuracy. The present invention is especially advantageous in

imrersion p Lt hogra .systenms and tools. In photolithography systens
it is incr eggélcﬁéﬁ/&ag’é? Bgéhﬂ'ﬁ PiPKHBItY sefisert with enuliplemaas@emehd abl e

geonetri cal braatidses Lt roducti gn tool and sem conduct or

waf ers at _hi gh- resso?ﬁ??&%&pkg%aagggpﬁ%HQW@mgﬁﬁ%W‘ liquid flow proximty

sensi ngl802hni que Thfawgh itbe ups of paesuis ired BRI AN @ fmale il 9{18%021{1%? y
S

measur enent sm{d'/orm t tgg physi cal paranmeters of wafer nateria materi al s
deposi ted on” WAl e!s ?fﬁrrqng@dé"é?ﬁtﬁﬁﬁﬁﬁdlféﬁent Hiyeitoar ilbow ateaflirghientayol ut i on

per for nance.digﬁﬁa&]bagwgﬁgﬁuigs t iﬁ@%@é{%g@%@ﬁggi and advant ages of the

present invention, as wel e str MekH ageuragie vari ous
enbodi nent s Bie  tpaesept edmrentiomy @nt ie8pecidlB dagednkdReyd nilg;ti%rgel ow with
reference t hO?&ﬁﬁgg%g ing drawi ngs. BRI EF DESCRI'PTI ON PGURES
[0019] The 89 esen nli%nts YHDF Ande 2915 heln \ihotelithsfgraphyc eystamd He is
acconpanyi ngncidaginglpdfesiréd1td D& eGhiawi NG, i reference nunbers indicate
identical or _functionally si A ol génteaﬁ%ésbarﬁﬁ'ﬁﬁ] sugpple gepmetrical di agr am of

a liquid f|dﬁfeﬁ%ﬁiqﬁatlsith@&rn@tmproelu@mndiougartdosemimndam@pdda@@mt Rfont he present

i fvention. [ | Ges i s, a diagram of liquid flow proxi mty sensor
V\/lr(th mul ti plrg%%rt}e%g u?é’r‘v‘é% h‘%P‘éﬁsc?lrﬁ‘gg’,naﬁ]%ﬁrf@’i“hawméh sensinglfekniquef t he
present i nvénﬂhcrnprov{dé@ﬂﬂdep&&ncagfi Wafer ‘ﬂr'r@’ﬂh?t?‘ ﬂﬁaﬁéfén?s”%%ma%?e

measur enment pﬁglr obae]s of aliquid )
ysical parameters of wafer materials and materials deposited on wafers

‘during semiconductor fabrication at hi gh-resolution performance.

[0018] Further embodiments, features, and advantages of the present

Invention, as well as the structure and operation of the various embodiments of

the present invention are described in detail below with reference to

~ accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

[0019]

)

The present invention is described with reference to the accompanyihg
drawings. In the drawings, like reference numbers indicate identical or
functionally similar elements. |

[0020] FIG. 1A is a diagram of a liquid flow proximity sensor, according to a.n

embodiment of the present invention. . .

.[0_(_).21] FIG. 1Bisa diagram of a liquid flow proximity sensor with multiple

measurement branches, according to an embodiment of the present invention.

[0022] FIG. 1C is a diagram of reference and measurement probes of a liquid

flow proximity sensor coupled to a immersion liquid supply system, according
to an embodiment of the present invention.



flow proximty sensor coupled to a immersion |iquid supply system
according to an enbodi nent of the present invention. i 1 -6- [0023] FIG 2
is a diagramthat provides a cross sectional view of a restrictor,
according to an enbodi ment of the present invention. [0024] FIG 3Ais a
di agram t hat shows the basic characteristics of a nozzle. [0025] FIG ‘3B
is a diagramthat shows a perspective yiew of a nozzle that nmay be used in
a reference probe or a neasurenent probé, according to an enbodi nment of
the present invention. [0026] FIG 3Cis a diagramthat shows a cross
sectiough%yleM/of t he nozzle illustrated in FIG 3B, according to an
enbodi lof t heFIEr 248 At lammﬁhatcmowd@mms fdcGond Diéve ofta désagdtar t hat
‘shows a per r-head C nozzle that may be used in a
P %Eg ﬁﬂo%h%%ﬂ%péﬁ%ﬁp?ﬁ% y

ref erence probe a ‘measu dpesent ¥eio®k ng to an enbodi nent of the

pr esent[002d]ent i orFIG, 8BSk dﬁ@n@lfatlsﬁo\ﬁs Hﬁb%%é‘@h&g@t@ms? QWP Bofy 0SS secti onal

vi ew of é’%ﬁ nozzle illustrated in D, according to an er%odl ment of
the prd@ i nverfilCoAB 15[4’.)@@5]3!11:!1@ Showsaqaefslpwmmwcbfaegh@ﬁlé fat shows a

nmet hod f or U X|mt sensor to detect very snall
di st ances alrﬁé}gg? g)érdmﬂlabg%gﬁ{e%\é,? act?”ﬁ CATEENEROPS acRoRO® Ment of the

present i nvembodnner{tG)t)ﬂﬁ]prEEilitﬁinlvuéﬁldﬁESCRI PTI ON OF THE I NVENTI ON [ 0031]

Wil e resent__inyention is described herein with reference to
i |lust &%ﬁﬁe enbépa{}né&rtlé an}PgTﬁﬁlrftthéhoéMS apiobs eatipnalsview tof shwondatlde

under st ood i@l vemt m.,ted. thereto. Those skilled in the
art with access %eghﬁtﬂ(g %ggﬁﬁ%@tg%\ﬂ ggglnﬁe&tg RIS IBRIEANz e additi onal

modi f i ¢&@27bns, i[b@l BBas mainesgramrtﬂatesmbwdla%i‘ép%cﬁvet iew 6fflesh%%?ﬁe4dher eof and
addi tional fjeld ich t present invention would st gnificant

Gt ity A PR thetemaY, b dediin 2 egifzenge probe or a measurement probe,

according to an embodiment of the present invention.
[0028] FIG. 3E is a diagram that shows a cross sectional view of the nozzle
illustrated in FIG 3D, according to an embodiment of the present invention.
[0029] EIG. 4 1s a flowchart diagram that shows a method for using a liquid
flow proximity sensor to detect very small distances and perform a control

action, according to an embodiment of the present invention.
[0030]

DETAILED DESCRIPTION OF THE INVENTION

)

[0031] While the present invention is described herein with reference to
illustrative embodiments for particular applications, it should be understood
that the invention is not limited thereto. Those skilled in the art with access to
the teachings provided herein will recognize additional modifications,
applications, and embodiments within the scope thereof and additional fields
in which the present invention would be of significant utility.

A. Liquid Flow Proximity Sensor

[0032] FIG. 1A illustrates liquid flow proxﬁty sensor 100, according to an

embodiment of the present invention. Liquid flow proximity sensor 100



[0032] FIG 1A illustrates liquid flow proximty sensor 100, according to
an' enbodi nent of the present invention. Liquid flow proximity sensor 100
-7- includes liquid mass flow controller 106, central channel 112,

measur enent channel 116, reference channel 118, neasurenent channel
restrictor 120, reference channel restrictor 122, neasurenent probe 128,
reference probe 130, bridge channel l§6 and I|qU|d mass fl ow sensor 138.
Liquid supply 102 injects a liquid at" a desired pressure into liquid flow
proximty sensor 100. The sensor liquid used in liquid supply 102 can be
any liquid suitable for [liquid imersion |ithography, such as de-ionized
wat er, cycl d0Jpdeslaquid mepss ﬂow exntrofiee 196nemtral icharime! 4hDuindaseersemtpat i bl e

with the Ii r uid surrounding the work surface.
. [00331 Oe(r%ﬁhrq]eﬁﬁgh%gﬁewf‘% @ “heéci‘?’]l‘}‘ P?“%m%@zreﬁ@wtqrquh mass flow
control | er téféremne chidnael ﬁeﬁhﬁloﬂdt@&né&suféﬁgﬁ Rﬂ}e]léé rek"ﬁ}rglwe(b 3ol | ow

controller 106 maintains a constant flow ra e within |qU| ow proximty
sensor 100. PFifeqshamed 34t andeliquid ounssefiow @nmrel;.’iﬁjrd,lqmgué@pgr 162n be used

in place o | f ontroll.er quid.is forced out from
liquid matsgn]Htglé ﬁ%ﬂ@ I%(rgwicggrﬁsﬂ%dﬁtﬁ li 6#13%)% Pémﬁﬁé‘rs%% 10 t h an
accunul at or Thﬂ:(h&nsifrfllqu&du‘séﬂ hagmal sy 1@‘!\%}?%@ ul ence

i nt roduced the liquid suppl 3 102%§§nd its useé;'lnl%p11 pt [ ong?gqéﬁon exiting

snubber 110?q\“iqu’i“8°rsiqnal}@I°§raPhy,o€}§ﬂh %Ged@'rl@llztimmtm c$da-octangumed i on 114.
Central cha x11 t | vjdes into
measurenent c anneI:_Jlmflsgnrlét:grgElru ?@P%@%S@rﬁéﬂﬁi r%%ﬂe L‘iqﬂlﬂ Upethgs dhe | ow
cont roller mersmreh;qlsd burcpundingtthawork suifdceci ently |ow rate to provide

m na[)éﬁgf i nco SI ble fluid flow  throughout the systemto mnimze
the pr ion o e%%ed H?d‘?"é‘ﬁf"?té ligyd supply 40247 liguidigwss Bawnel 136 i s

coupl ed betmlmmrmnﬁe@m&aﬁﬂtwﬂa@ jafidion! 18 RGgughARNY 118, Bri dge

channel 136 connects to measurenent cha ‘at j )4 Bri dge
channel 136CBAHEE t196 taaintains: @ sorstaritaflove  ratb1Within liquid flow proximity

sensor 100. In an alternative embodiment, a pressure regulator can be used in

place of liquid mass flow controller 106. Liquid is forced out from liquid
mass flow controller 106 through a porous snubber 110, with an accumulator
108 affixed to channel 112. Snubber 110 reduces turbulence introduced by the
liquid supply 102, a.nd its use is optional. Upon exiting snubber 110, liquid
travels through central channel 112 to junction 114. Central channel 112
_terminates at junction 114 and divides into measurement channel 116 and
| reference channel 118. Liquid mass flow controller 106 injects liquid at a
C sufficiently low rate to provide laminar and incompressible fluid flow
throughout the system to minimize the production of undesired hydraulic
noise.
[0034] Bridge channel 136 is coupled between measurement channel 116 and
' - reference channel 118. Bridge channel 136 connects to measurement channe]
116 at junction 124. Bridge channel 136 comnects to reference channel 118 at
junction 126. In one example, the distance between junction 114 and junction
124 and the distance between junction 114 and junction 126 are equal.
[0035] All channels within liquid flow proximity sensor 100 permit liquid to
flow through them. Channels 112, 116, 118, and 136 can be made up of
conduits (tubes, pipes, etc.) or any other type of structure that can contain and



junction 126. In one exanple, the distance between junction 114 and
~junction 124 and the dist'ance between junction 114:and junction 126 are
equal . [0035] All channels within liquid flow proximty sensor 100 permt
liquid to flow through them Channels 112, 116, 118, and 136 can be nade
up of conduits (tubes, pipes, etc.) or any other type of structure that
can contain and -8- guide liquid flow i hrough sensor 100. The channel s do

not have sharp bends, irregularities ®Ff unnecessary obstructions that may
i ntroduce hydraulic noise, for exanple, by producing |ocal turbul ence or
flow instability. The overall |engths of neasurenent channel 116 and

reference clelififdiquid Sowathranghseusak 100 The chirinels doawsTNaeé sifadp blgdsunequal .

[ 00361 Referiﬁ,géﬁ cthe%nnel 118 terg1 nates into reference probe 130. Likew se,
measur enent ‘CRaKACT S O 6" METGHFATH BSTYakeBs theh miaydrrpdugsrhyideauliggioiseef er ence
probe 130 i JoPegdnplen pm\éﬁl ptar r . .Measur enent.. probe 128
i s positioned abov% rrggsurerrer% sur %@em’%é@ﬁﬁwﬁﬁé&@%’&% Qerall

phot ol i t hogrengtys, ofmeasuresmnt chamel AbeanBfersnaf tiefndl HENdaMRAELAPT Waf er or
erence, surface 134. can be a flat netal plate,

st age supporgi wafer. Re
but  is not O%lh{:n&Pgrdextaglpﬁef’fiC@ni’ﬁgﬂﬁq“é!' Both reference probe 130 and

measur ¢0036]  pr olRefekefeashanm i § L QREShtSUGR off iy which 1iquid
flows out of is subnmerged beneath the poollteg?érllctﬁ'%g?és)ﬁ {)ﬁ)'ll?léﬁ‘fﬁe’l44 t hat

covers the WRfRerempes chgnigd it 6 derminafes ifitd measutemknd protief280 Refigphoe 102 i s
emtted fro -1 r s_128 130. ang j npj nges upon measur enent
surface 132 B]z-a(ﬁ%cllgp g% g?gépﬁ%éeasa(&g?%Ee CTEUOE SURface, fl%‘fs %@%‘?‘B@ﬂt @eRbei I28neasur enent

probe 128 aiml positicnednabops ORradBémeltx aih& NezZ! 5 %ﬁ @%ﬁ&{ti bgd further
bgl ow with l(met(s)ﬁglfcat to FIGs. 3A-3E. As stated above, the distance between a

nozzl e and & E@gbbﬁa?%grméw&wﬂaz & oftesrf @samicendsiotot acatericr 1 ef er red
bosi t1 oned_ apve koY kg, Rat B AR e Lo R P B et or ence
standof f 14 noElimited tethis egample. B3t referensd piobb EB0ARAY fcIRASHE R TENT
surface 132p¥gbter12§narg r}‘)ic()gll%\c,)mr?ed such that the bore in which liquid flows out of is
submerged beneath the pool of immersion liquid 144 that covers the wafer
being worked. Liquid injected by liquid supply 102 is emitted from each of
the probes 128, 130 and impinges upon measurement surface 132 and
reference surface 134. Nozzles are provided in measurement probe 128 and
reference probe 130. Example nozzles are described further below with
respect to FIGs. 3A-3E. As stated above, the distance between a nozzle and a
corresponding measurement or reference surface is referred to as a standoff.
C [0037] - In one embodiment, reference probe 130 is positioned above a.fixed
' reference surface 134 with a known reference standoff 142. Measurement
probe 128 is positioned above measurement surface 132 with an unknown
measurement standoff 140. The known reference standoff 142 is set to a
desired constant value representing -an optimum standoff. With such an
arrangement, the backpressure upstream of the measurement probe 128 is.a
function of the unknown measurement standoff 140; and the backpressure
upstream of the reference probe 130 is a function of the known reference
standoff 142. If standoffs 140 and 142 are equal, the configuration is
symmetrical and the bridge is balanced. Consequently, there is no liquid flow

through bridging channel 136. On the other hand, when the measurement



measur enent standoff 140. The known reference standoff 142 is set to a
desired constant val ue representing an optinum standoff. Wth such an
arrangenent, the backpressure upstream of the measurenent probe 128 is a
function of the unknown neasurenent standoff 140; and the backpressure
upstream of the reference probe 130 is a function of the known reference
standoff 142. |If standoffs 140 and 142 are equal, the configuration is
symmetrical and the bridge i s bal ancet - Consequently, there is no |iquid
flow through bridging channel 136. On the other hand, when the neasurenent
-9- standoff 140 and reference standoff 142 are different, the resulting
pressure distdndpfhized hﬂtmmdehﬂmmsmzéﬁﬁﬂﬂlffém%k r@&ﬁhﬂ’%‘ﬁre&ﬁﬁe reference
channel 118 nduceé?a flow of liquid throug mass ow sensor 138.

[0038] Li quiditfersace betyigen thesmeasppgment qhémlédGaargn@ebpfed@ee@hmbl 136,
preferably aitlSQn&ﬁ:@Hﬂ'owQﬁ*l@;hdf cﬂ%hngqug%ass 0%%%? 138 senses |iquid

flows induced by pressure nt channel 116 and

r ef er e@@38 hannelLiquid. madseflewpsenssul 38 G4 idcateansieng elIE Afnid] rlggul t of
changes in thfe rti cal p03| tiani ng of mneasur errent surface 132. For a
symetric B fj’g fralpointe fadwid grass dloms senawy 138censes diquidcBowes andof f 142

are equal, 1ﬁci1f°ce§tl?}nqﬂésguﬂe _dL%' ?erﬁgg%e éenb%egflg&?ltg rObgél&fs 130

conpared to surfaces ™ 132, eSS id det ect no

| i qui d mass réferance chanpel 11t8hél?lmsmpﬂelssubeadllﬁﬁr@l’c&ﬁ@dwﬁasja fdsel ePeinpet ween the
nmeasur enent .a ref e nce.. chag&el s. Differences between neasurement
standof f 1467 4% '3’[9 Refitioniag of qpegsurementyisprfagee 432+ Fagi 4 SEmmstricor essur es

| n_measur embide NatheakbRnfiflsiah RIF LAY &'?&Bx?k%oséaé-fﬁ{f ﬂzO%S 04 f sets can

bg introduced for an asymetric arrangenent S £ ow
sensor 138 deshsfardoff rqdh@lsmeomr ibathuefettie Ipyotees 128 s K0 mmpinrécf £ SuPfaesOr

15 5 uni que Poners oty oS TRICEAPEERE soitnp tewdl et Tekencenor s,
assuni ng a dome mﬂtbefﬂoom‘eﬂmediffﬁr@lcle'&W&n%@%a&@@meﬁ@ﬁﬂj@f&@ﬁc‘%nce
channels. Differences between measurement standoff 140 and reference
standoff 142 will lead to different pressures in measurement channel 116 and
reference channel 118. Proper offsets can be introduced for an asyrhmetric
arrangement.
[0039] Liquid mass flow sensor 138 senses liquid flow induced by a pressure
difference or imbalance. A pressure difference causes a liquid flow, the rate
~of which is a unique function of the measurement standoff 140. In other

words, assuming a constant flow rate into liquid gauge 100, the difference

N

“between liquid pressures in the measurement channel 116 and the reference

-channel 118 is a function of the difference between .the magnitudes of

standoffs 140 and 142. If reference standoff 142 is set to-a known standoff,

the difference between liquid pressures in the measurement channel 116 and

~_ the reference éhann§1 118 is a function of the size of measurement standoff

- 140 (that is, the unknown standoff in the z direction between measurement
surface 132 and measurement probe 128).

[0040] - Liquid mass flow sensor 138 detects liquid flow in either direction

through bridge channel 136. Because of the bridge configuration, liquid flow

occurs through bridge channel 136 only when pressure differences between

channels 116, 118 occur. When a pressure imbalance exists, liquid mass flow



between |iquid pressures in the neasurenent channel 116 and the reference
channel 118 is a function of the difference between the magnitudes of
standoffs 140 and 142. If reference standoff 142 is set to a known
standoff, the difference between |iquid pressures in the neasurenent
channel 116 and the reference channel 118 is a function of the size of
nmeasur enent standoff 140 (that is, thg unknown standoff in the z direction
bet ween nmeasurenent surface 132 and TEhsur enent probe 128). [0040] Liquid
mass flow sensor 138 detects liquid flowin either direction through

bri dge channel 136. Because of the bridge configuration, liquid flow
occurs t hr ou§Rs®r 13y deteptarmetsulkBg bauig Advenamt ess wida@i 4 %1,% Bstebet ween
channel s 11§, &g,?ﬁ%%ﬁ&;. .V\h@n a pressure inbal ance exists, igwg mass fl ow
-10- sensor T38°GHSHen Lagp s‘Bi‘Stsi‘ﬁﬁ)"F?T&fBY 438 cywproxivle amaimdication af @ an
appropri at e seasedt flow | HRisukl S . .sensor, 138 can provi de an
indication of a sensed fl Oevw%s#%gghggn@ﬂsgﬁgé{, qgj@%}o&/‘% CIAYEY: imdi cat i on.
Al ter nat i velBJaceiof 2 liquid mass flawlseosorch diffeserftiabpres@is Qinsordmsy bt et i al
pressure Ser’ﬁl%rdif’@%nﬂgl %rsed.e The differential pressure sensor neasures the
difference in pressure berwserSehBegspsescths ikerencenmi prossuge betivemct i on of

the differenbe thet whaield)ewhiFRagULeIBRMioANGr e efgace standoffs [0041] The
control function may be to cal cul ate thlg exgctﬁég(ggfgr(ﬁmf‘? el?eé‘ﬁfﬁeé’s.th? n.
anot her enb&YidfwRment 3 refmencelstande®s.i on may be to increase or decrease the

' Thi s i i shed b ' th
reasr ool qur f ang P330Fesheln el Be 18 s8EafEhe SHrose abrences. It he

pressure diahdthereemnbodimentyftid cirtml IiynctibA $8ayt B & ' ceurs when there
i  no | onger. g Bgi fference between the stan}leoffgilh regg/n?érlgges?u?aémﬁ surface
n

132 and ref & meAjpremeat 1890, 18004 dhis|is adepmplishedt bat mevialg kgast three

el-ements of rehgirbneSeRtfabd VPN el todimt |iquid turbul ence and ot her
hydraul i c nqgise to enablae t he E)a(rﬁgggnﬁieaﬁuﬁ%ﬂ}tip C?P%tulggé?:‘ﬂi theresnsmet er

‘accuracy. TRdEeense dvauffisiently gloseltawss, WhiehVoccurs when there is no longer a
difference between the standoffs from measurement surface 132 and reference
surface 134.

[0042] FIG. 1A illustrates at least three elements of the present invention that
limit liquid turbulence and other hydraulic noise to enable the .present
invention to achieve nanometer accuracy. These elements, liquid mass flow
rate controller 106, snubber 110 and restrictors 120, 122, may all be used
within an embodiment of the present invention or in any combination
-depending on the sensitivity desired. For example, if an application required

_. very precise sensitivity, all elements may be used. Alternatively, if an
application required less sensitivity, perhaps only snubber 110 would be
needed with porous restrictors 120 and 122 replaced by orifices. - As a result,
-the present invention provides a flexible approach to cost effectively meet a
particular application’s requirements. o o

- [0043] FIG. 1B illustrates liquid flow proximity sensor 150, according to. an
embodiment of the present invention. Liquid flow proximity sensor 150

includes many of the same components as liquid flow proximity sensor 100

* with similar principles of operation. The difference between the two sensors

is that liquid flow proximity sensor 150 has three measurement bmﬂches

which are comparable to the one measurement channel included within liquid



rate controller 106, snubher 110 and restrictors 120, 122, may all be used
wi thin an enbodi nent of the present invention or in ady conbination

~ depending on the sensitivity desired. For exanple, if an application

required very precise sensitivity, all elenments nay be used.

Alternatively, if an application required | ess sensitivity, perhaps only

snubber 110 would be needed with por?Ps restrictors 120 and 122 repl aced

by orifices. As a result, the present ' invention provides a flexible

approach to cost effectively. neet a particular application's

requirenenta. [0043]. FIG 1B illustrates liquid flow proximty sensor 150,

accordi ng t BOWProxmiydenntl 085 Thrae measwementibmarehes ane shawnyorckafd v pr oxi mity

sensor 150 g udes of the same conmponents as liquid flow proximty
sensor 100 11%@@%{ S H?BXF?JF%EPM%?{%‘F ‘M’@Eg‘t“?'fﬁﬁl. torfee) meagyremert bet ween
the two senbmanéchesi sAfiaimbeérdsH sheddubdthtt B¥adthty FENSY ol Bord Ay Y €
nmeasur enment branches which are conparable to the one measur eMent channel

i ncl uded wi ¥§8dn | iquid I I -11 flow proximty sensor 100. Three

measur bran wn for e .of illustratign, and the present
i nvent on!i'llt s not Eﬁ%?ﬁi f}é‘g pt%c])ﬁflﬂtryesgn?‘?éggﬁrlﬂﬂ’é#ﬁs hiqind, mags Bow geptrallstber - of
measur ement 1 5% assil chERRINISOrdKrofit halByl B8, rifeRflc LABA rebiriithd 1 oW
proximty s?&rs’or 150 includes liquid nass flow controller , central

channel 156106 &¢fereneroprobs &fthdridgs ghamme} E90amsddipiidimasd flowsensoc 192, 166,

ref erence ohed L4, hri : 0 .l jquid mass flow sensor 192.
I n additi olr[:I,.n %@aﬁnd hfq:a{)(fwﬂg\rgc}&?%p@@ sseé%%rofgbgg]ﬁiui%ﬁ% WmeWsMnt channel
159. Measur EiferMeatueemeit chéifiell 50 diekick iito thrbé arasfRanmtYFRFheP{@NIChes 163,

164 "and 165, Measurement. branch 163 includes nmeasurenment branch’ restrictor
167 and rreagﬁréﬂén{ r of¥easiremant Lranchd i3 Beliden m@autementudemnch neasur enent

branch 1 estick@ok 166 8nd itafBaRHIIHEN 17 Weachflnent YEARHT FTRIRE anCh 165
an

i ncl udes neasur enent branch restrictor
measurement branch restrictor 168 and measurement probe 176.

Measurement branch 165 includes measurement branch restrictor 169 and
measurement probe 177.  Finally, liquid flow proximity sensor 150 includes
‘measurement channel switching device 160, bridge channel switching device
161, and switching device lever 162.

[0045] Liquid supply 151 injects liquid at a desired pressure into liquid flow
proximity sensor 150. As in the case of liquid flow proximity sensor 100,
sensor liquid used in liquid supply 151 can be any liquid suitable for liquid

| immersion lithography, such as de-ionized water, cyclo-octane, and Krytox.
(_ The sensor liquid should be compatible with the liquid used as the immersion
liquid surrounding the work surface.

[0046] Central channel 156 connects liquid supply 151 to liquid mass flow
controller 153 and then terminates at a junction 157. Liquid mass flow
controller 153 maintains a constant flow rate within liquid flow proximity
sensor 150. Liquid mass flow controller 153 injects liquid at a sufficiently low
rate to provide laminar and incompressible fluid flow throughout the system to
minimize the production of undesired hydraulic noise. In an alternative
embodiment, a pressure regulator can be used in place of liquid mass flow
controller 153. Liquid is forced out from liquid mass flow controller 153
through porous snubber 155, with accumulator 154 affixed to channel 156.



nmeasurenent probe 177. Finally, liquid flow proximty, sensor 150 includes
nmeasur enent channel sw tching device 160, bridge channel sw tching device
161, and switching device |ever 162. [0045] Liquid supply 151 injects
liquid at a desired pressure into liquid flow proximty sensor 150. As in
the case of liquid flow proximty sensor 100, sensor liquid used in Iiquid
supply 151 can be any liquid suitable for liquid inmersion lithography,
such as de-ionized water, cyclo-octaﬁé?'and Krytox. The sensor |iquid
shoul d be conpatible with the liquid used as the imersion liquid
surroundi ng the work surface. [0046] Central channel 156 connects Iiquid
supply 151 tSmubberul 5 redseesfliquid twbulened introdd&ed nehe hi@iidtsapplynpsies at a
controller 153 maintains a constant flow

j unction 157. .Liquid. mass flo nt

Jrat e within appdkﬁqﬁs"‘f 150‘?/9%‘[9P61xi ﬁppy ‘7"%8%“"!?5‘0.15i’i‘éﬂl¥@1 FFSS@IS :hn?uil@rcogtmrjol | er
153 i nj ects cehdll £ h&l Sntsy [ yvi de _
i ncorrpjr essi gkg%lcﬂ?lg{e% ?%@6{)&?%{19”105& C’% ﬁ\é\msc{/lg.ng}é%o{%%ﬁnﬁler%agbuntcﬁ%n producti on
of undesi r ed SAydd didides mtoir?@suﬂemfea?glmhh_ grlﬁ&tanu]?‘lafeﬁﬂb@dlq[ﬁ?glflfgg &rs gssEirgui g
regul a an be.ysed in ce I quid, mass flow con .

i sgf or i@jﬁgut f rdﬁ?arsFEfmeBPn%‘ﬁgn‘?cil 4o c@gp’rr@ﬁ;eim‘lSBleaWﬁW%@IgB Cb@mfléz ? 2332:;
155, Wi th agRitehingtdeyicd540aMiibatt e CRARRE Swikdfing horce TRHRREN, ,

| i quid turbul en(_:egi nt lrCoduced by theé?\ ! q%ﬁﬁg sﬁp%ﬁi}g f%%,ce and 1€ tse is
optional . Upsesnad valvg arnethbre kype5el switchingl devimeathst térveigh switehtd al channel

156 to junct] 157, ntral channel 156 term nates at junction 157 and

divi des. | ni SrASEhéa R o %“ge?idn‘?aé‘rfé}‘@ﬂ*cémeﬁ%ﬁﬁ Bt aseelsq 0047]

Measur ement cohaserdl toli&ah&éiﬁieﬂtakﬁémems@itﬁﬁiﬁ@U&é?v'i@%nthG.ha'TﬂglephaéMf ching

dgvice 160. Measurenment channel switchi ng device 160 can scanni ng
h

“val've or ot [fBfragtorigicss o4 maeryrgmeety ibsanchhae ther samet as ﬁkm t;;ﬂﬁrs’énal o
measur enent - r asyy enent hranches t. are als
Connect ed t Saaaetiics b heBu AU Mol GRS F Bherd atng] vifipinecn
char act eri sdevise 360 & apeeesad ynewitchingadeshicedeeertlloe. SSWRclisg a8\GcPlRysi cal

162 controls which measurement branch 163, 164 or 165 is connected to the

measurement channel 159 through measurement channel switching device
160.

[0048] Bridge channel 190 is coupled between reference channel 158 and one
of the three measurement branches 163, 164 or 165 through bridge channel
switching device 161. Bridge channel 190 connects to reference channel 158
at junction 170. Bridge channel 190 terminates in bridge channel switching

device 161. Bridge channel switching device 161 can be a scanning valve or

other type of switching device that serves to switch a bridge channel to one of
the measurement branches. In one example shown in FIG 1B, three
measurement branches 163, 164 and 165 are connected to bridge channel
switching device 161 at junctions 171, 172, and 173 respectively. Switching
“device lever 162 controls which measurement branch 163, 164, .0r 165 is
connected to the bridge channel through bridge channel switching device 161.
Switching lever 162 controls both measurement channel switching device 160
and bridge channel switching device 161, such that the same measurement
branch will be connected to both measurement channel 159 and bridge

channel 190. Alternatively, two independent switching levers can be used.



characteristics of a neasurenent channel. Measurenent, channel swi tching
device 160 is operated by switching device |ever 162. Sw tching device
| ever 162 controls which neasurenent branch 163, 164 or 165 is connected
to the neasurenent channel 159 through nmeasurenent channel sw tching
device 160. [00481 Bridge channel 190 is coupl ed between reference channel
158 and one of the three rreasurerrentlgranches 163, 164 or 165 through
bri dge channel sw tching device 1617 "Bfi dge channel 190 connects to
ref erence channel 158 at junction 170. Bridge channel 190 term nates in
bridge channel switching device 161. Bridge channel sw tching device 161
can bel®48tanni ndn va¢ exarople, thendistangebetoleers irictibh 197 dadi jakctidat7oser ves to
switch a bri channel, to one of the asyrenent._branches. In one exanple
shown in FI é&?ﬁ{e 4;'%?%08 behé%%\’%“??@ﬁt”@ﬁé&%ﬁ’é@“lé@ly 178 or dAYareequalr e connect ed
to bri gsophannelAll shinneRi 4 BAKERS Wilindfiquid Mol BRskihfty sedder’15pnd 173
respectively. Switching device |ever -1825@5%?&8{ gpo\}}lﬁ%c%& SRR ment branch
163, 164, obermgbligeid tooflove throdgh thenme Giahnkge 166219821150 aligh0, biidgdge channel
swi tching degyi : ' LN ever, 162 control s both neasurenent
channel sw ?Péaﬁl&ﬁeﬁagév}%%éggk a?%?] Btn?adiﬁél_.l’ Afieondts Gyhoscripesy evirce 161,
such that they s&E tPRASHERIRIe thR B8E Bofthih! mﬁe%Lﬁ&@%%ﬁ}deﬂ \tvothPo%tg

1 P Y,” two

measur enent channpel 159 and bridge channel 190. Alt'ernative .
i ndependent S&\iPt b4 nEhel chganads anthbrisnches dd not hidre shaands, irepdariticanpl e, t he

di stance be ' ' 7 junctian 170 and the di stance between
junction 157 an C%%E@Hbgﬁu%g’fs‘%qgihﬂ m:[rfgu lléydéﬁ‘ﬂﬁl noise, deysexampls, channel s
and brancheby \pirédvicing logul ehrblilecePbOXloR inktabAR$Or THO JveR' 12l %th%i gui d to flow
t Hrough them_. Channel s 156, 158, 159, and 190, and branche é) 164, and

165 can be WEIENSS channebnqdst s apd ymeasurgments chamel ) 159 plemyorst ér type of
structure thaisusdferft BRiRhEs ARd ' Laul d w through sensor 150. The
channel s and branchesp%-% no{mﬁ(}lgﬁbgﬁg’&i %%en?f@lﬂ,ai)?l}’f‘e(&ﬁ?’gqxﬁﬁp cagy

unnecessar ybowraqualet i ons that nmay i ntroduce hydraulic noise, for exanple,

[0051] Reference channel 158 terminates into reference probe 174. Likewise,

measurement branches 163, 164 and 165 terminate into measurement probes
175, 176 and 177 respectively. Reference probe 174 is positioned above
reference surface 178. Measurement probes 175, 176 and 177 are positioned
above measurement surface 179. In the context of photolithography,
measurement surface 179 is often a semiconductor wafer or stage supporting a
wafer. Reference surface 178 can be a flat metal plate, but is not limited to

this example. Liquid injected by liquid supply 151 is emitted from reference

£

probe 174 and impinges upon reference surface 178. Likewise, liquid injected
by liquid supply 151 is emitted from one of the three measurement probes 175,
176 or 177 and impinges on measurement surface 179. All reference probe

. and measurement probes are pqsitioned such that the bore in which liquid

- flows out of is submerged beneath the pool of immersion liquid 194 that
covers the wafer being worked. The position of switching device lever 162
determines from which measurement probe liquid is emitted. Nozzles are
provided in probes 174, 175, 176 and 177. Example nozzles are described
further below with respect to FIGs. 3A-3E. As stated above, the distance

“between a nozzle and a corresponding measurement or reference surface is
referred to as a standoff.



by producing | ocal turbulence or flowinstability. The overall |engths of C
reference channel 158 and measurenent channel 159 plus. one of neasurenent
branches 163, 164 or 165 can be equal or in other exanples can be unequal.
[ 00511 Reference channel 158 terminates into reference probe 174. Likew se,
measur enent branches 163, 164 and 165 term nate into neasurenent probes
175, 176 and 177 respectively. Reference probe 174 is positioned above

ref erence surface 178. Measurenent préﬁes 175, 176 and 177 are positioned
above neasurenent surface 179. In the context of photolithography,
measurenent surface 179 is often a sem conductor wafer or stage supporting
a waf Hl052Ref er el @ns enfbadenent Srefa@endeeprabé 124 igrpbationdeddve Wikixd$ not
limted to Ff%his exanpl e Ligﬁid i nj ected bysg;guid supply 151 is emtted
from r ef er eFfEFeNEs SPLACE7UE Withi aknove Jeferwmee rstandp Bnb). s Mdaseremeds.

Li kewi se, | bybes 178 et Yark QL s emtied. fromone of the
three measu?ement p’Jr obeﬁﬁll;}g, art ?géhg?édi%k’ér%e%%%mﬁte%mgﬁe r]régé’mherrent
surface 179uniiowr sieesuzement taideffs 484, N3Man 8T NMeHsGRASnAL@nMIE t | oned

' ' flows out of is subnerged beneath the

such that t e i ich liquid

pool of i m‘rzglsr)@h @FQ&%‘W Tt or they B1Y berimeqpglavhepe thegopgraghy. The

posi tion of of¥inidabih ' : rog. f rom whi ¢ch nmeasur enment
pr obe quuig i's emrﬁﬁl.ggféﬂl{%gg :Vglggseﬁréﬁ%gglggittgé l&ﬁ'slgfeolgggmlrf CTeR%F5, 176 and
177. Exanpl 8andoff 189 isr eet desardebieet! constarhevaline kephesshtifg @S peghuho Fl Gs.

3A-3E. As stat abgye. the distance between a nozzle and a correspondi ng
neasur enent gt%?&&gf er%’ﬁ%esugﬁ'r 1y Axrangemenis the hackpressure, upstseasof from- 14- [ 00521

In_one e nbOdieﬂﬁiﬂémeﬂtgf&feel%? 178 807714t i5 $n RQSE Eifﬁw?%?%eur%gégvﬁed

reQ‘erence surface 178 with a known reference sta r ement
probes 175, MeFgrepent 1standgfle 1Hbs182 ond@3 abspeetivadps amd: e backpedseme 179 Wit h

unknowe TesRSIRTh kAL A8 R Ul LTBTRSTE begbancol e 1O

standoff 180. If reference standoff 180 and the measurement standoff 181,
182 or 183 that is being used are equal, the configuration is symmetrical and
the bridge is balanced. Consequently, there is no liquid flow through bridge
channel 190. On the other hand, when the reference standoff 180 and the
measurement standoff 181, 182 or 183 corresponding to the measurement
branch in use is different, the resulting pressure difference between the
reference channel 158 and the measurement branch 163, 164 or 165 that is
being used induces a flow of liquid through bridge channel 190.

[0053] {, Liquid mass flow sensor 192 is located along bridge channel 190,
preferably at a central point. Liquid mass flow sensor 192 senses liquid flows
induced by pressure differences between reference channel 158 and the
measurement branch 163, 164 or 165 that is being used. These pressure
differences occur as a result of changes in the vertical positioning of
measurement surface 179. For a Symmetri'e‘bﬁd'ge, when reference'stande.ﬁ"
180 and a measurement standoff 181, 182 or 183 corresponding to the
measurement branch that is being used are equal, liquid mass flow sensor 192
will detect no liquid mass flow, since there will be no pressure difference
between the measurement branch in use and the reference channel.
Differences between the reference standoff 180 and a measurement standoff

181, 182 or 183 corresponding to the measurement branch in use will lead to



of a nmeasurenent surface varies fromregion to region. The known reference
standoff 180 is set to a desired constant value representing an optinum
standoff. Wth such. an arrangenent the backpressure upstreanlfrom
measur enent probe 175, 176 or 177 that is in use is a function of the
unknown neasurenent standoff 181, 182 or 183 respectively; and the
backpressure upstream of the reference probe 174 is a function of the
known reference standoff 180. If refdSence standoff 180 and the

measur enent standoff 181, 182 or 183 that is being used are equal, the
configuration is symetrical and the bridge is bal anced. Consequently,
there is no t On _t.he other hand,
when t he refdéﬁfgﬁgtgbrg%sg#sé?? %&gcpéljﬁ?ﬁel 508@;& EIF é‘#@ﬁ‘fm’é’{”&rl’c%?c% 1, 182 or
183 cor r espdidiong 66 deirgeusedas Brapee nffsetb candl intfodused sy i 4s ic the
resul ting pressure | fference between the reference channél 158 and the
nmeasur enent BAEEEHE63, 164 or 165 that is bei ng used induces a fl ow of

| i qui dj6dwqpugh b lLow sensor 192 is
1 ocat eé al‘%n br F&%ggg%gﬁgfgﬁj 1%1%91-19{ ?gegse{ﬁu?d‘hgw m@‘écﬁflrbé’l P&PHe Liquid
mass flow séﬁf&;ﬂnc:eg@ igthakaase. | uﬁqpmeslsui“é dnf&renca(iuﬁ@d aDlquRd ERSAIKIR: Mid f erences
bet ween reference channel 158 and_the neasurenment branch 163, 164 or 165

that is bei 9§ “GLZHS eTHigte fungtion oha mepswrement standoffch®l, 482 er 18b Ul of
changes in bher WeéddsCatsubfisg t 0 rfac For a
symetric bri dgr:;e when Sr ef egr edngghés}f&gng ?Lgb%g‘rf\@hlds#e ﬁgﬁ'e € st andof f
181, 182 or! lfi%glcgdwempdrmnudmgresmrcmammmmmmmhaﬁshmh@tmss bei ng

used are e nas 9 detect no |iquid nmass

fl(ow, si ncg g?flglle\%l‘% ?haﬁmels E)Hp °H|q?ffté? él\#g enqehe¥esn rafereragasur ement

branch in usmeﬂlS@mdﬁﬁﬁﬁﬁﬂ@ﬁexﬁﬁﬁbﬂﬂ@FﬂSlQ8f2f&rl%§%8ﬁi%§}1&‘ﬁg@ b {fae reference
c

standoff 180 and a neasurenent standoff oFresponding to
the nmeasur eMSATUTEMERtbranch thateis\heing wsedd If seferepee standaff 480 ipsatssar es i n

reference cRanpelsizhaderanfd 31%‘45'593’§§’Z%ﬁf 0‘}“9‘;%?‘%529%?,3{% éeégsu%méLIgS bei ng

used Proper of fsets can be intro
, branch 163, 164 or 165 that is being used and reference channel 158 is a

- function of the size of a measurement standoff (that is, the unknown standoff
in the z direction between measurement surface 179 and a measurement probe
175, 176 or 177 that is being used).
[0055] Liqujd mass flow sensor 192 detects liquid flow in either direction
through bridge channel 190. Because of the bridge configuration, liquid flow
occurs through bridge channel 190 only when pressure differences occur

between reference channel 158 and a measurement branch 163, 164 or 165

~

that is being used. When a pressure imbalance exists, liquid mass flow sensor
192 detects a resulting liquid flow, and can initiate an appropriate control

- function. Liquid mass flow sensor 192 can provide an indication of a sensed
flow through a wsua.l display or audlo 1nd1cat10n Alternatively, in place of a
liquid mass flow sensor, a dlfferentlal pressure sensor may be used. The
differential pressure sensor measures the difference in pressure between the
reference channel and a measurement branch, which is a function of the
difference between a measurement standoff and the reference standoff.

[0056] ~ The control function may be to calculate the exact gap differences. In

aqother embodiment, the control function may be to increase or decrease the

- size of a measurement standoff 181, 182 or 183. This is accomplished by



arrangenment. [00541 Liquid mass flow sensor 192 senses liquid flow induced
by a pressure difference or inmbalance. A pressure difference causes a
liquid flow, the rate of ‘which is a unique function of a neasurenent
standof f 181, 182 or 183. In other words, assunmng a constant flow rate
into Iiquid gauge 150, the difference between liquid pressures in a

measur enent branch 163, 164 or 165 and reference channel 158 is a function
of the difference between reference -dbandoff 180 and a nmeasurenent

standof f 181, 182 or 183 corresponding to the neasurenent branch that is
being used. If reference standoff 180 is set to a known standoff, the

di ff erence hmoviagrhd npasuteRERSSHfaBS rélat ch,: 164 or
165 that is bei ng used and refer encerélgtﬁieng?%%%{llﬁg{egt ?’guncﬁtﬂ&ﬁ%f t he size
of a neasur dnessureiffprenss is sufficiently clasado aedonwhivhsicamdaften thére tid'fo Z
direction b r t surface 1 nd a neasurenent probe 175, 176
or 177 that q&g‘eg& ﬁ%ﬁeﬁéélgﬁﬁ%ﬂ*ﬁ&as@f ar“&egfg fﬁ?é%é eSS RIgRe surfagp anbt ect s

i quid fl owreferemicé b@facdil7ecti on through bridge channel 190. Because of the
bridge @gﬁiguration, liquid flow occurs through bridge channel 190 only
when pr[é re di fif leplismatiyecembodimenteliquid fley enedmityasensdr 1§Bhand a

nmeasur ement 5 hat js bei used. Wien a pressure
i mbal ance eﬂ?@@ff}%ﬁfﬁﬂﬁ,ﬁg@é’sftﬁﬁgméﬁgﬁﬁd asltg f%%@%@t@aaneﬂe@mon shg liquid

flow, and caneiméasiratenabraaplpfOPidcahe tHeOmesRremdH %ﬁ 2 Byl ¢mess flow
sensor 192 can provide an indication of a sensed Q?l ow t hrlr:lg%g q'ée vi sual

di spl ay or SPRPYeiaHangsmens qf iayid djoyaproximnify sensopl $0; evinéh has mulkipied mass f1 ow
sensor, a dinfchsirembh e used, The di ffe?ent i al
prlessure sensor nealgurrg?h?ﬁzﬁélg?l??g%%%@née gfaéllgﬁ'u&geggﬁl%%at“ﬂéid ref erence

channel and flavrnasimisnsensorbwitin atultiplbirefbrense Braheht tcaf Be AetchhiBieq @l f €7 €NCE
nd the reference standoff. [0056] The

cont ol funtd MG s3I0 he alPiant st basduen g dpaaaescrosiedhel n  anot her
SRS erade S o Sl
. s are set to different heights, the
measurement standoff can also be easily adjusted to different heights
depending on the sensitivity required. In this way, in cases where additional
clearance is needed between a measurement probe and measurement surface
the measurement probe can easily be raised. |
[0058] FIG. 1B illustrates at least three elements of the present invention that
reduce liquid turbulence and other hydraulic noise to enable the present

invention to achieve nanometer accuracy. These elements, liquid mass flow

()

rate controller 153, snubber 155 and restrictors 166, 167, 168 and 169 may all
be used within an embodiment of the present invention or in any combination
depending on the sensitivity desired. For example, if an application required
very precise sensitivity, all elements may be used. Alternatively, if an
application required less séhsitivity, perhapé _oxﬂy snubbef 155 .wc-)uld- -be
needed with porous restrictors 166, 167, 168, and 169 replaced by orifices. As
a result, the present invention provides a flexible approach to cost effectively
meet a particular application’s requirements.
[0059] FIG. 1C illustrates a diagram of reference and measurement probes of

a liquid flow proximity sensor coupled to an immersion liquid supply system,

according to an embodiment of the present invention. Measurement probe



-16- noving the neasurenment surface relative to a neasurenent probe unti
~the pressure difference.is sufficiently close to zero; which occurs when
there is no longer a difference between the standoffs froma nmeasurenent
surface and reference surface 178. [0057] In an alternative enbodi nent
liquid flow proximty sensor 150 has nmultiple reference branches that can
be used as the reference channel, but only one neasurenent branch for use
as the neasurenment channel. This is tHé& - opposite arrangement of |iquid
flow proximty sensor 150, which has multiple neasurenent branches, but
only one reference branch. The design of a liquid flow preximty sensor

wi th nmul tipl B8 ehérrefirender probae $3@ aite bRibARIQIIMING . an i ndi vj dual
skilled in the rel ev%nt arts based on the t%;chi ngs sel?lgi lrll(!.llﬁql‘h}e/‘i‘@reference

standof fs of MEAEIRioBchamber, 43:pravides brchamherstocantaire imnletsicnelihyie 14411 T f er ent
hei ghts. W ff e set to different heights, the
erghts %Oﬁdﬁné?ﬁl%fﬁéﬁ? &%&c@ﬂ‘%ﬁ anﬁ F%%rgaf%g{rta&egg4 d FSiOR l'lq%éql

measur enment standoft can a be “€as ghts

dependi ng orsupply Islénmotides & YlomesflimirBetsiohNiguft fitd\@¥metsibrC e}ﬂ@&% e
addi ti onal ﬁrleaélance is needed between a measurenment probe and Treasur enment
surface, t HEOHER QIE QOIS PHBE POHNS. e ddkewist eimmersiod. liqudd painpFI 43 1B

ilTustrates rghol&%im - el of the present |nvention that reduce
l'i quid turbul egte and&g{o g}ﬁﬁgﬁ%ﬁeﬁmﬁ%ﬁ?@gt%‘a@ﬁ%h& ﬁ’l‘\'%uﬁé’r ea% At

i nvention t anere hindiyepoiatsoniloatrohcensorc ind Biresierye @ "Rl Sto }n'aﬂ%%ﬁi qrass flow
rate control Ioert?:?fﬁe snubber iallF1@5 and restrictors 166, 167, 168 and 169 nay
all be used Wi A°HRSTBYEOdAMENYOlgme: (o Imseession | hiquidt i B4 caroumd any

conbi nat i on mélepenehtrfabe i e sensitivity desired. For exanple, if an
amﬁlication required very precise sensitivity, all elenments nay be used.

Alternatively, if an application required | ess sensitivity, perhaps only

snubber 155 woul d be Ineedgg w&h por ous restrictors 166, 167, 168, and 169
repl aced by orifices. "As e F’l’,d‘f"ﬁe present invention provides a

flexible approach to cost effectively neet a particular application's

requir ?6836% S According to one embodiment of the present invention and referring to
liquid flow proximity sensor 100, measurement channel 116 and reference
channel 118 contain restrictors 120, 122. Each restrictor 120, 122 restricts the
flow of liquid traveling through the respective measurement channel 116 and
reference channel 118. Measurement channel restrictor 120 is located within
measurement channel 116 between junction 114 and Junction 124. Likewise,
reference channel restrictor 122 is located within reference channel 118
between junction 114 and junction 126. In one example, the distance from
junction 114 to measurement channel restrictor 120 and the distance from
junction 114 to reference channel restrictor 122 are equal. In other examples,
the distances are not equal. There is no inherent requirement that the sensor
be symmetrical, however, the sensor is easier to use if it is geometrically
symmetrical.

[0061] According to a further feature of the present invention, each restrictor
120, 122 consists of a porous material, such as polyethylene or sintered
stainless steel. FIG. 2 provides a cross-sectional image of restrictor 120 having
porous material 210 through which a liquid flow 200 passes. Measurement
channel restrictor 120 and reference channel restrictor 122 have substantially

the same dimensions and permeability characteristics. Restrictors typically



[0059] FIG 1 Cillustrates a diagramof reference and neasurenent probes
of aliquid flow proximty sensor coupled to an inmmersion |iquid supply
system according to an enbodi ment of the present invention. Measurenent
probe -17- 128 and reference probe 130 are submerged in imersion liquid
144. 1 mrersion chanber 143 provides a chanber to contain inmmersion |iquid
144 around neasurenent surface 132 and reference surface 134. | nmmersion
liquid supply 146 provides a flow of IBmmersion liquid into inmersion
chanber 143 through one or nore entry points. Likew se, inmersion |iquid
punp 148 renoves imersion liquid fromthe imrersion chanber 143 through
one or  nor eareget iy lQRitntom Db PImME T e A Hﬁﬁt@d’itbréﬁeﬁé fergpiRd 1O

mai ntain a _constant tenperature and volunme of inmmersion [1qui®d 144 around
measur enent SeaspEgaent ghannel wrestrctow Fés and aeferanck 0dBBhel Acssictirng22 0 one
enbodi nment Q. t.lnvention and referring to. liquid flow proximty
sensor 100, Qir:rsé%és}glr B{rﬁeﬁﬁ gﬁ%‘ﬂ gf:}oisl@lea‘fﬁ?fs?sg‘ftmin@gas o the sRannelsg 1ont ai n
rest i ctor s L1BOWithaPliquia elow'srokiniie! @hsckA80, dul Rdchdrt S6b fey, {40 O
liquid traveling through the respective neasurenent channél 11 and
reference cﬁ%r}g?’ "YL‘@B?b%atﬁmt@ﬁé‘EtCh@mmriﬁicsraecstalsbatsed td Achiewe thesat ed Wit hin
measur enent sghapnel 116 between junction 114 and junction 124. Likew se,
reference channel® restrictor 122 is located within reference channel 118
bet wee0Q62hct i on The drestnidiorsisetveorwol X8y fulcti. ©FMER! eyt Aftidiesynce from
junction 114 to neasyyenent channel restrictor 120 and the distance from
junction 11BTSS¥TF @Paﬂ.[ﬂ% 1seprhaIces preseatyindiawid flpw proxirady abnsot 10@t her

exanpl es, gt ¢ . n T i 0 i nherent.  requirenent

t fat the sensorqb%g@g‘;@/@m%reﬁli@%sag%neﬁég%\l%rl,l(i?lﬁgnaéggr@& C?@me@ 190 95 use if it
i " geomet ri BeUrPss of peawstic ipicki-up. [ BXGahd, Aheprsdivegad theardquirkatsiftRat ure of the

present | nvgﬁ}ﬂeg@’wiﬁﬁgﬁlerb%s gE:.i ctor

[0063] Exemplary embodiments of a liquid flow proximity sensor have been

presented. The present invention is not limited to this example. This example
is presented herein for purposes of illustration, and not limitation.
- Alternatives (including equivalents, extensions, variations, deviations, etc., of
those described herein) will be apparent to persons skilled in the relevant art(s)
based on the teachings contained herein. Such alternatives fall within the

scope and spirit of the present invention.
: 2. Snubber

[0064] According to one embodiment of the present invention and referring to
liquid flow proximity sensor 100, channel 112 contains snubber 110. Similar

~to the operation of a restrictor, snubber 110 reduces liquid turbulence
introduced by liquid Slipply 102 and isolates the 1.iquid. mass flow sensof froin
acoustic pick-up in the upstream part of the liquid flow proximity sensor.

- Snubber 110 is located within channel 112 between accumulator 108 and

- junction 114. According to a further feature of the present invention, snubber

110 consists of a porous material, such as polyethylene or sintered stainless

steel. Snubber 155 used within liquid flow proximity sensor 150 has the same

" characteristics as Snu‘bber 110 and is used to achieve the same benefits.



120, 122 consists of a porous material, such as polyethylene or sintered
stainless steel. FIG 2 provides a cross-sectional inage of restrictor 120
having porous material 210 through which a liquid fl ow 200 passes.
Measurenent channel restrictor 120 and reference channel restrictor 122
have substantially the sanme dinensions and perneability characteristics.
Restrictors typically -18 range in length from2 to 15mm but are not
limted to these |l engths. Measurenentl9channel restrictor 120 and reference
channel restrictor 122 restrict liquid flow evenly across the
cross-sectional areas of the channels 116, 118. Wthin liquid flow

proxi mty sensor 3150, yeyRMs restrictors 166, 167, 168 and 169 with above
menti oned characteristics are al so used to achi eve these advantages.

[ 0062] The restrictors serve two key functions. First, they mtigate the

pressuggpeand 1 ow g ' dquid flo roximty sensor 100,
nost n(I[)t ably di s%%gﬂ@ﬁ%‘ﬁ@g? gg‘?%lp?’q‘idffg}éﬁg%“f &%&?Z@Eﬁﬁﬁ%’ ber 106 or
sources of aswligs irefepinck-pupbe $8€ and, médsasensnrt \peots 12 Aep@litig 84 4 €Si stive

el enments within the bridge. [0063] Exenplary enbodi nents of a liquid flow
proxinty sgﬁgﬁpfaﬁﬁ’gﬂ@g‘gﬁ' ralaglys ditferent, &g of awezlenwean bomsédsimot | i t ed

to this examgh®. ﬂ&'\bip?ofihﬁmi)ée%soﬁ ﬁ@ﬁﬁgﬁgﬂf&g&% V2! %%iﬁ)'xﬁeég@%&%ggr ents,

illustration, and not |im'tation. s (incf
ext ensi ons, Prabes ddilod8? addvisdt Theschoiecof, nadzle typesemons wihdredidpgr €i n) Wil |

be apparent rsans. skilled in the rel eyant art(s) based on the

t eachi ngs Cg%ﬁegﬁggﬁaheeﬁpg ﬁlflléﬁ??ﬁmgﬂe&‘ﬁﬁi‘)i‘g@sls’f"‘élPlfe%thi n the scope and
spirit [066] he pr &hebhsii ' : . ' to..one

pi_ri t 66} he p sit em@wrw_&m@ﬂgﬁ@%d Q@Qﬂﬂny%%gél;%{}glef 00 oxi i ty

erfbodi ment of the present invention and referring to
sensor 100, Iscehasrderized by arflagi and swfabe dhat 1is paralehitd aie studadehef gqeer ati on of

Suppl y 102 Bt PR sutisl (BTUERD | B30Tl EGerpt Ohp moszte is ©
determined by the gauge standoff, 4, and the inner diameter, d. Generally, the
dependence of the nozzle pressure drop on the nozzle outer diameter D is
weak, if D is sufficiently large.

[0067] FIGS. 3B and 3C illustrate a nozzle 310 that may be used as a
reference probe or measurement probe, according to an embodiment of the
present invention. Nozzle 310 includes front surface 312, liquid bore front
opening 314, and liquid bore rear opening 315.

[0068] Nozzle 310 is affixed to both measurement channél 116 and reference
channel 118. In one embodiment, two identical nozzles 310 serve as
measurement probe 128 and reference probe 130. In principle, the nozzles do
not need to be identical. Nozzle 310 is affixed to measurement channel 116,

| Front surface 312 should be parallel to measurement surface 132. Liquid
travelling through measurement channel 116 enters nozzle 310 through liquid
- bore rear opening 315 and exits through liquid bore front opening 314
Similarly, nozzle 310 is affixed to reference channel 118. Front surface 312 is
parallel to reference surface 134. Liquid travelling through reference channel
118 enters nozzle 310 through liquid bore rear oj)ening 315 and exits through
liquid bore front opening 314. The dia.meter of liquid bore front opening 314
can vary depending upon a particular application. In one example, the inner



acoustic pick-up in the upstreampart of the liquid flow proximty sensor.

~ Snubber 110 is located wi t;hin channel 112 between accynul ator 108 and
junction 114. According to a further feature of the present invention,

snubber 110 consists of a porous material, such as pol yethyl ene or

sintered stainless steel. Snubber 155 used within liquid flow proximty

sensor 150 has the sane characteristics as Snubber 110 and is used to

achi eve the sane benefits. -19- 3. NoXkles [0065] In liquid flow proximty

sensor 100, different types of nozzles may be used as reference probe 130

and nmeasurenent probe 128 depending on a particular application. Simlarly

di fferent typgsterlorMaa ﬁ&g@dht fe-ngg;tlimsP%%,gééh%é)yog%a{e%ggilt sensor 150

for reference probe 174 and neas p The
choi ce of nd2zhidlimgtpes,(mmmpng ot her things, depends on the footprint

t t i i red. [0066]  The basi fi i f th
ot dlEPBy pr ox I Lk ahed aF STsafe sbter hebd onin o e e toell ot ond
f th ' g f ,
surface thajs ihg rbRfedlé 8hd hitabl?ém %ﬁz?gcow}ﬁg adé{if?%ﬁ%@g{%gl Efﬁgagguggs

;
shown in FIG 3A. The geonetry o aJrnoz els ermn
standof f, hpresand inhentionnShovierheddenozate 366 nmchidey frdnhaurflepassseace of the

nozzl e pressure. dr on,the. nozzle outer dianeter Dis weak, if Dis
sufficientl U{ail,tbg&[i)fpbggque @@Peﬁgg%ﬁ’gﬁé?lhﬂ%dtbo&? ECap Opung 363310 t hat may
be used as Phe meitRISHGHd HoRPRoR | an

enbodi ment ofetheﬁﬂprgsent inglgn%ﬁ%gyﬁgg?lage @‘%géa]?en%(ﬁgﬁg‘{s‘gprggn egsurface
312, i qui doboreasurement swfasai 13 Ska nemale BiQui A Smveriead nopdaiisg 315.
[0068] Nozz 3 [ ffixed to both neasurenent channel 116 and reference
channel 1 181.)&?‘:26321# eésee&r:tg%rdig%e e sp %aq irﬁséﬁlsqogatf’ ‘WSQ];'I @Eegﬁg, PEXIPHY 35

measur ement mpisabench?Bovend widkesprtiekarbd. ORA al3MatiV O apprbRd Wheld befte nozzl es do
not need to be identical. Nozzle 310 is affixed to nmeasurenent channel 116.

Front surf ab¥ apzziefbaticantams g posgusdilter.o measur ement surface 132. Liquid
[0070] A shower-head nozzle 350 is affixed to both measurement channel 116

and reference channel 118. In one embodiment, two identical shower-head
nozzles 350 serve as measurement probe 128 and reference probe 130. In
principle, the nozzles do not need to be identical. Shower-head nozzle 350 is
affixed to measurement channel 116. Front surface 355 is parallel to
measurement surface 132. Liquid travelling through measurement channel 116
enters shower-head nozzle 350 through liquid bore rear opening 365 and exits
through a plurality of liquid bore front openings 360. Similarly, shower-head

nozzle 350 is affixed to reference channel 118. Front surface 355 is parallel to

reference surface 134. Liquid travelling through reference channel 118 enters

shower-head nozzle 350 through liquid bore rear opening 365 and exits

through a plurality of liquid bore front openings 360. The use of nozzles has

- been explained with reference to liquid flow proximity sensor 100 for ease of

| illustrﬁﬁon. | Each '6f' tﬁe nﬁzzle types_ mé.y also be used w1th liquid f.lc-)w.

proximity sensor 150, wherein the nozzles would be affixed to each of the
measurement branch probes and the reference channel probe.

[0071] Exemplary embodiments of different types of nozzles have been

presented. The present invention is not limited to these examples. The

examples are presented herein for purposes of illustration, and not limitation.

Alternatives (including equivalents, extensions, variations, deviations, etc., of



travel ling through neasurenent channel 116 enters nozzle 310 through liquid
~ bore rear opening 315 and exits through liquid bore front opening. 314.
Simlarly, nozzle 310 is affixed to reference channel- 118. Front surface
312 is parallel to reference surface 134. Liquid travelling through
reference channel 118. enters nozzle 310 through liquid bore rear opening
315 and exits through 1liquid bore front opening 314. The di aneter of '
liquid bore front opening 314 can vaky-dependi ng upon a particul ar
application. In one exanple, the inner -20- dianeter of |iquid bore front
opening 314 is between approximately 0.5 and 2.5 mllinmeters (nm. [0069]

FI GS. 3D anth®E desdribed herein) s berapparest to parsbs A&fked idhe f@ébaﬂﬁmﬁ)ed as the -
ref erence and nmeasurenent. probes, according to an enbodi ment of the

present i nvEAtEdopn the, tagelinge sentaingd 1hered®0 Such| altemtiveofidll swithimeie 355, a
plurality o QU fr ni.ngs 360, and a liquid bore rear opening

365. The mu I qui ore peni ngs distribute pressure across a
wi der area of measurement surface 132 than nozzle 310. A shower-head
nozzle is @yinci hh%éused for lowering spatial resolution to evenly

. o . p 1] H . .

i ntegrate proxim @ asurenents over a wider spatial area. An alternative
approach would be to use a nozzle that contains a porous filter. [00701 A

shower nozz 350 i s, affixed bot h neasurenent channel 116 and
refere h@?ﬁ hanne Ilﬁ’i fg’.ce?SriuBﬂ‘é"‘t%&‘I&fojrré REesents,a mediagst 4Q0-for ysingiquidead

nozzl es 35071561 t6edakect VeRSHEAMRarEORR] dafbrand chatar GAGE MegDeA30. 11

principle, the nozzles do not need t “nozzl e 350
i's_ af fixed4{®- neerswneeniencec method| 400118 . deboribet] veitr fespect 36Fiquid Aewal | el to

asur ement 1 iguid travell. .t hrough neasurenent channel 116
g§ ers shomglr%% %%ggg%%gé}oé){_ S%V"teﬁ?roﬂtfﬁ’qdi ‘E’gi‘ﬂn essaraly lupigad bthees and
exits throstletarefusedor 190,0ind tUbsl iPleMehic@ Wit R 1%8(% Simlarly,

shower-head nozzle 350 is affixed to reference channe ront surface
355 is parafnepr 12y oraseRIoE Ntk adiffereabstngure) j qui d travel | i ng t hrough

ref er ege3fhanneirpd 18:6R%8E s in step 410. In step 410, an operator or mechanical

device places a reference probe above a reference surface. For example, an

operator or mechanical device positions reference probe 130 above reference

surface 134 with known referenc¢ standoff 142. Alternatively, the reference

standoff can be arranged within the sensor assembly; that is, internal to the

- sensor assembly. - The reference standoff is pre-adjusted to a particular value,

which typically would be maintained constant. lIn step 420, an operator or

| mechanical device places a measurément probe above a measurement surface.
(, For example, an operator or mechanical device positions measurement probe

128 above measurement surface 132 to form measurement gap 140.

[0074] In step 430, liquid is injected into a sensor. For example, a
measurement liquid is injected into liquid flow proximity sensor 100 with a
constant liquid mass flow rate. In step 440, 4 constant liquid flow rate into a

sensor is maintained. For example, liquid mass flow controller 106 maintains

a constant liquid flow rate. In step 450, liquid flow is distributed between
measurement and reference channels. For example, liquid flow proximity

sensor 100 causes the flow of the measurement liquid to be evenly distributed

between measurement channel 116 and reference channel 118.



shower - head nozzl e 350 through Iiquid bore rear opening 365 and exits

~ through a plurality of liquid bore front openings 360. The use of nozzles
has been explained with reference to liquid flow proxinmty sensor 100 for
ease of illustration. Each of the nozzle types may al so be used with
liquid flow proximty sensor 150, wherein the nozzles would be affixed to
each of the neasurenent branch probes and the reference channel probe.

[ 00711 Exenpl ary enbodi ments of diffe2dnt types of nozzles have been
presented. The present invention is not limted to these exanples. The
exanpl es are presented herein for purposes of illustration, and not

i mtatf00ms] Al tdn | 4686 liguidachiew i ' ' vari ations,
devi ations, etc. _g?#{Zl- ?hose dé@gFﬁggﬁMﬁ%§g$§9mﬁﬁf?ﬂﬁgggg%g?ﬁﬁt to
persons ski \qhagnel s t reatrictede ovanly @Ctqss )crossaseetiomnh dréws b akdich@melOnt ai ned

herei n. Suc [ [ ffall. W thin th cope and spirit of the present
i nventi on. y%t hogg cmlr%%r@eﬁgi‘ie?‘ﬁ@!ﬁeaﬁ flnrgsirgtors 132 esent s a
met hod 400 frestrictsthe gldvi @¥iliduid loomidh& Bedraslic %S 58] Se and
performa control  action (lgt eps 410- 4%). CFogl%éclgl?l@g%llivggdéei %E{%'ﬁﬁ%d 400 is
descri bed witleneng ¥pkiquid flow prawimity sepswrd09r oxi ity sensor 100. However,

met hod (4@gyyi s not esgaf:l ]y .l i.mt b he structure of sensor 100, and
can be [| npllemant é{i@%ﬁtfﬁr ?lé{l}?ﬂds F?r8we%r?3§§ h?'f”ya reé@ﬁ%‘(?ranﬂ%e%\maleﬁbnsor Wi th
a different psabeucForr exanfif16,7Bduid TR W pR&EHRyY B8RS 0b ForleE RiadilOto L Step 410,
an operator or nechanical device places a reference probe above a

reference sM9RSEEMeRigprops h$and refarencepaeba H0. dn strpcd$ina Baiv dfdiguie posi ti ons
ref erence py : r I . 134 _wi th known .reference
O R A b R B b A b A P g i ¢ hi 1

stftandof f 142. Alternativ , e reference a

the sensor aesaewrbingnt ¢taaneli sn stept 490)al con@rol BetionSie PeAHrASSEILBE Y¥n aThe
a particular value, which typically

ref erence Sfpﬁngff fts pre-a 'ustgd t
woul d be mai PSR ittRrsRes Ratveen §tf8%r%129,ménm@§%1rmm obennekecRemi cal
devi ce pl acegamplBFiagiid SRS HoR' LR%ra8 YorftofPAGHE FIRM How 4afed%Bieen

measurement channel 116 and reference channel 118. Based on the liquid

mass flow rate, liquid mass flow sensor 138 initiates a control action. Such
control action may include providing an indication of the sensed liquid mass
flow, sending a message indicating a sensed liquid mass flow, or initiating a
servo control action to reposition the location of the measurement surface
relative to the reference surface until no liquid mass flow or a fixed reference
value of liquid mass flow is sensed. |

[0077] The above method may be adapted to use with a sensor that has
multiple measurement branches, such as liquid flow ‘proximity sensor 150.
When liquid flow proximity sensor 150 is used, an additional step may be
incorporated that includes switching from the use of one measurement branch
to another measurement branch.

[0078] Theuse ofa liqtiid flow brdximity sensor 150 cén aléo béttef feicilitate |
the mapping of the topography of a measurement surface. This mapping may
be accomplished through the principles described in the above method,
wherein topography measurements are taken over a particular region of a work
surface using one of the measurement branches. If a topography mapping is
desired of a different region, the flow of liquid may be switched to a different

measurement branch to map the topography of a different region. Because of

La



C. For exanple, an operator or nechanical device positions measurenent
probe 128 above neasurenent surface 132 to form nmeasurenment gap 140.
[00741 In step 430, liquidis injected into a sensor. For exanple, a
measurenent liquid is injected into liquid flow proximty sensor 100 with a
constant liquid mass flow rate. In step 440, a constant liquid flow rate
into a sensor is nmaintained. For exanple, liquid mass flow controller 106
mai ntains a constant liquid flow raté3-in step 450, liquid flowis
di stri buted between neasurenment and reference channels. For exanpl e,
liquid flow proximty sensor 100 causes the flow of the nmeasurenent |iquid
to be evenl yimifations bhat euiay bxistwire thenatiBty @RIBYe GhaRRRkentdf QPEcL ef er ence
channel 118. -22-. [0075] In step 460, liquid flow in the neasurenment
channel and PIHRMYSERias with imiHRle branches can decdsedviansome nstmses to
Cross-secti g4 ne asur ene channel restrictor 120
and reference %ﬁiﬂﬁﬁgﬁn%tg%p?%ot%g@hbdfa rrngQ@rr?na?n?tsH&[a?q GPIPRFUNG to reduce
hydraul i ¢ né¢nser withl osbrone rasasarerreai Ganu€l. el ement in liquid flow proxinmty
sensor 0]039 [0079;3 In st 470, liquid is forced to exit froma reference
and mel¥iPhrent FBF oBEm r Toxefigp|cgrbodiraentd af msthqst ofer ninappisgnsier 100
forces |i quitdhobRnB¥i; nrabe and reference probe 130. In
step 480, a I%po_ “f’?“éﬁgﬁﬁ@%ﬁ?@ ol?lgod aéﬁr%&ﬁﬁ' IF0EM Y ég AWy
connecti ng Howeproxigmite sarisanhl, anddmaasuringshé %ﬁﬁg&?ﬁ?%ﬂ@&egiéﬁ oflep 490, a
control actjon.is ﬁ_ﬁrfot%rreg bs‘ﬁed on a pressure difference between the
ref erence and Heasul enEAte CHAATEE 2 pgtes fxmapiueements uping mmesoff thew sensor
138 noni t or mehsuliethéht PRGRhES. OWhé i channel 116 and
réference channel 118. Basegwgn@tgﬁgpﬁlg\%?gem%g?f%&rﬁeﬁ%gﬁé}ic id nmass
f'ow sensor 29 B@Ppes; by apastcyarmeashisment braoch, tieiploximionidnebr weil®R MaY
i ncl ude pr owi€l kdadi i of the sensed liquid mass flow, sending a
nmessage ind%«*(l:ig(}iﬂlgﬁé@g dgfgér%glggﬁ'%aggﬁ gn rsaggtf fbow,’eaérth? Wi2PPIRg ipERpess foser vo
cont rol  act thenregmnr epacisddt by rthithgiehf@ahéNbahcH. hel"ﬁﬁengﬁdé@%mhlds %f ace

SS

relative to tht?({efe{ence surface until no liquid ow or a fixed
ed until the surface for which a topography mapping is desired is

reference TP
completed. The measurement surface may be a semiconductor wafer or other

‘measurement surface for which a topography mapping is desired.

[0080] Additional steps or enhancements to the above steps lqldwn to person
skilled in the relevant art(s) form the teachings herein are also encompassed by
the present invention. '

[0081] The present invention has been described with respect to FIGs. 1-4
with reference to a liquid. In one embodiment the liquid is water. The
invention is not limited to the use of water. The choice of a particular liquid to
use will be based on the liquid in which a wafer is submerged in as part of the

* immersion lithography process. - In many cases, the liquid used within the
liquid flow proximity sensor will be the same as the liquid used for the

- immersion lithography process, however, this ma}f not always be the éase.
D. Conclusion

[0082] While various embodiments of the present invention have been
described above, it should be understood that they have been presented by way
of example, and not limitation. It will be apparent to persons skilled in the



value of liquid mass flowis sensed. [0077] The above nethod nmay be adapted
to'use wth a sensor that has nultiple neasurenent branches, such as

" liquid flow proximty sensor 150. When liquid flow proxinmty sensor 150 is

used, an additional step may be incorporated that includes switching from

t he use of one neasurenent branch to another measurenment branch. [0078]

The use of a liquid flow proximty seggor 150 can al so better facilitate

t he mappi ng of the topography of a ne&sdrenent surface. This mappi ng may

be acconplished through the principles described in the above nethod,

wherein topggraphy measurenments are taken over a particular region of a

wor k  sur f afdevant gt thae visfioush ehangss un efoemt artk detaflean b naade opeiRphy

mappi ng is i f different region, the flow of |liquid my be
sw t ched to“g&épﬁfeg’?%ﬂgaﬁ%mm Sg?%FnQ:fHL? BIVEREP™ he t opogr aphy of a
di f f er (0083 egi OnThBPEREMEnAntioR Bas bbd deé&ﬁ&rasabkt?%itmﬁﬁuio?héﬁo& he ability

to nove a neasurenent surface, a proximty sensor w € branches
can be usedsteps dibunrating tthe qesfotroanceno spexdfied Yurtipnd hed trepeigndigly of a

measur enment feace than.a.proximt sensor with only, one neasurenent

channel . [08'% g{()ﬂFglﬁleet;(OéWﬂﬂ%% cﬁ(ldlﬁsr‘? Etrt?ﬁgéf%tli‘?"%p??é‘t ﬁgﬂraﬂéﬁ‘ defingsi ng t he

t opogr aphy hereinufte the Rbaednidhde lof Ghé dedcdtpBoR PARthal) tb%uﬁmgrc’aﬂso ch as
phy

liquid fl ow%tproxi mty sensor 150, and measuring the topogra Léof a region
of a measufeiisdt s pRaicas By spekified Anstpne andfrefatiasshipnidreofuaieng one of -

the neasur : pan..C letin he jmappi ng, of the region that
can be nap %@QQ'@B%P@ I cﬁ#}ag}l%%ggraztﬁgﬁ‘?e %‘?%‘?&ﬂ?sp‘["ﬁ ﬁ&i‘g}ﬂgﬂ? sensor
woul d be  swiopeland spivit @f did élainedt inwEratfo! THEY thdbRAGN 4nd sE@;R?@{]thtehe mappi ng
prlocess for__the .re%lmgﬁ)o{lll| reached by that neasurenent branch. The process

woul d be rBRSEHY GV shold cnntt b dirpiged Wi any oft b oghrevptdesaribedi ng i s
desired is t C e sem.conduct or waf er
or ot her n%%gﬁ?ﬁeeﬁlgboga}? fgnatc’e ﬁ)é?l irt%:eh&%:[r{egpogﬂ apﬁg;foﬁ@Bﬁ? H’d&l ti}‘edesi red.

following claims and their equivalents.




[ 0080] Additional steps or enhancenents to the above steps known to person
skilled in the relevant art(s) formthe teachings herein are also

" enconpassed by the present invention. [0081] The present invention has
been described with respect to FIGs. 1-4 wth reference to a liquid. In
one enbodinent the liquid is water. The inventionis not |[imted to the

use of water. The choice of a particular liquid to use will be based on
the liquid in which a wafer is subnerg@®&d in as part of the immersion
|'i t hography process. - In many cases, the liquid used within the Iliquid

flow proximty sensor will be the sane as the liquid used for the

i mer.si on | iWHaJr ISpOVAIVMBEESS, however, this may not always be the case. D.
Concl usi on [0082] While various enbodi nents of the present invention have
been described above, it should be understood that they have been

present ed by vy 1. of oxagpie: napdoRAlmtd bl 95 skiill L PR apoarent to

persons skilled in the -24- relevant ar vari o form and
detail can betwestier réfereate surficehstanidoditpad tai mgasureaner: NRrfigd kiahdsfd scope of
t he inventi ?rg %008,3] The present invention has been described above with
the aid of TR ﬂng'steps illustrating the performance of specified

functions and rel ati ogshj t ‘deal rj .hese et hod st eps
funegon A& @Pfides Eﬁu{aﬁqﬁkﬂﬁ %S AL flq a flaw

have been arbitrarily defined herein f e ‘conveni ence

description. AltBraxamay bensouiats eeferanceuhannidfahd e cheasurbegt chanddle speci fi ed

functions and rel ationghi,ps thereof ar propriately perforned. Any such

al ternat e boundari es gr% Sttpﬁﬂosf“sﬁot“hfeﬁmtcﬁ’é pi%&%ﬁ'@“&mf gfsrence channehe cl ai ned

i nvention. Thus, wheeibesiadint po@dus TRRE rétridibiCevepl ?é’sﬂ{nctt)é Q)ﬁ&i’&tﬁ&ﬂ shoul d not
ry embo S,

b limited by any of the above-described exenp en but shoul d
be“defined only HioughtBe mipreaceghannelne fol | owing clai ms and their

equi val ents. - 25 - Wcolxﬁ p%s% | Rtrictor placed along the measurement

channel, wherein said second porous flow restrictor evenly restricts
liquid flow through the méasurement channel;

a reference probe at an end of the reference channel, whereby
liquid exits the reference channel through the reference probe and
travels across a reference standoff to impinge upon a reference surface;

a measurement probe at an end of the measurement channel,
whereby liquid exits the measurement channel through the
measurement probe and travels across a measurement standoff to
impinge upon a measurement surface; and

a liquid mass flow sensor coupled between the reference and
measurement channels for sensing the flow of liquid therebetween,
whereby, the difference in standoffs between the reference and

measurement surfaces can be sensed at a high sensitivity.

2. The sensor of claim 1, further comprising a liquid mass flow
controller located before said junction to output a constant liquid mass flow

rate of liquid.

3. The sensor of claim 2, further comprising a snubber located

after said liquid mass flow controller to reduce liquid turbulence.



1. Aliquid flow proximty sensor for sensing a difference between a
reference surface standof,f and a measurenent surface standoff, conprising:
a junction that divides liquid input into the liquid'flow proximty sensor
into a reference channel and a neasurenent channel; a first porous flow
restrictor placed along the reference channel, wherein said first porous
flowrestrictor evenly restricts liquid flow ( through the reference
channel ; a second porous flow restri ef6r placed al ong the neasurenment
channel , wherein said second porous flow restrictor evenly restricts
liquid fl ow t hrough the measurenment channel; a reference probe at an end of
the reference channel, whereby |liquid exits the reference channel through
the reference probe and travels across a reference standoff to inpinge
upon a ref er ence4sur f dbe;sersomed slaimnk rfurtheradvepatsingna prdsiat réfigatBRAsUr ement

channel , Yidel qui.d, exit.s the asurenent channel through the
measur enen%%%gebé%% {a?dawc %% F%é’gﬁ’é}? reSPsiaRhHaydsmassqdew mate of npi nge
upon a mneasligeident surface; and C a liquid mass flow sensor coupl ed between

the reference and neasurenent channels for sensing the flow of liquid
t her ebet ween, whereby, the difference in standoffs between the reference

and neasurenent gsurf n he.sense t a high sensitivity. 2. The
sensor of claim1, fu?ﬁﬁg?&%{)r?gﬁlilphz’ g“rﬁ'le&&ioﬁlp%é@g 3 seNbbe donated | er

| ocat ed bef prier teahid jjmotohi on to output a constant liquid mass flow rate of
liquid. 3. The sensor of claim2, further conprising a snubber |ocated
after said liquid mass flow controller to reduce |liquid turbul ence. -26- 4.

TVF_ sensor of clgi m 1yhf JEdBEhHr CoRY .i,sinﬂgrei% 2iid Fast’ and g&gll tp%;ous

flow restrictors are made of respective first and second porous materials, said
first and second porous materials: having substantially the same permeability

characteristics.

7. The sensor of claim 6, wherein said first porous material and

said second porous material are identical and include polyethylene.

8. The sensor of claim 6, wherein said first porous material and

‘said second porous material are identical and include sintered stainless steel.

9. The sensor of claim 1, wherein said first and second porous

(/
\
{ !

flow restrictors each have a length between approximately 2 and 15 mm.

10.  The sensor of claim 1, wherein said reference probe and said

measurement probe each comprise one or more liquid bores.

11. The sensor of claim 10, wherein said reference probe and said
- measurement probe and each liquid bore extend along a direction

perpendicular to the reference surface and the measurement surface.



| ocated before said junctions to output a constant liquid mass flow rate of
liquid. 5. The sensor of claim11, further conprising a snubber |ocated
prior to said junction. 6. The sensor of claim1, wherein said first and
second porous flowrestrictors are nade of respective first and second
porous materials, said first and second porous materials having
substantially the sane perneability characteristics. 7. The sensor of
claim6, wherein said first porous ma2®rial and said second porous
material are identical and include polyethylene. 8 The sensor of claim®,
wherein said first porous material and said second porous material are

i dentical and i ngpudeThb REMoLSf SlakN , 85Rersihegld r&ereﬂ_&?pr%%gsaﬂﬁ Qg claim 1,
wherein said first and second porous flow restrictors each have a | ength

bet ween appmgasuiementypbeareach ScompriseOa simgle slipsdrbové Havaigmad , innkrer ei n sai d
reference prohe and said neasyr.e t be each conprise one or nore
liquid bore(sh(.%};}’ﬁe.r bﬁ%eegéﬁgr(??ﬂ%#elgl%ea??ﬂ(ﬁ%? MRerein said reference probe and
said neasurenent probe and each liquid bore extend along a direction

perpendi cul ar to the reference surface and the neasurenent surface. -27-
12. The sensor ol3.cl aillhe sensanhef elatmshiwhereif sashderpnabprobednd shid

measur enent conmprise a single liquid bore having an inner

di anet er beF’\%sg‘?&é%%?’g%%%FWW%% Z%.5 mm 13. The sensor of claim 1,
wherein said reference probe and said neasurenent probe each conprise a
nozzl e. 14. The gsensor_of claim1, wherein said reference probe and said
measur enent pr ob&4-eachhe seaser e& claim o wdrer¢in sdidnrsferbrse prebe Thé ssidnsor of

easur ement pr he stmser S cl dfaase mobo Thé s |
i oat i ve ren e e e A RE Bl | 1 O oS T ow senser 1S

15.  The sensor of claim 1, wherein the liquid flow sensed by said
liquid mass flow sensor is indicative of a difference between the measurement

standoff and the reference standoff in a nanometer range.

16. A liquid flow proximity sensor for sensing a difference
between a reference surface standoff and a measurement surface standoff,
comprising:

a junction that divides liquid input into the liquid flow
proximity sensor into a reference channel and a measurement channel;

a first switching device coupled to the measurement channel
and to a plurality of measurement branches, wherein said first
switching device permits liquid to flow in one measurement branch at

a time and can be used to switch the flow of liquid from one

measurement branch to another measurement branch;

o a first poroué-ﬂ;)w restrictor ﬁlécéd a.long- the -reference chaﬁnel,

wherein said first porous flow restrictor evenly restricts liquid flow

through the reference channel;

- a plurality of measurement branch porous flow restrictors,
placed along said plurality of measurement branches, wherein each
measurement branch porous flow restrictor evenly restricts liquid flow

through a respective measurement branch;



standoff and the reference standoff in a nanoneter range. 16. A liquid flow
proximty sensor for sensing a difference between a reference surface
standoff and a neasurenent surface standoff, conprising: a junction that
divides liquid input into the liquid flow proximty sensor into a
reference channel and a nmeasurenent channel; a first switching device
coupled to the neasurenent channel and to a plurality of neasurenent
branches, wherein said first switchrR§-device permts liquidto flowin
one neasurenent branch at a tinme and can be used to switch the flow of
liquid fromone neasurenment branch to another neasurenent branch; a first

porous flow restrictom mpfeaerd prbng irhend 6f M QBfePerch 2ARGeL, wlw?ﬁffi n said
first porous flow restrictor evenly restricts liquid flow through the

ref erence channelquid gxits: Hhej refergncenshannele thaength then ciferpnceo pobel ad
i , | i | | . of. t b hes, wh i
estrictors, | Sagds S, MLl ALY L IESRU TR ranghes, ol

each neasurenent branch porous

flow through a respeatplumlitpagunesRrimdt 3R66s, vaRkteid J?ﬁe?ﬁlﬁ%@ntpmbe at an
end of the reference channel, whereby qu};i d exits the reference channel
c

through the ref ePERESpPIgERE dhdn endapéleschiofote measufamen derasthendof f to

i Npi hge upon a r r ; | urality. of nmeasurenment probes,
wherein a neasurg;r}rlg%t%pgir%bu%&e elgdg‘g% ‘é‘%e&peé‘%engﬁ’“‘éﬁh %*Ouggc%m(?fwl{rﬁ@erﬁeasurenent
branches, wher epsobkiayditeavels acoss arbaasuremBmt stiiddfch hpiapdlipsn qeasur ement

probe and travel s across aug_eas'tﬁj*r}frrent standoff to inpingé upon a
nmeasur ement  sur f JEBSUREN SULRS AR swi t chi ng devi ce coupled to a bridge

(s:\?@a?gﬁ: r]zjmd to a plupgbidnd s@fitcHRBUREBHIpIN 'S BEGee MIGHE Mq3aLd second

: plurality of measurement branches, wherein said second switching

device permits liquid to flow in one measurement branch at a time and

can be used to switch the flow of liquid from one measurement branch
to another measurément branch;

a liquid mass flow sensor coupled between the reference

- channel and said second switching device for sensing the liquid flow

therebetween, whereby, the difference in standoffs between the

reference surface and a measurement surface can be sensed at a high

sensitivity.

17. The sensor of claim 16, further comprising a liquid mass flow

~ - - -controller located before said junction to output a constant liquid mass flow

rate of liquid.

18.  The sensor of claim 17, further comprising a snubber located

after said liquid mass flow controller to reduce liquid"tu-rlsulence.

19.  The sensor of claim 16, further comprising a pressure regulator
located before said junction to output a constant liquid mass flow rate of
liquid. |



device permts liquid to flowin one neasurenment branch at a time and can
be used to switch the fl.ow of liquid fromone nmeasurenent branch to

anot her neasurenent branch; a liquid mass flow sensor- coupl ed between the
reference channel and said second switching device for sensing the liquid
flow therebetween, whereby, the difference in standoffs between the
reference surface and a neasurenent s%rgf ace can be sensed at a high
sensitivity. 17. The sensor of claim¥g,~ further conprising a liquid nass
flow C controller |ocated before said junction to output a constant liquid
mass flow rate of liquid. 18. The sensor of claim 17, further conprising a
snubber |ocated 2%t erTlsasahson ofucldinmd s fifrthewcomprisiak | LinubBer RUMeE | i qui d
turbul ence. 19. The.sensor of claim 16, further conprising a pressure

regul at or Ip&géttoeﬁa"ﬂ)mﬁ%“'sai d junction to output a constant |iquid mass
flowrate of Iliquid. -29- 20. The sensor of claim 16, further conprising a
‘'snubber located prior to said junction. 21. The sensor of claim 16,
wherein said firsl. andlheassnsaf ofalaiin Y6 ashoreinesald BEANGA SRR WISsatd OW
restrict ors are made, of por ous terials, said porous materials having

subst anti al | yeatgwgmf%léra’b RREQHR 119V Jestcipa @ emade okporowpmatttielsssaisor  of
claim 21, wherdismadidls RAIASIHEBLELH \Apitdd b5 ROEQus 11 ow
restrictor and each of saiu%lmaasure rlll'? S%@éﬁ%ﬁﬂeg%wd?a&c?wsg‘%rs are

i dentical and include polyethylene. 23. The sensor of claim21l, wherein

sai d porous matenial s -for said. Ii.rs,zt1 g&rpous flow restrictor and each of
sai d measur enment “Bi anch poroudt £1& r QTR $3d Porqus matenials &rlsawnd i ncl ude

sintered st dirstl pswustal . redfictof NéndS @RGP of Odai | AbdNirkfentELSILN 5@ d
ref erence probe and each. _
: restrictors are identical and include polyethylene.

23. The sensor of claim 21, wherein said porous materials for said
first porous flow restrictor and each of said measurement branch porous flow

restrictors are identical and include sintered stainless steel.

24.  The sensor of claim 16, wherein said reference probe and each

of said plurality of measurement probes comprise a nozzle.

25.  The sensor of claim 16, wherein said reference probe and each

of said plurality of measurement probes comprise a shower head nozzle.

7 \

26.  The sensor of claim 16, wherein the mass of liquid flow éensed
by said liquid mass flow sensor is indicative of a difference between a

measurement standoff and the reference standoff in a nanometer range.

27. A liquid flow proximity sensor for sehsing a difference
between a reference surface standoff and a measurement surface standoff,
comprising:

a junction that divides liquid input into the liquid flow

proximity sensor into a reference channel and a measurement channel,



of said plurality of measurenment probes conprise a nozzle. 25. The sensor

of "claim 16, wherein said reference probe and each of said plurality of
measur enent probes conprise a shower head nozzle. 26.' The sensor of claim
16, wherein the mass of liquid flow sensed by said Iiquid nass fl ow sensor
Is indicative of a difference between a neasurenent standoff and the
reference standoff in a nanoneter range. 27. Aliquid flow proximty sensor
for sensing a difference between a t8derence surface standoff and a

measur enent surface standoff, conprising: a junction that divides liquid
input into the liquid flow proximty sensor into a reference channel and a

measur enent channel ; a3fst svitdhini devidel o} Qgtgﬁfg‘%ﬁ\ﬁﬁ‘fe&%g&eﬁ'@ge reference

channel and to a pl uralitg/ of reference branc rern’s | rst
swi t chi ng devi cea plenality ef rafepenck bran¢Hesywhereimenid dirstr Svighidy asvede at a tine

and can be wused é‘%ﬂ}'ﬁ '.th ”}f fl.ow ofs%i %ui fromone reference branch to
anot her referenB S\zgh%lﬂ, tS 9% St OporoEETee B 13 émerand| caoert al ong the
measurement . chaugélto sWiRhShe IshId iighlPhoR YrSre LRI £3) (3 Gy en! Y

restricts liquid flow through the measurenent channel; rity of

ref erence branchreferenesbrmhdw restrictors, placed along said plurality of

ref erence branches, vxggﬁrg{ n each,reference h porous flow restrictor
ul

b
evenly restricts ligq BW({uﬁr%%He%{mt%%éain‘ﬁ@& SrecmeasEeBeRtnch; a

nmeasur enent pr obehaheldvherdin 8fid Fife pBRAS oW REHERP 2088Y res ?figﬁ}lﬁ liquid
exits the neasurﬁgent channel through the nmeasurenent probe and travels

across a neasure thh@ﬂlahél@rme&sbremmpq:hﬁgeeIUpon a nmeasurenent surface; a
plurality of referencg JroReS.r Pg?e%r%ierbrgncrhegoer{)&snﬁgwprre(s)t?i%toirss, placed
: along said plurality of reference branches, wherein each reference
branch porous flow restrictor evenly restricts liquid flow through a
respective reference branch;

a measurement probe at an end of the measurement channel,
whereby iiquid exits the measurement channel through the
measurement probe and travels across a measurement standoff to
impinge upon a measurement surface;

a plurality of reference probes, wherein a reference probe is
placed at an end of each of the reference branches, whereby liquid
exits a reference branch through a reference probe and travels across a

C . reference standoff to impinge upon a reference surface; and

a second switching device coupled to a bridge channel and to a
plurality of reference branches, wherein said second switching device
permits liquid to flow in one reference branch at a time and can be
used to switch the flow of liquid from one reference branch to another

‘reference 'branc':h; | | - ”

~ aliquid mass flow sensor coupled between the measurement
channel and said second switching device for sensing the liquid flow
therebetween, whereby, the difference in standoffs between the
reference surface and a measurement surface can be sensed at a high

sensitivity.



pl aced at an end of each of the reference branches, whereby liquid exits a
reference branch through a reference probe and travels across a reference
standoff to inpinge upon a reference surface; and a second sw tching device
coupled to a bride channel and to a plurality of reference branches,
wherein said second switching device permts liquid to flowin one
reference branch at a tine and can be used to switch the flow of liquid
from one reference branch to another-3teference branch; a liquid mass flow
sensor coupl ed between the neasurenent channel and said second sw tching
device for sensing the liquid flow therebetween, whereby, the difference

in standoffs betpgen tIihe senisof OF @GR BUThAE BRI ‘ face can
be sensed at a high sensitivity. -31 28. Thg{‘igglerrll orﬁﬁlﬁﬁ%%n@ , further

conpri si ng §ontrelisr dogatedsbeforgisaid mmction ke putpot atcedstief iquid swisel flownct i on t o
out put a copgt apf diﬁq“i d mass flow rate of liquid. 29. The sensor of claim
28, further corrpr?srng a snubber located after said liquid nmass flow
controller to reduce liquid turbulence. 30. The sensor of claim27, further
conprising a pressure regulator |ocated before said junction to output a
constant [iquid A&ss fThewensar of staim| 28 uurtherscompFising e saatbenflocktal m 27,

furth | .ocat.ed ior.t {d junction. 32. Th
ensor of P RF B SRARIT o RUNEE U Wbl nomsur ement branch

porous flow restrictors are nmade of porous materials, said porous
mat eri al s havi ng aubst ntially the same perneability characteristics. 33. A
bridge for use ifd-a | TAE PSP %ﬁ/\?lﬁﬂb?(?,rﬁlﬁgers@ﬁmﬂmmsmmgagumt@mncti on

that recei Ve3aRd | defdte Safd ﬁiﬂcﬁ&g tSIio\ﬁitﬂft'Sa rc&?s&anlt'lﬂ]lflll&j mass flow rate of

( liquid.

31.  The sensor of claim 27, further comprising a snubber located

prior to said junction.

32. The sensor of claim 27, wherein said first and each of said
measurement branch porous flow restrictors are made of porous materials, said

porous materials having substantially the same permeability characteristics.

33.  Abridge for use in a liquid flow proximity sensor comprising:
. a junction that receives a liquid flow and divides that liquid
L flow into a reference channel and a measurement channel;
a first porous flow restrictor placed along the reference channel,
wherein said first porous flow restrictor evenly restricts liquid flow through
. the reference channel; and
| a second porous. flow restrictor -placed along fhe measufement |
channel, wherein said second porous flow restrictor evenly restricts liquid

flow through the measurement channel.

34. A method for sensing a difference in a reference standoff and a

measurement standoff, comprising the steps of:



row into a ref erence channel and a neasur enent channel a first porous

~flowrestrictor placed al ong the reference channel, \_/\/nerel n said first

porous flow restrictor evenly restricts liquid flow through the reference
channel ; and a second porous flow restrictor placed al ong the measurenent
channel , wherein said second porous flow restrictor evenly restricts liquid
fl ow t-hrough the neasurenent channel. 34. A nethod for sensing a difference
in a reference standoff and a neasur8pent standoff, conprising the steps
of -32- (a) distributing a flow of liquid between a neasurenent channel
and a reference channel (b) restricting the flow of liquid substantially
evenly across cross- ctl Adliv t asurenent and reference
channel s; (c) out putt g |iqui d‘ﬂpfg v%%?é utlégﬁ)gg‘?a?ﬂda RS emieRh

channel s t hchamgbl maizztefaeiice dhagmelge upon a reference surface and a

measur enent surface, respectlvely, and (d) sensing a liquid nmass flow rate
across a bridge channdb) t estrigtesibe flow ofdiquid sybstntialiy dvemiasumement

channel s, t bl LaiolaiTies JrbOl ik MG LARLESSOL atlvg of the magni tude

of a di ffer a neasurenen T ence standoff.
35. The nethod of cl aieh 34 outphetingi Hiquid efork dhe eBRAES &% hl@siib@Bnof

nmonitoring the |jquid ss flow rate across a bridge channel that connects
t he refereﬁ@"’é’“ﬁh ﬂﬁeﬁgﬁr‘&%]ﬁf oh#RPIBRS , URde 3 irefaedcereisfate omd @t e bei ng

represent at h}égs‘ggmgm%uf@géurg Jg;y di fference between the measurenent
standoff and the referencé s f.36. The nethod of claim 34, wherein

step (d) conprises théd)stepensfng mhqmtlonasaglolwmmﬁbrmsaﬁsmg% éliahhelr ences in
t he_referenge, and ur (§1annel S, th tg pressure differences
b e(’ ng repr e@ﬁghfgweg@a@? i3 gh trrtf-&glrement anne s, the liquid mass flow

rate being representatlve of the magnitude of a difference between a

measurement standoff and a reference standoff.

3s. The method of claim 34, wherein step (d) comprises the step of
monitoring the liquid mass flow rate across a bridge channel that connects the
reference and measurement channels, the liquid mass flow rate being
representative of the magnitude of the difference between the measurement

standoff and the reference standoff.

36.  The method of claim 34, wherein step (d) comprises the step of

monitoring liquid pressure differences in the reference and measurement

)

channels, the liquid pressure differences being representative of the magnitude
of the difference between the measurement standoff and the reference
standoff.

37.  The method as in claim 34, further comprising performing a

control action in response to said sensing step.

38.  The method as in claim 35, further comprising performing a

control action in response to said sensing step.



of the difference between the nmeasurenment standoff and the reference
standoff. 37. The method as in claim34, further conprising performng a

" control action in response to said sensing step. 38:. The nethod as in claim
35, further conprising performng a control action in response to said
sensing step. -33- 39. The nethod as in claim36, further conprising
performng a control action in response to said sensing step. 40. A nethod
for sensing a difference in a referend8-standoff and a mneasurenent
standof f, conprising the steps of: (a) distributing a flow of liquid

bet ween a neasurenent channel and a reference channel; (b) switching the
flow of liquid betgnveeni pkthod! dst a nche Wnerel n the
flow of liquid flows throﬁg#bgndég Mnégglgbrggheﬁﬁh%g% 8%5@5 PgT Fﬂ’él

restricting conwokactian of respanse tb saidbsemminigistdpl y evenly across cr oss secti onal
areas of both a neasurenent branch and the reference channel; (d)
outputting liquid fromthe reference channel and a neasurenent branch

t hrough nozzl es t49. i N4 Qg f asur ement
surface, respectively; and d(dg;apgéehrﬁg nﬁalgﬁfﬁciy{d;?regrgg& Waqu?taaé‘%a?cr 0SS a
bri dge chanr'i'éﬁasmlemrlt%méﬁpmpmng&fe@t@seﬁ and neasur enent channels, the
liquid mass fl ow rat n rese |ve of . the magni tude of a

- difference between a n)g lﬁéﬂ@ﬁ{ Ngs g 1‘°°I*f ligyid hepwsear & mecaswemanlof . 41.
The met hod ohartleband #feréh@ Basnetl €p @) conprises ( the step of nonitoring
the liquid mass flow rate across a bridge channel that connects the

ref erence channel and® rre&!é’UﬂemEnﬂlebﬂmabf lighid betoyeertl aTpRgality ¥y rat e being

r e(pr esent at lIﬁ’é%.Slg'EerHte b%}gﬂést u\gﬁer% e (I)\I’ f Oefr ?{(]]%led thWV\SB%'I;]I'OEl e OrIl%aS urement

measurement branch at a time;

(c) restricting the flow of liquid substantially evenly across
cross-sectional areas of both a measurement branch and the reference channel;

(d) outputting liquid from the reference channel and a
measurement branch through nozzles to impinge upon a reference surface and
a measurement surface, respectively; and

(e) sensing a liquid mass flow rate across a bridge channel
that connects the reference and measurement channels, the liquid mass flow
rate being representative of the magnitude of a difference between a

measurement standoff and a reference standoff,

C 41,

monitoring the liquid mass flow rate across a bridge channel that connects the

The method of claim 40, wherein step (€) comprises the step of

reference channel and a measurement branch, the liquid mass flow rate being

representative of the magmtude of the dlfference between the measurement

standoff and the reference standoff.

42.  The method of claim 40, wherein step () comprises the step of
monitoring liquid pressure differences in the reference channel and a
measurement branch, the liquid pressure differences being representative of

the magnitude of the difference between the measurement standoff and the

reference standoff.



standoff and the reference standoff. 42. The nethod of claim40, wherein
step (e) conprises the step of nonitoring liquid préssure differences in
the reference channel and a neasurenent branch, the liquid pressure

di fferences being representative of the nmagnitude of the difference

bet ween t he measurenment standoff and the reference standoff. -34- 43. The
nmethod as in claim40, further conprising performng a control action in
response to said sensing step. 44. Thé4nethod as in claim41l, further
conprising performng a control action in response to said sensing step.
45. The nethod as in claim42, further conprising performng a control
action in response to said sensing step. 46. 'A nethod for mapping the

t opography of a neasurement surface, conprising: (a) injecting a flow of
liquidinto a |iddid fihgvngthesiamiin elaimee,ofurthbracomprsing ipet fotringeasur enent
branches; ( i 0g: { raphy .of regi on of the neasurenent
surface usigéﬁgﬂﬁggggwgg ﬁ@8£§%%5ﬁ¥%?8§SGmen sai d mappi ng of a region of

t he neasurenent surface is conpleted, switching the flow of liquid froma
measur ement branch to_anot her nmeasurenment branch; and (d) repeating steps
(a) through (c) dftil Theimethed endn slaimhél, frsherucenpmding peffassingar whi ch a
t opogr aphy i .1 S: i vie _been  mapped. 47. The nethod as in claim
46, wherein t gh%gggﬁwgg Rbggﬁg gggnFEgSQPSeniconductor waf er

45.  The method as in claim 42, further comprising performing a

control action in response to said sensing step.

Y

46. A method for mapping the topography of a measurement
surface, comprising:

(a) injecting a flow of liquid into a liquid flow proximity
sensor that has multiple measurement branches;

) mapping the topography of a region of the measurement
surface using a measurement branch;

(c) when said mapping of a region of the measurement
surface is completed, switching the flow of liquid from a measurement branch
to anothér measurement branch; and

( (d repeating steps (a) thro'ugh (c) until all regions of the
measurement surface for which a topography ‘mapping is desired have been

mapped.

47. The method as in claim 46, wherein the measurement surface is

a semiconductor wafer.



