4- H GH RESOLUTI ON GAS GAUGE PROXIM TY SENSOR BACKGROUND OF THE | NVENTI ON
Field of the Invention [0001] The present invention relates to an apparatus
and nmethod for detecting very small distances, and nore particularly to
proximty sensing with gas flow. Related Art [0002] Many autonated

manuf acturing processes require the seqsing of the distance between a
manuf acturing tool and the product or material surface being worked. In

some situat i ons, HEJHAREBSOISETION GAS GHUGE PROXBWITY SENSOR]i st ance nust be
measured wi th accuracy approaching a nanoneter. [0003] The chal |l enges

associated wth creating a proximty sensor of such accuracy are
significant, particularly in the context of photolithography C systens. In
t he photolithography context, in addition to being non-intrusive and having
the ability to precisely detect very small distances, the proximty sensor
can not introduce contam nants or cone in contact wwth the work surface,
typically a sem conductor wafer. Occurrence of either situation may
significantly degrade or ruin the sem conductor quality. [0004] Different
types of proximty sensors are available to neasure very snall distances.
Exanpl es of proximty sensors include capacitance and optical gauges. These
proxi mty sensors have BACKGROUND OF NVENdAONused i n phot ol i t hogr aphy
systens because physical properties of materials deposited on wafers may

i npact_ the precision of these devices. For exanple, capacitance gauges,

bei ngFigldrfibelveniion he concentration of electric charges, -2- can yield
spurious proximty readings in |ocations where one type of material (e.g.,
metal) is concentrated. Another class of problenms occurs when exotic wafers
rge 00hbn- conTepicsent amahtion pideo wens ippaatunatdemethbd forsietdeting

very small distances, and more particularly to proximity sensing with gas

flow. X
Related Art

[0002] 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.

[0003] The challenges associated with creating a proximity sensor of such
accuracy are significant, particularly in the context of photolithography

C 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 semiconductor wafer. Occurrence of either ‘situation may
significantly degrade or ruin the semiconductor quality.

[0004] Different types of proximity sensors are available to measure very
small distances. Examples of proximity sensors include capacitance and
optical gauges. These proximity sensors have serious shortcomings when
used in photolithography systems because physical properties of materials
deposited on wafers may impact the precision of these devices. For example,

capacitance gauges, being dependent on the concentration of electric charges,



Gal l'i um Arseni de (GaAs) and | ndi um Phosphide (I nP), are used. In these
cases, capacitance and optical gauges may provide spurious results. [0005]
U. S. Patents 4,953,388 and 4,550,592 disclose an alternative approach to
proximty sensing that uses an air gauge sensor. An air gauge sensor is not
vul nerable to concentrations of electric charges or electrical, optical and
ot her C physical properties of a wafer surface. Current sem conductor
manuf acturi ng, however, requires that proximty is gauged with high
precision on the order of nanoneters2-Wat is needed is a nore precise gas
gauge proximty sensor than those described in the above U S. patents.
SUWWARY OF THE | NVENTI ON [ 0006] The present invention provides a
hi gh- 1 esol WshQReilapudaii OBty @hdies HABERond YheFPEAAE BRmaALAR | 11 cant ]y
I nproves on tHe precision of previous types of proximty sensors. The gas
gauge pr oxi(gig,ymstah) 9 conkentrated nedmotipsr addsyiof \prébierde oeatrs nhea edbfi er ence in
measur enent ;gg reference stapdaffs. . A standoff is the distance or gap

e

bet ween a n¥ mgyde ; ¢ nOR-gRRGHCHye ABALE Photepentifiye, dnalerals,c sudheA®at h t he
nozzle. [O uhCARShA r@ 8 0 L § o | o as wth a
const ant ?rgéﬂsm%l ow ratEe I'S Sjrregﬁ%?{é@% ?&osghlr(rlgs@ f]f %‘\ﬁ g%efr(llf r)c% ﬁ{éarsgand S

f orced t hr onagds, cdpavitaricaandbptical gaupes say peevide spusionetesaltsl a ref erence

channe| ccor di 0 the present jnvention, porous restrictors are used in
the ref@0nce ch@%ﬂéﬁtegﬁdl’%%é@&@rftﬁa%ﬁﬁ‘éﬁe AteRAtYE SPPOdEh i ct or s

I nt roduce Jal: | [ ' rformng a
resistive Ptg cﬁ%ﬁ%@@gt 'f‘%?q“%?c?%ggyﬁgdfgt%n aupﬁgé@%ﬁggpf I n

al t er nat e enhnatable i someEntrdtmnp oEskeotric dhanges br elactriaalp opticad asdotheer i s pl aced

within the proximty senspor fallow ng  the mass f)] ow controller and before
t poy proxim S‘§%‘d§8¥“ﬂ?ﬁ‘ %&iag?sf’#???'%emrﬁ%‘f’ tog MANKEACAINgrent  channel .

POT OUS 1RIAHRBET %Em%tﬁl%%'-' g ist w%ﬂg%%ﬂﬁ CiSROH RShOBRRY By € acoustic
noi se propagat ed t?lcfrﬁough t he ugﬁ)éﬁnéeéﬁlg, and e ar?cles t%l?lle prox#n%-ty sensor’
preci si on. nanometers. What is needed is a more precise gas gauge proximity sensor .

s
than those described in the above U.S. patents.

SUMMARY OF THE INVENTION

[0006] The present invention provides a high-resolution gas gauge proximity
sensor and method that significantly improves on the precision of previous
types of proximity sensors. The gas gauge proximity sensor 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

o the surface beneath the nozzle.

[0007] °  To determine the standoff difference, a flow of gas with a constant
mass flow rate is metered with a mass flow controller and is forced through
two channels — a measurement channel and a reference channel. .According to
the present invention, porous restrictors are used in the reference channel and
measurement channel. The porous restrictors introduce no turbulence and
reduce pneumatic noise, 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 mass flow controller and before the proximity sensor bifurcates into the

reference and measurement channel. The porous snubber quiets gas



[ 0008] Each channel has a probe on the distal end that is positioned above a
surface. A gas is forced through the channels and emtted through nozzl es
agai nst respective neasurenent and reference surfaces. A bridge channel

bet ween the reference and neasurenent channels senses mass flow between the
two channels that is induced by differences in the gas pressure in the

ref erence and neasurenent channel. The sensed mass flowrate is (r)
‘representative of the difference in r®ference and neasurenent standoffs. In
ot her words, the sensed nmass flow across the bridge is representative of any
di fference between a reference standoff of a reference probe and reference

surface in thﬁ?llén% e&ﬁn(}gdlﬁggg%ggi})%ntqﬁ@sﬁgéﬁée::ﬁ_ﬁéag@%ﬁn%&g@fm@ nmeasur enment

probe and a nmeasufenent sur anne he” gas gauge

proxi mty sehasmls, aad efliadvesiBe proximily eéisbop paRitidnivoke a control action based
on the sensed mass flow rate. [0009 Acqordélgﬁ to a father aspect of the
theydjatal

pr eser0098vent i dinchbpmnel bas apsoba en thgbis pasttionsd gbesuz enent  and

f . I h b dil d d f
i1 rorent (YRR oA B i SRR B BARG ShpleiaB ARA Rl dnlbieh iR L Spot: “or

t he presentagain¥e Aspedtive amedareiitend eind (refer@ice Xduifates. SANSHHgE @RaiRNt ai N a
measur enent channel connected to a switchin devi ce that connects to

mul tipl e neEwbweeanbareisreane pad maswrment ehpanelpserses arshtlowr betekes has

char act er | ShL 30 dind! 9d NS MAIEAY, BARRRAEL 1 nd BACHEHRRn G2l 11 2

devi ce that 'does no nt ai n measur anches. asur enent

branches enbfifgret ed aledsuiement ¢haphelXi NThy SBB&DIMAR flowasttee ist andof f s
over a larger region of a nmeasurenent surface. [0011] According to a further
egiodi nent Tepressngatiyeof dhg diffsrenceiip fefernge apd measwenerhstaielisor I gas gauge

DR SR TRRPMSSIEL el peliguIE O, 1l 0>
restricti ngliffagnéd bevwewenl efaeressaiofs of a qeferemealprolse end refereaech channel-. -
"4 surface in the reference channel and a measurement standoff of a measurement
probe and a measurement surface in the measurement channel. The gas gauge
proximity sensor can provide an indication and invoke a control action based
on the sensed mass flow rate.
[0009] According to a further aspect of the present invention, different nozzle
types can be used as measurement and reference probes. These nozzles enable
the sensor to be readily adapted for different types of work suxfaceé.
[0010] According to a further aspect of the present invention, a gas gauge
proximity sensor can contain a measurement channel connected to a switching
o device that connects to multiple measurement branches. Each of the
meélsurement 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.
[0011] According to a further embodiment of the present invention, a method
is provided for a gas gauge proximity semsor with a single measurement
channel. The method includes steps of distributing gas flow into measurement
and reference channels, and restricting gas flow evenly across cross-sectional

areas of each channel.



[0012] According to a further enbodi nent of the present invention, a nethod
I's provided for a gas gauge proximty sensor with nmultiple nmeasurenent
branches. The nethod includes steps of distributing gas flowinto a

measur enent branch and a reference channel, restricting gas flow evenly
across cross-sectional areas of the reference channel or a neasurenent
branch, and sw tching between neasurenent branches. An additional nethod
descri bes the use of a gas gauge prox#4mity sensor with nmultiple nmeasurenent
branches to map the topography of a neasurenent surface. C [0013] Through
the use of porous restrictors, a mass flow controller, and/or snubbers,
enbodi of t f ' | . 0 . i nces based
on gaslPHEE, o aAneaRiERids hRKENHhARIALLCN HPBRERTRNEh, o Heb7CC8 |
invention i & pRpiizdajora gay Fabggeasximity sehewrovith hagitiplehiheaysémere and tool s.
I n photolithography systens it is increasingly desired to determne a

di st ance bebigBeifsa Hhe tngihed jaskdes istaps phfdistahulingmigas flpwhdgteaphy
producti on Sﬁm 0 C r Wela>Ne t4.0n. |,ng a high-
resol ution é%ggufr%%tpr ox(fChm @ afsg#g%@ﬁ%eetcgagﬁ%}’ ;yﬁgtgf{élr?%g%g% %o(r%gveivggg

I ndependenceacrods stodsesectivnak arghd yf thie asfereacectaanélror i héBuiehicat bahcar anet er s
of wafer materials and materials deposited on wafers_during sem conduct or

fabri cati ondgf SwWitghinge between omepalreeniahtaachgso014p miditonal webedi nent s,
features, a f r : | L on. t he
structure aﬁ%"@géésf‘g% ?lg%a%? gﬁgﬁl\érﬂ? gﬁgﬁ%’rﬁog%%)?%n@m {gﬁg%pl@@ﬁé%#%%gnt I nvention
are descri bbanthes detrap theowpoyraphy 6f 4 mbssuesmeent kwrfacgcconpanyi ng dr awi ngs.

BRI EF DESCRI PTI ON OF THE FI GURES [ 0015] The present invention _is described
vigah r B10dBknce t Bhiongh dhe Bif BhpOIRYS restiRpTRgS mash Home contiolien pad/or ke
raeerence nyRees idiftlofhénd A" He hestht yefidd AR dniiebidhe Proment s.
[0016] FIG I's"a diagram of a gas gauge proximty sensor, according to an
enbodi nent distanbes ased eat gasnflewtdt anhigh-resolution with nanometer accuracy. .

The present invention is especially advantageous in photolithography systems

and tools. In photolithography systems it is increasingly desired to determine

a distance between a suitable geometrical reference of a lithography

production tool and semiconductor wafers at high-resolution. Using a high-

resolution gas flow proximity sensing technique further provides

independence of wafer proximity measurements from the physical parameters

of wafer materials and materials deposited on wafers during semiconductor
fabrication at high-resolution performance.

[0014] Further embodiments, features, and advantages of the present

o invention, as well as the structure and operation of the various embodiments of

thé present invention are described in detail below with reference to

accompanying drawings.
BRIEF DESCRIPTION OF THE FIGURES

[0015] The present invention is described with reference to the accompanying
drawings. In the drawings, like reference numbers indicate identical or
functionally similar elements.

[0016} - FIG. 1A is a diagram of a gas gauge proximity sensor, according fo an

embodiment of the present invention.



-5- [0017] FIG IBis a diagramof a gas gauge proximty sensor with

mul tipl e neasurenent branches, according to an enbodi nent of the present
invention. [0018] FIG 2 is a diagramthat provides a cross sectional view
of a restrictor, according to an enbodi nent of the present invention.
[0019] FIG 3Ais a diagramthat shows the basic characteristics of a
nozzle. [0020] FIG -3Bis a diagramthat shows a perspective view of a
nozzle that nay be used in a referenge probe or a neasurenent probe,
according to an enbodi nent of the present invention. C[0021] FIG 3Cis a
di agram t hat shows a cross secti onal vi ew of the nozzle illustrated in FIG

3B, ac ng to od| nent t he present .inventiaon 002 FIG 3Dis
a di ag@gm hat shotis sp%ldkaﬁu i o\t,‘éx S eRVEY pﬁoxé]ﬁ Wéa‘ﬁlﬂ?'lh'ﬁ%lé that nay be
used in a rebeeRRt Bfaﬂa%s%cardﬁe@%%muﬁ&ﬁw éﬁ‘éfeﬁﬂf HivBgtid0 an

enbodi nent of the(gresent I nvention. [0023] FIG 3E is a diagramthat shows

a crosk0E8ct i onaFl |2etwadhagrma thas proades 4 tross sestiennl iviewrbfa 3Bfridercor di ng to an
enbodi ment of the rese 1 nv % [1002 FIG 4 is a flowhart diagram
that shows ¥CREYHR 3 B?é’rﬁsg ¥R mity sensor to detect very

smal | gogdpnces ﬁmﬂmeiemﬁdz@éanmfsﬁ&bsthe%sleehare@teﬁgtﬂ;bagahezﬁ@ enbodi ment  of

the present invention Is a sensitivity plot that illustrates
test ri@d20k s f orFKDAB ssa vhagram that fshowen ntrspectwaowsw efcz oozilethat o an

enbodi nent of the present.invention, 2 6 is hemati c di agram
of a gas gaﬂ@%tbﬁr%g‘ﬁmflﬁeffé‘ﬁ‘g&pr?% & f)r“i‘%é'é‘ ‘E%ﬂ Pré’ F’a?‘iCBHF‘%ﬁ:g%?"ﬂl ng to an
enbodi ment ghbddiReR TR Predehy RVEAGGh. Whose operation is sinulated by a

one di mensi onal nodel. [0027] FIG 7 is a sensitivity plot that illustrates

| al002H r esul FIG.3€ is 2 dna@@m that slioves a crass sedtioos) vigweofcthel ngzalge nozzl e

doff [ S t|V|t 0 L]l strtes si mul ation
resul ts as @02?4]?1{1(‘&3988? %89 %g or?ﬁle'?n dﬁﬂg{té’&.ﬂﬁlﬂes% f‘?é’t h of the
pOr ous{pOg3t r i ct OFKS. 3TPis a diagram that shows a perspective view of a shower-head -

nozzle that may be used in a reference probe or a measurement probe,

according to an embodiment of the present invention.

[0023] 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.

[0024] FIG. 4 is a flowchart diagram that shows a method for using a gas
gauge proximity sensor to detect very small distances and perform a control
action, according to an embodiment of the present invention.

[0025] FIG. 5 is a sensitivity plot that illustrates test results for nozzles with
different dimensions, according to an embodiment of the present invention.

o [0026]  FIG. 6 is a schematic diagram of a gas gauge proximity sensor in a

bﬁﬁge configuration according to an embodiment of the present invention
whose operation is simulated by a one-dimensional model.

{0027] FIG. 7 is a sensitivity plot that illustrates simulation results as a
function of air mass flow rate and gauge nozzle standoff.

[0028] FIG. 8 is a sensitivity plot that illustrates simulation results as a

function of nozzle inner diameter (ID) and length of the porous restrictors.



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0029] Wil e the present invention is
described herein with reference to illustrative enbodi nents for particular
applications, it should be understood that the invention is not limted
thereto. Those skilled in the art with access to the teachings provided
herein will recogni ze additional nodifications, applications, and

enbodi nents within the scope thereof and additional fields in which the
present invention would be of signifigant utility. TABLE OF CONTENTS A. Gas
Gauge Proximty Sensor 1. Flow Restrictors 2. Snubber 3. Nozzles B.

Met hods C. Mbdel and Sinulation Results 1. Selection of Sinulation
Paranmeters 2. Resul roximty Sensor
[0030] FIG 1A ill qu’%‘a&ﬁﬁmzlﬁtgﬁ F@f‘@ﬁf‘)ﬁoo, according to an

enbodi mrent of the present invention. Gas gauge proximty sensor 100

i ncl Ud@ﬁ ss flow.controller 106 cent& apne| 112, asur enent channel
116, r ence cHdhh eﬂgsenhé%‘éeﬁ”@‘i‘re‘ﬁt eéﬁétfﬁg erels ANC FGPreRee 1o 1 of er ence
channel 1 SSIBEAYE rbRAiniERS i cét%ﬁ.s ftegfx‘égﬁlnﬁc?uﬂﬁé?%odl?’o’ bri dge
channel 136 an mass fl ow sens 1 S sup Injects gas at a
desired pr ethstuhemvantmrgmmoghumdﬂtemetonﬂ‘hysmmdrmlﬂé)artw?th dcof8ld Central
channel 112 conn Gts u({)%% 102 .o nmss. flgﬁlcon roI I ?j 106 and t hen
term nat es tﬁ? 185 “1‘? Qns Aty ESREMEF | difica

apphcatlons, and embodiments within the scope thereof and additional ﬁelds

in which the present invention would be of significant utility.

o TABLE OF CONTENTS
A. Gas Gauge Proximity Sensor

1. Flow Restrictors

2.  Snubber
3. Nozzles
B. Methods

C. Model and Simulation Results
1. Selection of Simulation Parameters
2. Results |

D. Conclusion

A.'  Gas Gauge Proximity Sensor

[0030] FIG. 1A illustrates gas gauge proximity sensor 100, acéording to an
embodiment of the present invention. Gas gauge proximity sensor 100
includes mass flow controller 106, central channel 112, measurement channel
116, reference channel 118, measurement channel restrictor 120, reference
channel restrictor 122, measurement probe 128, reference probe 130, bridge
channel 136 and mass flow sensor 138. Gas supply 102 injects gas at a

desired pressure into gas gauge proximity sensor 100.



constant flow rate within gas gauge proximty sensor 100. Gas is forced out
frommass flow controller 106 through a porous snubber 110, with an

accurul ator 108 affixed to channel 112. Snubber 110 reduces gas turbul ence

i ntroduced by the gas supply 102, and its use is optional. Upon exiting
snubber 110, gas travels through central channel 112 to junction 114.
Central channel 112 term nates at junction 114 and divides into neasurenent
channel (c) 116 and reference channel7118. Mass flow controller 106 injects
gas at a sufficiently lowrate to provide |am nar and i nconpressible fluid
flow throughout the systemto mnimze the production of undesired

' 3 ' h | bet t
Channd00§Hls"ana CrispLrstmel LFERMEIeCE A SPRlgD2dRARFeI NP OB Bt o (o
measur enent ] (ghadken terdida@s al jﬁﬂ&ﬁdrpﬂﬂ%assﬁdv@%tﬁﬁﬁf‘m mh]agﬁadﬁgﬁmem s to

reference channel 118 at junction 126. In one exanple, tance between
junction 1lcbnstaok ﬁlmmcmtc(mthmgas gaupet proxigiitgt senser 16 v@amlsj forvetlionh 114 and

junction 126 are equa 00 cha nel s within gas uge proximty
sensor 100 HEFnESSy g@ tBI"PtF(g%]" M ﬁeRProéﬁa’HWBg%r ig , Withgan 118, and 136
can be ”adeaclz'lﬁ}nﬁlfato?qwtéfﬁ)&d Q&]taﬁkmazps ber £1¢ rodubés nsorlk%%type of

structure that can contain and de gas flow throug The
channel s dantroduckd by Eﬂeagqs imppdijs 102,r amgmﬂsarsetlse@ﬁonal uri.i‘me&aﬂng

obstructions that intr neu for .ex roducin
"l ocal tur BOFRRRE élgfélars Bweﬁﬁé'f %J@?m juchﬂlgﬁng @?“mﬁéagur enent )
channel 116nanskined %‘érﬁﬁlﬁ‘a@escﬂﬁﬁﬁlﬁﬂon]ﬂa aﬁé@lﬁ&eseiﬁt@ﬁe&rurén%lﬁtcpﬂnel exanpl es can

be unequal. [0034] Reference’channel 118 term nates into reference probe
120. Li kevaé andneefierencsnehannel bl e Mass dlove conitnedtee sl 06 ningectsegasuatearent  pr obe

Veasur emont BRI 3 e 15 PBF o RN, Ao e BaNpIes BLABY32. 1n i he

context of thiygh@lti thdQYBRNYs mimaRE ﬂ{EeﬁFodﬁéﬁJnaSﬁ‘ uddedired pREBNA
sem conductor wafer or” stage supporting a wafer. Reference surface 134 can

be a flat msisgl plate, but
[06032] Bridge channel 136 is coupled between measurement channel 116 and

reference channel 118. Bridge channel 136 connects to measurement channel
116 at junction 124. Bridge channel 136 connects 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.
[0033] All channels within gas gauge proximity sensor 100 permit gas 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 guide gas
o flow through sensor 100. The channels do not have sharp bends, irregularities
or {lnnecessary obstructions that may introduce pneumatic noise, for example,
by prbducing local turbulence or flow instability. The overall lengths of
measurement channel 116 and reference channel 118 can be equal or in other

gxamples can be unequal.

[0034] Reference channel 118 terminates into reference probe 130. Likewise,
measurement channel 116 terminates into measurement probe 128. Reference
probe 130 is positioned above reference surface 134. Measurement probe 128
is positioned above measurement surface 132. In the context of
photolithography, measurement surface 132 is often a semiconductor wafer or

stage supporting a wafer. Reference surface 134 can be a flat metal plate, but



-8- isnot limted to this exanple. Gas injected by gas supply 102 is
emtted from each of the probes 128, 130 and i npi nges upon mneasurenent
surface 132 and reference surface 134. Nozzl es are provided in nmeasurenent
probe 128 and reference probe 130. Exanple nozzles are described further
below with respect to FIG. 3A-3E. As stated above, the distance between a
nozzl e and a correspondi ng neasurenent or reference surface is referred to
as a standoff. [0035] In one enbodi ngnt, reference probe 130 is positioned
above a fixed reference surface 134 with a known reference standoff 142.
Measurenent (c) probe 128 is positioned above neasurenent surface 132 with

an unknown.neasur. nt, st andof f -140.. The, known reference .standoff 142 is set
to a desi rl%’&oatigwgﬁtﬁtth{?aqxﬂ@piee ggﬁqt?CﬁBy &8 ﬂ‘B‘PFy ’s“tegﬁﬁ?ff oMW th such an
arrangerremeacﬂmh@gsdﬁegqag,um ﬁﬂ%{pﬂgegggoﬁ RRRafRaR: Ride Ejazg ; 128 is a

function of the unknown nmeasurenent off 140; an ressure
upst r eam ofrefeteace atirfacenidd. pNotries180 provideds innmeasurenvdnt prabeki23vandr ef er ence

st andoff 14 | f stagnd s 140 and 142 are ual ,, the configuration is
SymmeLr | cafeIais RIS Ao VFARBE diees o Aeatiped futher Aalow” Pitho gas 11 ow
through bridgifiqo #9681 -3E3%Ns Elled Qﬁo&t&%rmaﬂgz@,bem Az IEBRGY ement

standof f 140 and reference standoff 142 are fferent, the resulting
pressure dofréspordiog nivatsurement dreefreense swfaeats rhiaraddb ad 4 6tandafft he ref er ence

chann 118 induces.a flow of. gas thro .mass .fl enso 38. [0036
Mass +Q§W senso i’§§ e?rg’ofi%ﬁ;t,tv’eﬁfc&g‘lﬁ%d’%ﬁ? ES@ ‘%Héﬁsﬂ'i‘l@:}ea\iv%k’%ye }Sﬁré"ﬁér abl £/ at ! a

central POigtrenbBSSTAdeOYSS VRO khSFn SERAGSe ABRABIOND. | MLIGREmBY; Pr essure

di ff erences bet ween measur enent channel 116 and reference channel 118.
Tﬁse pr esptabe B iscpemitenedoabove mesuremesuburfast I32awih sani kowmver ti cal
p

tioni f f 132. F i ¢ bridge, wh
Toas ur onen IStURBGR: #HPth A0 of B KRG STBIRaGY FABAOT 4G ISRSI % he ot andof
is the sapgsifedr cdiatdnt Qlaldehfeppéselifty 48 Sptikitfn Gomastred wih SuEk ames 132, 134.

Mass flow sensor 138 will détect no nmass flow, since there will be no
pressure 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 gas flow
through bridging channel 136. On the other hand, when the measurement
standoff 140 and reference standoff 142 are different, the resulting pressure
difference between the measurement channel 116 and the reference channel
_ 118 induces a flow of gas through mass flow sensor 138.

o {0036] Mass flow sensor 138 is located along bridge channel 136, preferably
at é central point. Mass flow sensor 136 senses gas flows induced by pressure
differences between measurement channel 116 and reference channel 118.
These pressure differences occur as a result of changes in the vertical
positioning of measurement surface 132. For a symmetric bridge, when
measurement standoff 140 and reference standoff 142 are equal, the standoff is
the same for both of the probes 128, 130 compared to surfaces 132, 134. Mass
flow sensor 138 will detect no mass flow, since there will be no pressure

difference between the measurement and reference channels. Differences

between measurement standoff 140 and reference standoff 142 will lead to



di fference between the neasurenent and reference channels. Differences

bet ween neasurenent standoff 140 and reference standoff 142 will lead to -9-
different pressures in neasurenent channel 116 and reference channel 118.
Proper offsets can be introduced for an asymmetric arrangenent. [0037] Mass
fl ow sensor 138 senses gas flow induced by a pressure difference or

| mbal ance. A pressure difference causes a gas flow, the rate of which is a
uni que function of the measurenent sgandoff 140. In other words, assuming a
constant flow rate into gas gauge 100, the difference between gas pressures
in the measurenent channel 116 and the reference channel 118 is a function

of the diffgrence between the nagni.tudes sjandoffs 140 142. |If

ref erence @'{%“EHH%WS 1 Sngagurg ghagn n]o%@"g{ 5‘%%8??‘? CIE"Wé‘eﬁ? -erence

bet ween gaﬁrogsepéﬁé&sec%n_bwn&&ﬁc@@ﬁﬁ%%%e&n% erhdsft. and the reference
ze€ 0

channel 118 i's a function of the si measur énent standoff 140 (that is,
t he uf(033ln st akfiss flowsensoe 138 satisescgasiflow ndtiowldyy apmssure ddferersar f ace 132 and

measur enent probe 128). [0038].Mass fl ow sensor 138 detecis,gas flow in

el ther df r WeRRER GBIRCSUER ISEERCR SPHAEY 2 266 1owe iR e of WhiRE oA dge

conf i gur at pRue AASHiéd PFNBGSUS drombl QHABHDIA0TUR SRR RARLS, RLY when

pressure differences between channels 116, 118 occur. en a’ pressure

i thal ance eonstint flowaste ifitoqgas gemgeol00] 82 diffeteact betweere gad pressyregds f |1 ow, and

can initiate an approprijate control fupction f.l ow sensor, 138 can

provi de an“iA87% A Bl?anﬁels@rﬁgﬂﬁi ey efqﬁ'FBﬁB?Pngﬁi%ﬁJ%\ figB1°fy or audio

i Cat | 0ol BRI hit tht At G &6 4 19D, a

differentifalﬂe olﬁfessuree sensor nay ‘gesusesgyﬁgﬁild?%‘fmerentlﬁg}gﬁg‘{nggsure sensor
asur es t stendtiff 14% srsebtd akpows standoffchediffereire Yetweanhgasrpressyreshi ch is a

&ction of the difference b en, the measurenent. and reference standoffs.
1058] *The bR MeB e CRaTPeIAL B b FfEFeBot SHBRFRA S0k AGNGSR O { or ences,

I'n  anot hepeQiFRASH MBRhrenicR GAIUTT P40 (HECEK] AR HRYMoWR siMdbITGh $Se Or decrease
the size of neasurenent gap 140. This is acconplished by noving the

measur enendirention helavets meagiramentsutfacenERsandaneasurepreobprob@ 828t i | t he pressure
[0038] Mass flow sensor 138 detects gas flow in either direction through

bridge channel 136. Because of the bridge configuration, gas flow occurs
through bridge channel 136 only when pressure differences between channels
116, 118 occur. When a pressure imbalance exists, mass flow sensor 138
detects a resulting gas flow, and can initiate an appropriate control function.
Mass flow sensor 138 can provide an indication of a sensed flow through a
visual display or audio indication. Alternatively, in place of a mass flow
sensor, a differential pressure sensor may be used. The differential pressure
c sensor measures the difference in pressure between the two channels, which is
a f';lnction of the difference between the measurement and reference standoffs.
[0039] " The control function may be to calculate the exact gap differences. In
another embodiment, the control function may be to increase or decrease the
size of measurement gap 140. This is accomplished by moving the
measurement surface 132 relative to measurement probe 128 until the pressure
difference is sufficiently close to zero, which occurs when there is no longer a
difference between the standoffs from measurement surface 132 and reference
surface 134.
[0040] FIG. 1A illustrates at least three elements of the present invention that

reduce gas turbulence and other pneumatic noise to enable the present



difference is sufficiently close to zero, which occurs when there is no

| onger a difference between the standoffs from neasurenent surface 132 and
reference surface 134. [0040] , FIG 1A illustrates at |least three elenents
of the present invention that reduce gas turbul ence and ot her pneunatic

noi se to enable the present -10- invention to achieve nanoneter accuracy.
These el enents, nmass flow rate controller 106, snubber 110 and restrictors
120, 122, may all be used w thin an jgenbodi ment of the present invention or

i n any conbi nati on depending on the sensitivity desired. For exanple, if an
application required very precise sensitivity, all elements may be used.

Alternatively..if an.application require | ess sensitivity, perhaps only
snubber 11’6‘v§&f{ﬂndt°b%°hﬁ‘§)§d'éa&mfﬂe?eﬁ 3198‘!%6‘% r st £ e@?e&fss Mg 482 repl aced by
orifices. AntrdUECHI, bnubbBE1 1Y SrEbtricRYENi0, 902, REPHI B8 sed Wikifixak! € approach
to cost effectively neet a particular application's C requirenents. [0041]
Accor di ng ¢mbddmthtcof theprdentanvention or e apy esmbinatiory depiending dohthe addi tion of

mass fl ow rat.g on‘ir.ol ere 106 and/or, snubber 110 may be used ,within the
systens di ¥Cf ¥&}ﬂ eRreY- s Fopgxample. 4if g applacatinyy TRAWEY KeFy PESCisg gnifi cantly
enhance 1 NehginSRPSIL didhéits nla) W aked! BitetBrivell Ue GRiHE proximty
sensor 150, alccgir?’di ng to San 9enbo'?j(ii:men't3 of t%’e rgfr[gé@?ﬁaalaﬁ\l;e tion. Gas gauge
proxi mty ksnsamsitiviy, pertmbsicdady sawhbeof 1 li0heroghinbe awspaheviths pamugas gauge

proximty sensor 11 h sim|ar i nci pl es of eratiqon. The difference
bet ween th@smr§§[§ﬂ}d\gﬁ% ‘?pilaﬁ%f{ g’bﬁ’gﬁﬁ?ug‘g’ ?)Ffiﬁﬁlitﬁg??reé‘étﬁé’b‘fm%@ has three
measur enme ded§ MReibi f1t8 68 PARE : nt channel

i ncl uded. vn\%r'?ﬁii’ n gglg lgaugljeiﬁ)%{,mprtgfgi m'rat?f; ?ﬁgﬁg(ﬁ&&%g&@ﬁﬁ?ﬁ@%ﬁ%mm branches
b?n shown fequirgents.of illustration, and the present invention is not

K Clal 0, oo eaRg & e Lo R AP RSl ORGSO P anches

addition of mass flow rate controller 106 and/or snubber 110 may be used
within the systems disclosed in U.S. Patents 4,953,388 and 4,550,592 to
significantly enhance their sensitivity.

[0042] FIG. 1B illustrates gas gauge proximity sensor 150, according to an
embodiment of the present invention. Gas gauge proximity sensor 150
includes many of the same components as gas gauge proximity sensor 100
with similar principles of operation. The difference between the two sensors
is that gas gauge proximity sensor 150 has three measurement branches which
are comparable to the one measurement channel included within gas gauge
proximity sensor 100. Three measurement branches are shown for ease of

o illustration, and the present invention is not limited to three measurement
brainches. Any number of measurement branches from two or more may be
used. .

[0043] Gas gauge proximity sensor 150 includes mass flow controller 153,
central channel 156, reference channel 158, reference channel restrictor 166,
reference probe 174, bridge channel 190 and mass flow sensor 192. In
addition, gas gauge proximity sensor 150 includes measurement channel 159.
Measurement channel 159 divides into three measurement branches 163, 164
and 165. Measurement branch 163 includes measurement branch restrictor
167 and measurement probe 175. Measurement branch 164 includes

measurement branch restrictor 168 and measurement probe 176.



[0043] Gas gauge proximty sensor 150 includes mass flow controller 153,
central channel 156, reference channel 158, reference channel restrictor

166, reference probe 174, bridge channel 190 and nass fl ow sensor 192. In
addi tion, gas gauge proximty sensor 150 includes nmeasurenent channel 159.
Measur enent channel 159 divides into three nmeasurenent branches 163, 164

and 165. Measurenent. branch 163 incl udes neasurenent branch restrictor 167
and measurenent probe 175. Measurenent. branch 164 includes neasurenent
branch restrictor 168 and neasurenent probe 176. -11- Measurenent branch 165
I ncl udes neasurenent branch restrictor 169 and neasurenent probe 177.

Finally, It 150 i ncl t ch I
Swi tchi ng MEREEREROORREY 68 BRRHRG MeSRITPERY braich MERCIRE 160 0 swi t chi ng
devi ce | eVeleadbdmert RO 1775 PRH Yool RubObRAIR|AA 1304R0UART Pressure

into gas gauge proximty sensor connects gas
suppl y 151ntessuresent chhmwel swntthiok|devicé 180 aiidgehelanhel rewihingsdericea j uncti on
157. WMass ﬁlﬁfw contr.ol ler, 1?3 NEA ntains a constant flow rate wi thin gas
gauge pr oxit P-4 swuchipg degee lexgs 0% | ow control ler 153 injects gas at a

suf fi gj ly lo 0 l.deg,J am,ngl.: LGRS SSdsh luid flow
t hrou 0?5{ t he gﬁ%ﬁylpolﬁmgﬁgﬁszgﬁt ﬁghp%gg@?qrg% of utﬁd%dégl F%cgepneunat e
noi se. Gaspioxirhity seadopi$0.f Centralrohasnd] 1166/ conmdctsopdsesupply3l 31htoatigis por ous

snubber 155, vvithozﬁcu | ator. 154 affixed to channel. 156. Snubber 155
reduces gadlowuFHHoliSE d o8 b darte (rrBynatese at gaBinstipy| 715 Massnllovi s use i s

optional . Hﬂ%@;l@f‘i ' SOl r r a3l channel 156
to junction . gg%[@%‘?‘ C aﬁncgﬁéﬁgteﬁ?gr%&%‘éﬁggnﬁ @H%Pﬁﬁ%@? and di vi des
i Nt 0 measusaEeNi S Masdlowl bontsoilr 1168 dnjects gas htaefficiehl$. loWw@a®Sh Measur enent
nnel 159 termnates into rreasurtgrrefrit_ c&anntgjéou&ﬁwitﬁgi ng devi ce 160.
Measur enenProdHEn HEMDEARE ARFRINRIESH e He M oM UenFRFY dPve or ot her
type of  swWlifiBiAome p¥ddabtidd 6 uReEV&SprleGmatt hGiBe.2Gas is forced out from .

mass flow controller 153 through porous snubber 155, with accumulator 154

affixed to channel 156. Snubber 155 reduces gas turbulence introduced by the

gas supply 151, and its use is optional. Upon exiting snubber 155, gas travels
through central channel 156 to junction 157. Central channel 156 terminates at
junction 157 and divides into measurement channel 159 and reference channet
158.

[0045] Measurement channel 159 terminates into measurement channel
switching device 160. Measurement channel switching device 160 can be a
scanning valve or other type of switching device that serves to switch a

c measurement channel to one of several measurement branches that are also
coﬁnected to measurement channel switching device 160. The physical
characteristics  of a measurement branch are the same as _the physical
characteristics of 2 measurement channel. Measurement channel switching
device 160 is operated by switching device lever 162. Switching device lever
162 controls which measurement branch 163, 164 or 165 is connected to the
measurement channel 159 through measurement channel switching device
160.

[0046] 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



C neasurenent channel to one of several measurenment branches that are al so
connected to neasurenent channel sw tching device 160. The physi cal
characteristics of a neasurenent branch are the sane as the physi cal
characteristics of a measurenment channel. Measurenment channel sw tching
device 160 is operated by switching device | ever 162. Swi tching device |ever
162 controls which nmeasurenent branch 163, 164 or 165 is connected to the
measur enent channel 159 through nmeasyrenent channel switching device 160.

[ 0046] Bridge channel 190 is coupl ed between reference channel 158 and one
of the three neasurenent branches 163, 164 or 165 through bri dge channel

TTo- o puROkERon 300 BridapenenE 80 munate i e ek b g annel
swi t ching ¢elavé ¢61. HdgeRibafg swlmgldeﬁ@etmlcaﬁ b@eavécﬁﬁmﬁg]vafv%rb be a scanni ng
val ve or other type o% swi tching device that serves to Switch a bridge

channel t ootheetypt of sWitching devieerthat sdsvesto lswitch hrbridge chatmebtocorhafin in FI G 1B,

three nmeagurenent branches, 163, 164 and 65 are con t to bridge channel
Swi t chi ng B PRESWEHent GreFbEs. offs OBP1 SXamBIe shiym A8 FUQ igt-tﬁaey. Sui t chi ng

devi ce Ievafeaé.ﬁ&naﬁnﬁraﬂéh%swmchs&r%ﬁurmt cHnBRED 14 6Rid Sg% & 165 is

connected to the bridge channel through bridge channel I ng device 161.
C Swi t chi ngwitehieg déGee ¢6htat pinstituest h7]me1§2uamhia?& respentively. §wm:himigng devi ce 160

and bridge , chanpe Lt ching device 161, su at_the sane neasurenment
branch wi | fe¥ee E"d’ﬁﬁa e?anBﬂbB’ hn‘ﬁﬁ%’*m%ﬁ #gﬂ hlP§9°5 b dge channel

190. Al ter paide¥liYo t&e\f&dg@@ﬁaﬁﬁﬂﬁﬁsu@%ﬁcféa'dﬁme?m&auﬁ@amhee yged. [0047] In

one exanpl e, the distance between junction 157 and tron 170 and the
djst ance- wamhngjlmtlﬁbnoms both mmunenmnt mmmneIEMtcbmgMCarléoequal :

Qo] A1 e omts, i SKAORAE Rt 18, S50 B UG B oG5 150
branches 188ncH Gill 88kokfiectédRo MotiBE8asRnint ChREKE] t 55 ki Sridgei Pes, etc.).
o ' channel 190. Alternatively, two independent switching levers can be used.
[0047] In one example, the distance between junction 157 and junction 170
and the distance between junction 157 and junction 171, 172 or 173 are equal.
[0048] All channels and branches within gas gauge proximity sensor 150
permit gas to flow through them. Channels 156, 158, 159, and 190, and
branches 163, 164, and 165 can be made up of conduits (tubes, pipes, etc.) or
any other type of structure that can contain and guide gas flow through sensor
150. The channels and branches do not have sharp bends, irregularities or
unnecessary obstructions that may introduce pneumatic noise, for example, by
o producing local turbulence or flow instability. The overall lengths of
reff;rence channel 158 and measurement channel 159 plus one of
measurement branches 163, 164 or 165 can be equal or in other examples can
be unequal.
[0049] 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



any other type of structure that can contain and guide gas flow through
sensor 150. The channel s and branches do not have sharp bends,
irregularities or C unnecessary obstructions that may introduce pneunatic
noi se, for exanple, by producing |local turbulence or flowinstability. The
overall lengths of reference channel 158 and neasurenment channel 159 plus
one of neasurenent branches 163, 164 or 165 can be equal or in other
exanpl es can be unequal. [0049] Refgrence channel 158 terminates into
reference probe 174. Likew se, neasurenent branches 163, 164 and 165
termnate into neasurenent probes 175, 176 and 177 respectively. Reference
probe 174 |s 0si t.i ohed ab%gﬁg,refemﬁgﬁsésurfa e 178. asur enent probes

175, 176 affts Pamle-d0gsjojecied hygas 58 ELY o [E¥eTge prape In t he
context of 1phgh®ir lhger YreferdTR8 SHHRIEMS. SPIK %& e%teﬁfﬂ)ﬁ'

sem conduct or wafer tage supporting a wa ence S face 178 can
be a flat suppdy 15l astefmttbdnﬁ'omom)bftherﬂ)t&edneasureﬂr&m pi'uhes éiia,niﬂlémr Gas i njected
by gas supzjﬁ ‘il is emtted fromreferen be 174 nd | i nges upon
reference 0 dmpipges pp paegsurement, sURage ook ed § bgsition 1is enmtted
from one_ olicyifie1dver 56 ABRRHRENTRM RASYA egsﬁ?em%lz%r&fe &7& ﬂ d.TPi nges on
measur enent surface 179. position o SwW t VI ce ever 162

det er m nesNoezles aﬂelmm&a:hﬂupmbmﬂéprldﬁ,elljamd B’??enExampie nopldesw hres are

provi ded i 5,.176 and 1 | e, nozzl es are_  descri bed
further HB&F&F‘?MEBE%W Y"Eﬂl’l'—rle&e"t It zCE %X&srgt abedtatpdothoves e di st ance
bet ween a AR%ALE b@megoagpah?é%ada UGB e | BfiEnoe G Surface |

referred.to as a stan 0050] I'n o ment, reference probe 174 is
@tlonedsw&meesmfdnededasaeﬂaaddﬂce surface 178 with a known reference

redeufRh sur FRBE EROUER: RGO LU SR HUCSBA TS & T8, 152 A

183. Measurgaeide é‘ﬁr&eéq%smn;i’alm&&?raeféné%taﬁeaffh%oemhs&éméﬂiey may be
unequal where the topography

probes 175, 176 and 177 are positioned above measurement surface 179 with
unknown measurement standoffs 181, 182 and 183. Measurement standoffs
181, 182 and 183 may be equal or they may be unequal where the topography
of a measurement surface varies from region to region. The known reference
standoff 180 is set to a desired constant value representing an optimum
standoff. With such an arrangement, the backpressure upstream from
measurement probe 175, 176 or 177 that is in use is a function of the unknown
measurement standoff 181, 182 or 183 respectively; and the backpressure
upstream of the reference probe 174 is a function of the known reference
c standoff 180. If reference standoff 180 and the measurement standoff 181,
185 or 183 that is being used are equal, the configuration is symmetrical and
the bridge is balanced. Consequently, there is no gas flow through bridge
channel 174. 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 gas through bridge channel 190.
[0051] Mass flow sensor 192 is located along bridge channel 190, preferably
at a central point. Mass flow sensor 192 senses gas flows induced by pressure

differences between reference channel 158 and the measurement branch 163,



of a nmeasurenent surface varies fromregion to region. The known reference
standoff 180 is set to a desired constant val ue representing an optinum
standoff. Wth such an arrangenent, the backpressure upstream from

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 C standoff 180. If referenge standoff 180 and the nmeasurenent
standoff 181, 182 or 183 that is being used are equal, the configuration is
symmetrical and the bridge is balanced. Consequently, there is no gas fl ow

th h b 174, th d, wh th t andof f
180 and ¢ A BB JPRE e o bt g Tessiis AR eoss O BopBRUE G (o ¢ he
Measur eMerdhanQisafc hd RetREl bamqbﬁmgr@w;maélﬂ&n&ﬁsmrrdc@w ST £ difference

bet ween the Teference channel 158 and the neasurenent bra 163, 164 or
165 t hat |symubesiiogridgedvhendiefersnce Stmﬂimff)iS(gami ahnw@emnt stgmdafﬁannel 190.

0051] Mh f 192 | d al d h 190, f bl
Lot iR, 18P T8 BhedpPndiPe h B Seesar St BangH Indt 1o RanE pitt e by
pressure g E§4 1@3@%&%&%@9 192581 ekt wéwho%ﬁn@eﬂﬁhefefwm@sur ement

branch 163, or 165 that is belng used. These pressure differences
occur as o psaskure odiffersnen detween thve measurerpent bmsch iilnnusegamd theasur enent

surface 179, For |c bri d en r.eference of f 180 and a
neasureneﬁ?fg?n&ﬁo%ﬁ?né{m@ fergaceg be gﬁ nmﬁ\ﬂrrggeﬁﬁqﬁ:&ﬁ @??R@ B A ur ement
branch th%ealsﬁfe%lnﬂgtaﬁa@ﬁ 1sqrqszqstaiss esﬁéspt)hm?stsrta@rméa%&emeh{ detect no
mass flow, since there will be pressure difference between the

asur enertraishandise wvrnll lead tard@ffetrh@t pressﬂms emoeefercmmnelmﬁfaadéhﬁ; es between

e reference stan ur enen ndof 2 or 183
corresponcff”?‘f’dmﬁg1 ﬂ églgilseﬂgﬁtoré%a 7R YRS us WeFIOffsggddaP Ui f ferent
pressures ihRodiRk@ FRNGsPRARAR] arddn@emBgt. t he nmeasurenent branch 163, 164-or

165 bei used. Proper offsets can be introduced for an asymetric
arrari nt . Mass flow sensor 192 senses gas flow induced by a pressure difference

or imbalance. A pressure difference causes a gas flow, the rate of which is a
unique function of a measurement standoff 181, 182 or 183. In other words,
aésuming a constant flow rate into gas gauge 150, the difference between gas
pressures in a measurement branch 163, 164 or 165 and reference channel 158
is a function of the difference between reference standoff 180 and a
measurement standoff 181, 182 or 183 corresponding to the measurement
branch that is being used. If reference standoff 180 is set to a known standoff,
the difference between gas pressures in a measurement branch 163, 164 or 165
that is being used and reference channel 158 is a function of the size of a
me'asurement standoff (that is, the unknown standoff in the z direction
between measirement surface 179 and a measurement probe 175, 176 or 177
that is being used).

[0053] Mass flow sensor 192 detects gas flow in either direction through
bridge channel 190. Because of the bridge configuration, gas 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, mass flow sensor 192 detects a
resulting gas flow, and can initiate an appropriate control function. Mass flow

sensor 192 can provide an indication of a sensed flow through a visual display



[ 0052] Mass flow sensor 192 senses gas flow i nduced by a pressure difference
or inbal ance. A pressure difference causes a gas flow, the rate of which is
a unique function of a measurenment standoff 181, 182 or 183. In other
words, assuming a constant flow rate into gas gauge 150, the difference

bet ween gas pressures in a neasurenment branch 163, 164 or 165 and reference
channel 158 1is a function of the difference between reference standoff 180
and a neasurenent standoff 181, 183sar 183 correspondi ng to the neasurenent
branch that is being used. If reference standoff 180 is set to a known
standoff, the difference between gas pressures in a measurenent branch 163,

164 or 165 () i n ference annel 158.4i.s a.function of

the size of %l%n%lg§ﬁtr?‘§1ﬁel}%eﬁgat?§ﬁ Og\“; I%eh‘; tal}%s,‘c’%wesﬁ%(%%#f?F%off inthe z

di rection plegjunesssoemaybereed. Jhefdferedtial prosbure SERssUmesERAds tRE Obe 175, 176

or 177 th%t is being ugedg. [ 0053] Mass flrgw sensor 192 detects gas flowin
¢

ei t her di rd&ifferenge tinrpesghre betwiger the gafeednce othanpdcandse wEasuremdnt i dge

configurat{gn s .fl QGeur t ugh brijd channel 190 only when

orossar e bl SNl s FAARANLAT it rfdite el A RRFemaR Sl 000 cnen
branch 163andithd reféred&stiridett. i s being used. Wien a pressure inbal ance
exists, mass flow sensor 192 detects a resulting gas flow, and can initiate

an api¥P8dr i at e Tameaniol function ey bwtesaicrisle the exadsapsipfferapcesr dwi de an
i ndi cat | Onan%k}e? c&%@ﬁ&%@?,;ﬂy&m&%&t@ﬂ%§ﬂ§é ég:ufc%ﬁg or d%c?regs% tgclfjd' 0

i ndi cati on. ernativ irnplrace’o oW Sens fferential

pressure sgRsof afyasRmenestanddte 191 f {8 entB3l THie S iERNFRISH byreasur es the
difference in pressure between the reference channel and a nmeasurenent

nch, whinewngghe megsurement Bface gelgtive & a fneasprompent prebenwuri thenent st andof f
h . i .
the r e%rgésﬁgaf@ggfeﬁ&‘éjﬁfshfq%&qgﬁéé?%y zg%g Jcﬂﬂr%:vl{ll?e'ﬁ tH@r&rlé;ﬁo to calculate

t he exact p rences. odi nment’, e cont function may
be to incriegage odifteaicedsewtdicthesstarioffs feorirasicasranéntssuafacobhd 181, 182 .or

183. This rie%ergncc%%urrx%éesl@%q by
[0055] FIG. 1B illustrates at least three elements of the present invention that
reduce gas turbulence and other pneumatic noise to enable the present
invention to achieve nanometer accuracy. These elements, mass flow rate
controlier 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 sensitivity, perhaps only snubber 155 would be
o needed with porous restrictors 166, 167, 168, and 169 replaced by orifices. As
a résult, the present invention provides a flexible approach to cost effectively

meet é.particular application’s requirements.
L Flow Restrictors

[0056] According to one embodiment of the present invention and referring to
gas gauge proximity sensor 100, measurement channel 116 and reference
channel 118 contain restrictors 120, 122. Each restrictor 120, 122 restricts the
flow of gas traveling through the respective measurement channel 116 and

reference channel 118. Measurement channel restrictor 120 is located within



C novi ng the measurenent surface relative to a neasurenent probe until 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. [0055] FIG 1B illustrates at |east three

el ements of the present invention that reduce gas turbul ence and ot her
pneumati c noise to enable the present invention to achieve nanoneter
accuracy. These elenents, nass flowygte controller 153, snubber 155 and
restrictors 166, 167, 168 and 169 may all be wused within an enbodi nent of
t he present invention or in any conbination depending on the sensitivity

d d. F i | t d t t
o oF orenieasiig Shaingt 1 BBYesE Mtsfiin 157 Anf Sinorof o PIEReRRe T equl 1 o0 | aas
sensitivi taefera%ehammemasm&bhgz 1%5§>céﬁ9&'|xdlﬂ’ﬂﬁ e?f‘r?ﬁt%dcﬁ‘érﬁl@l R@gOUS

restrictors 166, 167, 168, and 169 repl aced by o | ces a result, the
present mb&tweerojunptlmwldiéand Jahationbl 26. abpome)tam;de cthstdigdrfcedfromel y meet a
parti cul ar | i ion's requirepents. 1. FI trictors [0056] Accordi ng
to one enblﬁ’ﬂgﬁ@hﬁ?%fmt‘%@sﬁeg’f@{]? éﬁ"ts éL ¥4s gauge

proximty ﬁﬁeﬁ@fm@{are@@ﬂ%ercﬁmr&maﬂzzl&é %% 'iEBﬁ{e‘?l%{Eﬁn jedjannel 118

contain restrictors 120, 122. Each restrictor 122 restrlcts the flow
of gas traﬂleldlstglcbhamjgm eghal. r’ﬂsqmeaﬂnwmhem&smqahementﬂhahthelseﬂsbﬁ and
r ef erence hannel éﬁ Measur.enent channel estr'i‘fctor 120 is J.ocated within

- 16- rreasu & FERMCEICAh WY v BR SRROR 15 TAUEE Bh Use X i BOREttBHY 124.

Li kew se, g giemce channel restrictor 122 is |located within reference
channel 11 between junction 114 and junction 126. In one exanple, the
t alf987F rom Acenzdingrio 2ifurther featusaiobihemreschiimmentione sachi ncstdptotzo and the

[ other ekl s SR ofi phffus anGrEA SpEL R aPIvRErE St R Rner ont
requi r enengtainftas st%&leFKEfISp}bde@a awamédhbﬁalunagewm@mmtrh@o aeviaer 1S easi.er
touse if it is geonetrical
porous material 210 through which a gas flow 200 passes. Measurement
channel restrictor 120 and reference channel restrictor 122 have substantially
the same dimensions and permeability characteristics. Restrictors typically
range in length from 2 to 15mm, but are not limited to these lengths.
Measurement channel restrictor 120 and reference channel restrictor 122
restrict gas flow evenly across the cross-sectional areas of the channels 116,
118. The inventors discovered that porous material restrictors provide a
significant reduction in turbulence and associated pneumatic noise in gas flow
compared to the amount of turbulence and noise introduced by restrictors that
o use 2 single orifice bored out of a solid, non-porous material. Within gas
gaﬁge proximity sensor 150, porous restrictors 166, 167, 168 and 169 with
above mentioned characteristics are also used to achieve these advantages.
[0058] The restrictors serve two key functions. First, they mitigate the
pressure and flow disturbances present in gas gauge proximity sensor 100,
most notably disturbances generated by mass flow controller 110 or sources of
acoustic pick-up. Second, they serve as the required resistive elements within
the bridge.
[0059] Exemplary embodiments of a gas gauge 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.



symmetrical. [0057] According to a further feature of the present invention,
each restrictor 120, 122 consists of a porous material, such as

pol yet hyl ene or sintered stainless steel. FIG 2 provides a cross-sectional
i mge of restrictor 120 having porous material 210 through which a gas flow
200 passes. Measurenent channel restrictor 120 and reference channel
restrictor 122 have substantially the sanme dinensions and perneability
characteristics. Restrictors typical{y. range in length from2 to 15nm but
are not limted to these | engths. Measurenment channel restrictor 120 and
reference channel restrictor 122 restrict gas flow evenly across the
cross-secti,onal ..areas .of. the .channels 116, 118. Thg inventors discovered

t hat por ouéﬂtr?glagy?sa&nﬁhé‘&{lg Fﬁ‘t‘%?@ntﬁ’r FRFeens, v %ﬂfl?’i(feé{’r’i‘fm?se& Yon in

t ur bul ence Rl daRFBSd Rérsiel) RNEHE B Pate @ PGsod sUAfdlih Y el aRAYgd to the
amount of turbul ence and hoi se introduced by restrictors that “use a single
orifice bobastdoan thef teachings contaived horeius Sweh altemiativey fabl withmsthegauge
proximty sensor .15Q rous restrictors 166, 167, 168 and 169 with above
ment i oned E%EFéeﬂﬁﬂFé?ﬁﬁgPEFS”&F?%mﬂged to achi eve these advantages. [0058]
The restrictors serve two key functions. First, they mtigate the pressure
and fl ow di sturbances present in gas gauge proximty sensor 100, nost

not ably di sturbdncesSgeblgrat ed by mass flow controller 110 or sources of
acoustic pick-up. Second, they serve as the required resistive elenents
within the bridge. [0059] Exenplary enbodi ments of a gas gauge proximty

sensoFomp_ beenccaiRgad ofé embb@inme s £he prédeiThi&itionend bfehridgithed to this
exanple. -This exanple is presented herein for purposes of illustration, and

@ i ni t agRogAugE Proxinity senser VG channsl L eeptaigy bvabibeni K). Similantsi ons,
to por sons Mt Ban 3R 3 relicies aflohet DT ROt BECURISu b alishPos cont ai ned
herei n. Sughs sipbBf 12t dnddsolhtel thehidiflowt BdsoskeRacandicHidk-ip idfhet he present.
' nvention. upstream part of the gas gauge 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. The inventors discovered that

porous material snubbers provide a significant reduction in turbulence and

associated pneumatic noise in gas flow. Snubber 155 used within gas gauge

proximity sensor 150 has the same characteristics as Snubber 110 and is used

to achieve the same benefits.
C 3. Nozzles

[0061] " In gas gauge proximity sensor 100, different types of nozzles may be
used as reference probe 130 and measurement probe 128 deioending on a
particular application. Similarly different types of nozzles may be used in gas
gauge proximity sensor 150 for reference probe 174 and measurement probes
181, 182 and 183. The choice of nozzle type, among other things, depends on
the footprint (measurement area) that is required.

[0062] The basic configuration of the gas gauge nozzle 300 is characterized
by a flat end surface that is parallel to the surface of the measurement surface,

as shown in FIG. 3A. The geometry of a nozzle is ‘determined by the gauge




2. Snubber [0060] According to one enbodi nent of the present invention and
referring to C gas gauge proximty sensor 100, channel 112 contai ns snubber
110. Simlar to the operation of a restrictor, snubber 110 reduces gas
turbul ence introduced by gas supply 102 and isol ates the mass fl ow sensor
fromacoustic pick-up in the upstreampart of the gas gauge sensor. Snubber
110 is located within channel 112 between accumul ator 108 and junction 114.
According to a further feature of .ttge present invention, snubber 110
consists of a porous material, such as polyethylene or sintered stainless
steel. The inventors discovered that porous material snubbers provide a

significa re ti j 4 bul enc n ssQcj at e n tic,noise in gas
flow. Snu%&aélfloﬁgé gghoé %“%%{l%%{atgg dga(%d'gml@r %&idﬁsﬁfgg‘genwgfgﬁl%as t he sane
char act er igrdstie @a6p & tHeRZzIE Bited AfhnmeterUs RowedkOi fI0 I Riffcithts; lagy¥e benefits. C
3. Nozzles [0061] In gas gauge proxinmty sensor 100, different types of
nozzl es nekheremamingphysicakpasameices ape: (he— 4@Ss Horet rate af theegasrandplmbe 128
dependi ng on a rticular, application. Simlarly different types of nozzles
may be usé‘dPIie?ﬁ‘-‘@é;grol’ga&E@é%E&zhﬁ-t eg@ﬁéfo?h%éewfidq?eﬁ’érdé%@, Br obe 174 and
measur ene 181 2 and 183. The choi ce of nozzle type, anobng other
t hi ngs, dgsplgﬁggggi%w%cﬁé%égtprint (nmeasurenent area) that is required.
[0062] The basic configuration of the gas gauge nozzle 300 As characterized
by a [hhgd) end shrdlatinshipde spughhhetwermpon-dimensional pasemetsrs: asur enent
surface, ~ as shown in FIG 3A. The geonetry of a nozzle is getermned by the
gauge -18- standoff, h, and the inner diameter, d. Generaldy, the dependence
of the nozzle pressure drop on;the nozzle outer dianeter Dis weak, if Dis

f fi ci entthyRewiodds Nurhber, Repaidni-novhedny theaadiapesiosiet, @ & takken: at@mw - nmass fl ow
éte of the gas, and 4p - pres8ure drop across the nozzle. The gas is

charact eriged hyif Be B8RIHNr rfion BB BN AT M S60S b - th Twafer

surface. The Reynolds number is defined as Re =E€i, where v 1s the
v

kinematic coefficient of viscosity.

[0064] A series of tests where the measurement standoff was varied were
performed using nozzles with different 4 and using different mass flow rates.
FIG. § plots the data points for these tests. A suitable fit to data points

obtained from the series of measurements that are shown in FIG. 5 yields:

-13114
dp_ v _ 75493 [g]

(@ i v M)
. 2
Since the mass, flow rate of air through the nozzle can be written as:
Q,, = pundh 2)

expressing the velocity « in terms of the mass flow rate O, and inner nozzle

diameter d yields :

Ap= 78.493 Qv Jo231t g o088 3)

27



[0063] A relationship is sought between non-di nensional paraneters: | AP
_puz 2 o the Reynolds Nunber, Re, and d , where the radial velocity, u, is
taken at the entrance to the cylindrical region between the nozzle face and
the wafer surface. The Reynol ds nunber is defined as Re ="' , where v is
the v kinematic coefficient of viscosity. [0064] A series of tests where

t he nmeasurenent standoff was varied were perfornmed using nozzles with
different d and using different nass flowrates. FIG 5 plots the data
points for these tests. A suitable fijigt. to data points obtained fromthe
series of neasurenents that are shown in FIG 5 yields: ~ p ud = 78.493 ~~~
1 .3114 (1) (c) a 2 Since the mass, flowrate of air through the nozzle can
be W@Pé@n Q = pu7rdh (2) expressing the velocity uin terns of the
mass rate The Bffhividnmrthﬂmlﬁs tHerad@cabedlinylefthsl 8 fivd @hyiichl Qv - 0. 6886
(3) 21r -19- &0065 The behavi or of the nozzle is then described in terns
of five physiab &bt desand. B, (3)Q)r0VIﬂeS amdahonsmp bm¢6m9Wdes a

rel ati onshi t he two,  pri al , varl abl and h, as the

remai ni ng R}:gqqp(fhvgga Iﬁd’ #d fy23 rp esfwgpu b apicelly) system
Thi's rel atiposhi h hﬂsel‘é ij for different
appl i cati ons, reqlﬁla?}?ﬁgicgg% erntén? sensi t%llﬁ?ff%céf.ﬁfa egglé% Q‘E B and 3C
illustrat eofalounlzzmes:fdx&hffbmht amcﬂmnsslecjumgalifferent sensitivities.

[0066] 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, gas bore front
o opening 314, and gas bore rear opening 315.

[0067] Nozzle 310 is affixed to both measurement channel 116 and reference
charmel 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. Gas
travelling through measurement channel 116 enters nozzle 310 through gas
bore rear opening 315 and exits through gas bore front opening 314.
Similarly, nozzle 310 is affixed to reference channel 118. Front surface 312 is
parallel to reference surface 134. Gas travelling through reference channel 118
enters nozzle 310 through gas bore rear opening 315 and exits through gas

o bore front opening 314. The diameter of gas bore front opening 314 can vary
depending upon a particular application. In one example, the inner diameter
of gas bore front opening 314 is between approximately 0.5 and 2.5
millimeters (nﬁm). Example sensitivity analysis results of a gas gauge
proximity sensor model having porous flow restrictors and single gas bore
nozzles at the probes are described further below with respect to FIGs. 6-8.

[0068] FIGS. 3D and 3E illustrate shower-head nozzle 350 that may be used
as the reference and measurement probes, according to an embodiment of the
present invention. Shower-head nozzle 350 includes front surface 355, a
plurality of gas bore front openings 360, and a gas bore rear opening 365. The

multiple gas bore front openings distribute pressuré across a wider area of




reference probe or neasurenent probe, according to an enbodi nent of the
present invention. Nozzle 310 includes front surface 312, gas bore front C
openi ng 314, and gas bore rear opening 315. [0067] Nozzle 310 is affixed to
bot h neasurenent channel 116 and reference channel 118. In one enbodi nent,
two identical nozzles 310 serve as mneasurenent probe 128 and reference
probe 130. In princi-ple, the nozzles do not need to be identical. Nozzle
310 is affixed to neasurenent channelg116. Front surface 312 should be
paral l el to measurement surface 132. Gas travelling through measurenent
channel 116 enters nozzle 310 through gas bore rear opening 315 and exits

t hrough g o] eny Siplarly,.nozzl e 310 s .affixed to

ref er enceaf(?:lﬁ%ﬁ%eg?én&1@&&8?0&?3%%?‘(%215131(#‘3 %§P3Wﬁé+eaflon?%z1leerl§nce surface
134. Gas tpranegpdilynged T610008ring fspatedd Gesobtme! evidly infBt#S prox@aaye 310 through
gas bore rear opening 315 and exits through gas bore front opening 314.

The di anret @easytenagnss ¢isr @ widenhspatipleates g AB ltemative approadhiepeldibago upon a
particul ar_appl i I n one exgﬂfl e, the inner dianeter of gas bore

front open?ﬁ?é‘l??f%} é%lr‘}g?%‘éﬁpgb‘)&s Sately 0.5 and 2.5 millineters (nm.

Exanpjoaegensi t i XishyweaiRdadHioszle 85044 £fivkd td b&B cdtSRenthdliily sensor nodel
havi ng porous flow restrictors and single gas bore nozzles at the probes

are descr i duldreferendsechabudlold8ni Imone smbediment, Evasidegical shieyogdieadt| GS. 3D and
BE illustrate,s r-head nozzle 350 th may, be. used S e.reference and
reasur ener IS E0. SR B SRS E G PR RO EI, FOTORHPIBE dOUnE | nvent | on
Shower - heaghim@Ag) e 2021680 HEESctir 6 e idettical Shower-héhd dozHed50tly of gas bore
front openings 360, and a gas bore rear opening 365. The nmultiple gas bore

f @t opentffiged dp smeasyireensr ehasnele 146 oFrom ¢ HWSeis prrallgio neasur enent
SWd ace 13¢ é.s?xgq e%?zsﬁﬁlfﬁﬁe?’il’soz. (’Aésstp&\r%ﬁi/ﬂ hﬁ]?cguggﬁglfnéés‘ﬁxéﬁent B{x{i/nrﬁ%ing |y used for

| ower i ng S%g reso 1on"to eve proxirm surenents over
a w der spéitéralshewechealmozkie €350athtoieh age o€ feanopbin 865 @nd Wxfts @ nozzl e .t hat

contains ath?gurgguas pfuirallli[t}? rof gas bore front openings 360. Similarly, shower-head
nozzle 350 is affixed to reference channel 118. Front surface 355 is parallel to
reference surface 134. Gas travelling through reference channel 122 enters
shower-head nozzle 350 through gas bore rear opening 365 and exits through a
plurality of gas bore front openings 360. The use of nozzles has been
explained with reference to gas gauge proximity sensor 100 for ease of
illustration. Each of the nozzle types may also be used with gas gauge
proximity sensor 150, wherein the nozzles would be affixed to each of the
measurement branch probes and the reference channel probe.

O [0070] Exemplary embodiments of different types of nozzles have been
pre'sented. The present invention is not limited to these examples. The
exam[;‘les are 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 altematives fall within the

scope and spirit of the present invention.



[ 0069] A shower-head nozzle 350 is affixed to both neasurenent channel 116
and reference channel 118. In one enbodi ment, two identical shower-head
nozzl es 350 serve as neasurenent probe 128 and reference probe 130. In
principle, the nozzles do not need to be identical. Shower-head nozzle 350
Is C affixed to neasurenent channel 116. Front surface 355 is parallel to
measur enent surface 132. Gas travelling through neasurenent channel 116
enters shower-head nozzl e 350 throughy gas bore rear opening 365 and exits
through a plurality of gas bore front openings 360. Simlarly, shower-head
nozzle 350 is affixed to reference channel 118. Front surface 355 is

paral | el t% re&ﬁ%ﬁﬂfe surface 134. Gas travelling through reference channel
122 enters™ sho *9f8ad nozzl e 350 t hrough gas bore rear opening 365 and
exits through a plurality of gas bore front openings 360. The use of

nozzl has bee explained with reference to gas gau proximty sensor 100
for elalps i) %PW?%@PS@A%%#EIQ%MWE# én%%ﬂ%g“ﬁ’flggor#w&?é used with
gas gauge gapka%l B é@ln%f ' e 9&;4 . affixed to
each of the %ais%%cgr‘{gﬁ?ﬁﬁir%ﬁ%ngro g‘;‘bég:;] t grelgar%telﬁfggétésgﬁln% pr obe.
[0070] Exe#fd)arForecunveniom! setliodd400 & destribgdoesthaksprortd gas fayge been
presented. The presentldan tion is naot limted to these exanples. The

er

exanmpl es aPOXPRES Y Werey msthogs00ds get necessanly dtmitsd bythg not
limtation | (L [ ' : '%lﬁmé ariations,
devi at i ons?tmectﬁ%:&?{fg?hé%ﬁl?géhﬁglscégFggﬁﬁﬂégl}ég?érfmvﬁﬁl%agﬁdﬁgigar en t\j/t 0 persons
skil |l ed i nsdnker 150 arasansoamtiths) diffesesineturehe t eachi ngs cont ai ned her ei n.
Such natives fall within the scope and spirit of the present
vagnfdf%ﬁf 1 The bRt Jaile oey 41 c e AL oL A BRI, 4 present s
thod 46Q;¢Oplaby! Dfbféighce ﬁﬂgg%v)a&?vl:eg?}%fen¥@ Em&@'#or@ﬁglg@&c and perform

a control actioh (steps conveni ence, net 400 i s described

Wi t h r espeoperstor gameglangm! dpviox positignssrefezence dGbe Hihelwee, refeedrited 400 i s not

necessari| Xurhlicgﬁ 152 C\i?vimllqtlo%n reference 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. In step 420, an operator or
mechanical device places a measurement 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.

[0073] In step 430, gas is injected into a sensor. For example, a measurement

gas is injected into gas gauge proximity sensor 100 with a constant mass flow

O rate. In step 440, a constant gas flow rate into a sensor is maintained. For
exaimple, mass flow controller 106 maintains a constant gas flow rate. In step
450, gas flow is distributed between measurement and reference E:hannels. For
example, gas gauge proximity sensor 100 causes the flow of the measurement
gas to be evenly distributed between measurement channel 116 and reference
channel 118.

[0074] In step 460, gas flow in the measurement channel and the reference

channel is restricted evenly across cross-sectional areas of the channels.
Measurement channel restrictor 120 and reference channel restrictor 122
restrict the flow of gas to reduce pneumatic noise and serve as a resistive

element in gas gauge proximity sensor 100.




structure of sensor 100, and can be inplenented wth gas gauge proximty
sensor 150 or a sensor with a different structure. ~ [0072] The process
begins in step 410. In step 410, an operator or mechanical ~r device pl aces
a reference probe above a reference surface. For exanple, an operator or
mechani cal device positions reference probe 130 above reference surface 134
with known reference standoff 142. Alternatively, the reference standoff
can be arranged within the sensor asgenbly, that is, internal to the sensor
assenbly. The reference standoff is pre-adjusted to a particul ar val ue,

whi ch typically woul d be naintained constant. In step 420, an operator or

nmecha devi s b t surface.
For o8| 001 5658 206768 ORRUITAN AUBNELAARNG M RRBMLEIEA o [ oone
128 agg\ée prbeUr E@ieeialﬁplgf gee g&ﬁgﬁe pmxwtwmurmesggas Mth[ 0073] In
ste as is injected _into a sensor. a measur enent as is
i nj gct ed i g’{eé“@%eféjﬁ'@@ lﬁtscﬁllirf?ﬁefﬁ%%ﬁ%ﬁ 1i@ohw)s(tm 480, c%ﬂ@‘b’&ﬁggmss fl ogv CI
rate. In s i_n e i nt ai ned. For
exanpl e, m}i@gl t‘f"i%ow co Fﬁﬁé %E%mei 2 al n & Itceger{gl?c;engﬁa%é rate. In

step 450, m@aauémawmamrbl st bklept490, bebﬂmmcﬁ&awp&f&ﬁiedaﬁﬂed&i grence
channel s. For exarrpl e, gas gauge proximty sensor 100 causes the fl ow of

t he neasurB‘i?éi\‘Fc e@‘@ &6t s refeiones Bod aveasviewsah chennslir igsnt  channel

116 and re t he
nmeasur erren% C an’ne %hseo}lﬁé géog]gt(?:)fe}s]mg‘{%anne ?@a‘lyg I‘I é‘{u?%hgg{?/enl y acCross
Cr oss- sect ¢lgunakl Blrﬁemii rfertive chhandiells. Bdded durthemmiss dloanrued, mastri ctor 120

and reference channel restrictor 122, restrict the flow of gas to reduce
eunmat i ¢ HoWsensosd 38dnifiates & contiol petqny ¢ Sugh cpptel gotiog amayinghde pr oxi mity

o 1R ORI oF R mt el Gy S¥ ki 3 1o orce
gas to exit senwdsmassvlotw, jor dheiafil® aasave edoatrehadiqn abeepbsidionl thest ep 480,- a
flow of gafocéltfon of the measurement surface relative to the reference surface until no
mass flow or a fixed reference value of mass flow is sensed.
[0076] The above method may be adapted to use with a sensor that has
multiple measurement branches, such as gas gauge proximity sensor 150.
When gas gauge 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.
[0077] The use of a gas gauge proximity sensor 150 can also better facilitate
the mapping of the topography of a mesurement surface. This mapping may
o 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 gas may be switched to a different
measurement branch to map the topography of a different region. Because of
limitations that may exist in the ability to move a measurement surface, a
proximity sensor with multiple branches can be used in some instances to
more readily map the topography of a measurement surface than a proximity
sensor with only one measurement channel.

[0078] For example, in one embodiment a method for mapping the

topography includes injecting gas into a proximity sensor, such as gas gauge



nonitored through a bridge channel connecting a reference channel and a
nmeasur enment channel. In step 490, a control action is perforned based on a
pressure di fference between the reference and neasurenent channel. For
exanpl e, mass flow sensor 138 nonitors nmass flow rate between neasurenent
channel 116 and reference channel 118. Based on the mass flow rate, mass (c)
fl ow sensor 138 initiates a control action. Such control action may include
provi ding an indication of the sensegh mass flow, sending a nessage
indicating a sensed mass flow, or initiating a servo control action to
reposition the |location of the neasurenment surface relative to the

ref erence sucrf.ale until*ﬂg r%sseflow 3{1 ! fixe&greferenc.e val ue of mass
flowis seﬁgéﬂ.n Osf?}%ﬁr AROVECATRIN, ermgp%a a&fe%l F&%s \f\'/lth a sensor
that has méabirBhent"Rfabé dyeakind ABERASof MesfurdfelfusMBUSR HF el M ty sensor
150. Wien gas gauge proximty sensor 150 is used, an additional step may be

i ncor por at awasusementrivanedies Yabu complsting the mapping of die wgwnrtbaisuanenent branch
to anot her _measurenment branch. [0077] ., The e _of .a..gas gau roximty
sencor 160 R ERPRFEE) hurheRer Der et brate e pid RnsAEvBE B aphy of a
mesur enent s§iEHcAAE a difftrent PR ¥ranbl tefepeaitht alippingrosaddche princi ples
descri bed in the above nethod, wherein topography neasurenents are taken

over a par thectdgion reaghesh byf that weakurements hrasclusi Bhe pnecess wowdd beasur enent
branches. |f o] r.aph i Ng. i desired of a different .region, the

f1 ow of ga§epr?ﬁa&9&b®?@vﬁﬁ$c%ﬁfgg{)goraq@f@f &tgﬁ?graﬁtyaaﬁpgwﬁgn{s Arsisdpise map the

t opogr aphy cghpRtedi fTtRMAEHsurcf@hOfrfBe Gy Piemicdituctrivitilsr dritihermay exi st in
the ability to nove a nmeasurenent surface, a_proximty sensor with nultiple
bganches cmeagsemertguifpcestonwhichat tapegsaphyomappingisrdeaited-y map t he t opogr aphy
OWwra W rement h LOXI I 0 ' | measur enent
channel™. r0078] Alégir{{oégl;& seoﬁ‘r%nﬁmgcﬁgfég{r%té&eﬁ%ﬁcﬂ%ﬁﬁlﬁ@gﬁﬂgﬁeﬁs&gpi ng the

t opogr aphy skilled 18 réleafCirt(Epfog@she RbchiAgtiedaih Atd s ecdaipassedbly as gas gauge
-23- .

the present invention.

[0080] The present invention has been described with respect to FIGs. 1-4
with reference to a gas. In one embodiment the gas is air. The present
invention is not limited to air. Other gases or combinations of gases can be
used. For example, depending on the surface being measured, a gas having a
reduced moisture content or an inert gas may be used. A low moisture content

gas or inert gas is less likely than air to react with the surface being measured.

C. Model and Simulation Results

C

[0081] °  The inventors developed a one-dimensional (1-D) model to simulate
operation of a gas gauge proximity sensor (“gas gauge”) in a bridge
configuration according to an embodiment of the present invention for which a
prototype was built. Fig. 6 is a schematic diagram of a gas gauge proximity
sensor 600 (also referred to as a “bridge” 600) whose operation is described
with respect to the one-dimensional model. As shown in FIG. 6, gas gauge
600 includes five legs 11 — 15, two porous flow restrictors 630, 635,
measurement nozzle 640, reference nozzle 645, and a mass flow sensor 665.
Leg 11 extends from junction 114 to junction 124. Leg 12 extends from
junction 114 to junction 126. Leg 13 extends betweén junctions 124 and 126.



proximty sensor 150, and neasuring the topography of a region of a

measur enment surface by taking a series of neasurenents using one of the
measur enent branches. Upon conpl eting the mapping of the region that can be
mapped by a particul ar neasurenment branch, the proximty sensor would be
switched to a different neasurenment branch to repeat the mapping process for
the region reached by that neasurenent branch. The process woul d be

repeated until the surface for whichaq.topography nmapping is desired is
conpl eted. The neasurenent surface may be a sem conductor wafer or other C
measur enent surface for which a topography mapping is desired. [0079]

Addi ti onal Ace t o_the above st.e knag t rson skilled
in the rel %%gﬁfg)ggéd(sgﬁ}ﬁmlﬁgﬁéiﬁE%W%Emﬂgpggﬁeﬁg gfémgs E’ﬁglgcﬁpassed by

the presentrohd igietib® 126/ 80RMrerldeendyzRs 695, 1PHLGRY 6% RagickeegodRscribed with
respect to FIG. 1-4 wth reference to a gas. In one enbodinent the gas is

air. The ppyided along legt flonPorousdlow restricter 635 isi provided elongdeg 42.0r

conbi nati o of gases can . used. .For. ex e e ding on the surface
bei ng measdr&ge _e'éta%OZﬁ v?‘ﬁglsaprwgﬁﬁéghw_rﬁﬂ%rs@l&% lg'pﬁﬁ%z?f 1GrI%fCi nert gas may
be used. Aghoy prolied abthe Mt VTileg BASMRESs flORsbnAS65 $s pRTRIeld ialodlgy than air to
react wth the surface being neasured. C. Mdel and Sinulation Results

[0081] Theldgddent ors devel oped a one-di nensional (1-D) nodel to simulate

cont+ B 70" 388 ) 35 1aeD oR MLl B 3R ghe PRTRAEE bodee Bebon T or i o
a prototypss Waggd)Urlel mokdeD allbwh SfoR & GéledRinl 6f dh@%ﬁﬁ'r'@ag e hgsisalgauge
ge

proximty sensor 600 (also referred to as a "bri 0) whose operation
g descri bearamgierhandeygglds @ quick arsessmentpffhe savgange perfarmansg vadswn in FIG 6,

gauge .ncl ive legs 11 - 15, two porous flow restrictors 630,
635, masﬁgg‘%@éﬁ@gﬁg%gﬁ%'{'mo, ref erence nozzl e 645, and a nmss fl ow sensor

665. [0083] 11 exTeiRdsshmednthatrall tengds] faskapes Wichridpe d@Ahaveegircifarext ends from
junction 114 to junctjon 126. Leg 13 extends between juncgtions 124 and 126.
cross-section with the same diameter. The most significant Contribution to
pressure drop in the legs of the bridge is from flow restrictors 630, 635 and
nozzles 640, 645, however a distributed contribution from viscous loses in the
tubes of legs 11-15 is considered. Local losses at elbows and junctions 114,

124, 126 are neglected, as they are relatively small.

[0084) With these assumptions, steady incompressible flow of gas through
bridge 600, as shown in Figure 6, is governed by the following set of algebraic
equations:

o Q=0+0s, @
O =Q+0, &)

Qs =0~ (5, (6)

Ap, = Ap, +4p,, . 7

Aps = Opy + Aps, (®)

Ap, = f,(Q)), i=1..5 )]

[0085] Balancing the flow rates (; in the junctions of the bridge results in

equations (4-6), while balancing the values of pressure drop Ap; across the legs
in the loops of the bridge yields equations (7) and (8). Equations (9) define
relationships between the flow rate Q and the pressure drop Ap across each of

the legs (i=1..5).




-24- Leg 14 extends fromjunction 124 to neasurenent nozzle 640. Leg 15
extends fromjunction 126 to reference nozzle 645. Porous flow restrictor
630 is provided along leg 11. Porous flow restrictor 635 is provided al ong
|l eg 12. Measurenent nozzle 640 is provided at the end of |leg 14. Reference
nozzle 645 is provided at the end of leg 15. Mass fl ow sensor 665 is
provided along |eg 13. [0082] The 1-D nodel of the gas gauge aids the
devel opnent process of the gas gaugs.- The nodel allows for a selection of
t he gas gauge physical C paraneters and yields a quick assessnment of the
gas gauge performance under steady state operation. [0083] It is assuned

t hat he g 0 e _Gi C section with

t he s@Obthl am?@?@ﬂﬁ%@ﬂgﬁ%@ f&J’t!rll’lgf @gggl%taﬂﬁb%tl o% 6%‘?%%%& e drop in
the Iegs oroséshﬁthetuuaeauds(arsb@mct)ﬁs;%séeﬁime@bwusr@sﬁ@cto&BS and nozzles 640,
645, however a distributed contribution fromviscous |loses in the tubes of
legs 11-15 is considered. Local |osges at e bows and junctions 114, 124,
126 are negl ected, as they arAp{elﬂaHp HV: [0084E1W¥th these

assunpti ons, steady i nconpressi bl e fl} ow of Kas through  brid 600, as shown
in Figure 6 i's governed by the foIIovm ng set of algebraic equations GQ-=
QA + @, (4 (g (5) Q@ - @B, (6) 4Pi4Pz+4P3, (7) AP5 = AN
+AP3 , (8) whemi/; and d; are(@e)n,lbq 1eﬁ&th and dzan(tgyr, pmls&q. Ifaﬁﬂee(nmlswgecﬁlhe f1ow rates
Q in the unctl ns, of t.he.brj dge | t.s in ons whi | e

bal anci ng % gflygg) °BY Br g’fst?ge" olfod'p a%naraglpss Gés ldstg he | oops of
the bri dgecdélfﬁ’élgf&1§ﬂﬁ§ict1@ﬂ§fﬂ13)Re@ﬁ6‘ldﬁ§ﬁmbécﬁl@ﬁd ons (9) define

64
. A=—0,
c Re (11)
[0087] The pressure loss in a porous restrictor is modeled after Darcy’s law.

See, A. Bejan, Convective Heat Transfer, Chapter 10 John Wiley & Sons,
1984. The restrictors 630, 635 are of the length Iz and have the same diameter
as the tube in legs 11 and 12 that results in the same averaged velocity w;. The
constants x and K are the dynamic viscosity of fluid (air) and the permeability
of the porous material, correspondingly. The pressure drop can be expressed in

terms of the mass flow rate ;. Substituting for the velocity w,

W, = ;;i% (12}
o yields . ,
( Ap, [ Aot Cj;;JQi i=12,  (13)
with the constants 4 and C: | )
4 =_1_2__:1, c%g_. (14)

v and p are the kinematic viscosity and density of the gas (air),
correspondingly, and @ is the conductivity of porous material.
[0088] The pressure drop in the bridging leg I3 1s modeled simply as:

Ap, =aQ;, (15)



rel ati onshi ps between the flowrate Q and the pressure drop 4 across each of
the legs (i=1..5). -25- [0086] The pressure drop for the upper legs, 11 and
12, is a sumof viscous |loses in the tubes and (al so viscous) |loses in the

porous restrictors: AP, d P2 + IR x'i i =1,2 (10) where 1; and d; are the
tube length and dianeter, while w, is the (cross-section averaged) velocity
inthe leg i. For lamnar pipe flow the pressure |oss coefficient is a

function of the Reynolds nunmber alone: 64. = Re (11) [0087] The pressure

|l oss in a porous restrictor is nodelpg. after Darcy's law. See, A. Bejan,
Convective Heat Transfer, Chapter 10 John Wley & Sons, 1984. The
restrictors 630, 635 are of the Iength 1R and have the sane dianeter as the

b | d h
Lonot ant o Hooatite e SethA ebBlioh SPite "Sask Ao SR TE 1R P Ble R R Y T

per meabi | i by apstbxitddoROTR SodTHERAH @kvasc‘c@fdiﬁﬁﬁqr@@eﬁinﬁmal ?@h&&ﬁ@sure drop can
be expressed in ternms of the mass flowrate ubstituting for the

vel ocity vvgowagreemer(tmt;htemalspeptfe:latjgn&qftMmaNﬂmymetm RZIQ i=1,2, (13)

v anaf0088] T re ThE RbekltE 0T BBk 1 Rl S epudel b st o visggs) 1Y 1T TP

cor r espondigied i thefibe GsilnlafiP@s ENEkAqN laddl 12 288 (HROOSYES ik Az ALs:

2 2 -1.3114
. ow . pu;” 78.493( h, .
Ap; = A, p—+ [—] i=45, (16)

[
4" 2 2 DD
v
. : The second component of the sum in equation (16) represents a semi-

o empirical, similarity-based model for the pressure drop across a nozzle.
Variable w; denotes the arca-averaged value of the radial velocity at the -
entrance to the annular region between the surface of a wafer and the face of
the of the air gauge nozzle. This velocity can be calculated as

u; =—--Q—"--— i=4,>5,
n Dk (17

where D is the inner diameter (ID) of the nozzle (both nozzles 640, 645 are
identical) and k; is the gauge standoff. Making appropriate substitutions

yields:
Ap, (A—;—" 782423" h—23114D—ossss] 0. i=45 .
[0090] The system of ten equations (4-8,13,15,18) is linear with respect to the

flow rates ;.  Validity of the laminar flow assumption was confirmed by
calculating Reynold’s Numbers for the respective sections of the entire
system. A Matlab program can be used to numerically solve the above

equations for a given set of input parameters.



[ 00881 The pressure drop in the bridging leg 13 is nodeled sinply as: AP3 =
a@1 (15) -26- because the actual behavior of the nmass flow sensor is |inear
at sufficient |evel of approximation. The coefficient a was determ ned
experinentally showi ng good agreenent with technical specifications of the
mass flow neter. [0089] The pressure drop for legs 14 and 15 is nodeled as a
sum of viscous loses in the tube (simlarly as for legs 11 and 12) and the
| osses in the nozzles: APl=Arl pw, 22pu, 278.493 h 1.3114 |-45 d; 2 2 u,D (D
(16) w The second conponent of the sumin equation (16) represents a seni -
enpirical, sinilarity based nDdeI for the pressure drop across a nozzle.

Vari abl e u; den aged value of the radial velocity at the
entrance tg'the %ﬁﬁ 38@?8% “he surface of a wafer and the face
of the of the air gauge nozzl e. ThIS velocity can be calculated as u.= Q@

i =45 , h; (1 where D i.s he| ner di anme D t he nozzle(both
nozzl 4@09&0 649%1?5’”%%? s a“‘m Ere 'FFri ‘é‘?ﬂ(.l e‘%"%’gﬁd‘ﬁ?lflﬂnﬂval ting
appr opr i at @r&uRp iof $hi 100 Eeb%th 4if Jas tne/ a.s49% (18) ©Op. =
A-+ h D Q % H@g g é%@ }’ [ 00901 The sys?emo ten érég%tegﬁgg

(4-8, 13, 15sn18)nansedbeie\ar W|th respect to the flowrates Q Validity of the
| am nar fl ow assunption was confirmed by calculating Reynold' s Nunbers for
the respective sections of the entire system A Matlab program can be used

to nuneri C@lrd,%n%lo\fglrt he above equations for a given set of input
par anet ers el ection of Sinulation Par arret ers

density p =1.2003 [kg/m’]
0 dynamic viscosity — p=1.8189 E-05 [kg/(ms)]
kinematic viscosity v =1.5157 E-05 [m%/s]

Properties of porous material;
porous conductivity © =4327 E02 [kg/(sm®)]

Flowmeter response (linear):
calibration constant a=1144 E04 [1/(ms)]

Air gauge geometric parameters:

O Leg # 1 2 3 4 5
Diameter [mm] 3.37 337 - 3.37 3.37
Length 4 [mm] 38.1 101.6 - 709 | 324
Porous insert length [mm)] 7.0 7.0 . - o -
2 Results
[0092] Results of the simulation are shown in terms of sensitivity plots as a

function of the mass flow rate and the gauge nozzle standoff (FIG. 7)and asa
function of the nozzle ID and the length of the porous restrictors (FIG. 8).



[ 0091] Main paraneters for the sinulation were selected to match a worki ng
prot ot ype of gauges 100, 600 with air as the gas. The nmain paraneters are
sumari zed bel ow. Properties of air: density p =1.2003 [kg/nmB] (c¢) dynam c
viscosity =1.8189 E-05 [kg/(ns)] kinematic viscosity v =1.5157 E-05 [nR/s]
Properties of porous material: porous conductivity O =4327 EO2 [kg/(snB)]

Fl owret er response (linear): calibration constant a=1144 EO4 [1 /(ns)] Air
gauge geonetric paranmeters: c Leg #.482 3 4 5 Dianeter [mm] 3.37 3.37 -
3.37 3.37 Length [rfm] 38.1 101.6 - 70.9 32.4 Porous insert length [nm 7.0
7.0. - - - 2. Results [0092] Results of the sinulation are shown in terns of

| f f th fl t nd t |
tana B E & °Spediedly, HE“T Mer pectmoinonsl e Afufin Abfedngth of the
pOr ouS T eStridsé HBtSrateldrid galbe nodde stfaﬁ@&?]forspgﬁigfe'»ﬁﬂ{ Blﬁozflé @awﬁ%'al lustrates a

sensitivity plot as a fun lon of the mass Tl ow rate and gaugé nozzle
st andof f f drl4mnyantgmahididmetemdD} |and e wistrigter that is4’v’nmmnmelength Toanet er (1 D)

and a restrictor | engt h.,. To erate the ot,., gauge
standoffs # ?tﬁéﬁ?%%%g?%ﬁ%ﬂaﬂgjﬂ’@ (§O§HQ4ONI%W¢F%P§Q ngi ng from
100 to 500%%%@93%@ & Gons 10850 1508 1sc@. THE pHRUHGws %ﬁa@'&g:ﬂ]&f 55@%0”68 smal | er,

the sensitivity of the gauge to detect changes I n the nce between a
ref erence standafbbécommd smaﬂeammumtsbﬁﬂmgahgc tmdﬂ%ehangeﬁ'heﬂlpl ot shows

that the r %tf?erence%e&?ele%Iavrle%e}{enlcgg S z:u(i1 agrpeeas gnt s%an?lgﬂ' mereases.

The plot shows that the rate of sensitivity increase as the gauge standoff

| becomes smaller is more pronounced at higher flow rates. Similarly, for a

0 constant gauge standoff, as the flow rate of gas through the gauge increases,
the sensitivity also increases.

[0094] FIG. 8 illustrates a sensitivity plot as a function of the nozzle ID and
restrictor length when the measurement standoff is 100mm and the flow rate is
200 sccm. To generate the plot, nozzles with IDs ranging from 0.5 to 2.5mm
were used and restrictors with lengths ranging from 5 to 15mm were used. The
plot shows that as the nozzle ID becomes smaller, the sensitivity of the gauge
to detect changes in the difference between a reference standoff and a
measurement standoff increases. The plot further shows that the rate of
sensitivity increase as the nozzle ID becomes smaller, remains relatively
consistent over the different restrictor lengths. Finally, the plot illustrates a

C’ relatively small dependence of the gauge sensitivity on the length of both
res‘trictors.

[0095] * As can be seen from FIG. 7 and FIG. 8, the sensitivity dependence on
the flow rate and the standoff is relatively major. It increases (linearly) with
the flow rate and decreases with the standoff at a faster than linear rate. The
sensitivity dependence on the two other parameters {nozzle ID and the
restrictor length) is considerably weaker within practical limits of the
variability of these parameters. It decreases with the ID of the nozzle and

increases with the restrictor length. The data show that the increasing the flow

rate can be used to improve the gauge sensitivity as long as this would not



beconmes smaller is nore pronounced at higher flowrates. Simlarly, for a
const ant gauge standoff, as the flow rate of gas through the gauge
i ncreases, the sensitivity also increases. [0094] FIG 8 illustrates a
sensitivity plot as a function of the nozzle ID and restrictor |ength when
t he measurement standoff is 100mm and the flowrate is 200 sccm To
generate the plot, nozzles with INranging fromO0.5 to 2.5mm were used and
restrictors with lengths ranging from5 to 15mm were used. The plot shows
that as the nozzle ID becones snmallefg.the sensitivity of the gauge to
detect changes in the difference between a reference standoff and a
measur enment standoff increases. The plot further shows that the rate of
sensitivity increase as. the n%ééée I D hec s.smaller, remains relatively
TR

consi st ent “BFE AD TRECHS PiIE FET cRgse: | oansien to-fsbylence waaldy) o
il trat ; (IRV=S f Lyivit th
i1 ustrat egerdhinll Bk algricticy] [RHR4tlon Hﬁﬁsﬂﬁ%gﬁmﬁ ﬂoWﬁt@@Hﬂ&n%%%%bd]' vity on ihe

| ength of both “restrictors. [0095 e seen from and FIG 8,
the sensitivity dependence on the flowrate and the standoff is relatively
major. It 'Pncre P‘glug.l'nearly) with the flowrate and decreases with the
standoff at a faster than |inear rate. The sensitivity dependence on the
two ot her paraneters (nozzle ID and the restrictor length) is considerably

weake i.fhin pgactical. limts. of the ariability of these paranmeters. It
decr oldbt i " WEle MRl RSl 36 1R RSt nbeflion, TERE BB ot or

| engt h. Thgesdabed sv9¢ it lidfuld Beundeesi@ASthAGhEy Ravie 128h pFedbied BP W9 Used to

i nprove the gauge sensitivity as long as this would not -29- cause an

i ncrease i af expnpler angyradringitations dt Wil desappiarent topersesuskabheskeingbgl d  certainly
be a practigal Jim i,.on _an .t he maxi.oum_fl ow. r.at hat can be used. D.
ﬁcl usi onrf‘?%"@ﬁ&s]E“EFV@ﬁ%ﬁt ggr\l/%u(rjsi %Iha?g%sngbé?nlﬁbﬁflg %,melﬁgn Fe gﬁ‘? rt1l|1er§?/‘8nti on have

N desciithest dipaniag fiom GRGpIrd alkesdopd of Hedagkrtipal they have been presented

by way of exanple, and not Iimtation. It will be apparent to persons
skill \ém9i7]1 t he The present invention has been described above with the aid of method

steps illustrating the performance of specified functions and relationships
thereof. The boundaries of these method steps have been arbitrarily defined
herein for the convenience of the description. Alternate boundaries can be
defined so long as the specified functions and relationships thereof are
appropriately performed. Any such alternate boundaries are thus within the
scope and spirit of the claimed invention. Thus, the breadth and scope of the
present invention should not be limited by any of the above-described
exemplary embodiments, but should be defined only in accordance with the

following claims and their equivalents.



rel evant art that various changes in formand detail can be nade therein C
w t hout departing fromthe spirit and scope of the invention. [00971 The
present invention has been described above with the aid of nmethod steps
illustrating the performance of specified functions and rel ationships

t hereof. The boundaries of these nethog steps have been arbitrarily defined
herein for the convenience of the desC Pbti on. Alternate boundaries can be
defined so long as the specified functions and rel ati onshi ps thereof are
appr opr i at eMHAEI GLABMEDASY such al ternate boundaries are thus within the
scope and spirit of the clainmed invention. Thus, the breadth and scope of
the present inventi op shoul d @?t bzn Iin‘i.tgd %)JTVT ap(% of .t he .gtquove-descri bed
exenpl ary enbodi frent s> 8t E3UH JIHARTARLY RLPIMEY STRPY o Sensintest HHRER S th t he
foll owi ng chawss angeferldpder s@fiteVabhRRIS an a IReasbdnt! Surflcdl WEROIS: 1. A gas
gauge lithography proximty sensor for sensing a difference between a

ref erence sthMPAE®Est andoff and a nmeasurenent surface standoff, conprising:
a junction that divi i ‘o i L.sensor into
a reference channel gﬁ l{alﬁ%%a{gﬁk%#gﬁé g?:%a ﬁg?t;ﬁogﬁ‘%l%?%ga%r%%g“?ﬁt%w
restrictor placewnsdrinigatréferencsfchamret endraeaselementhenrel;n sai d first porous
flow restrictor evenli}/ﬁrrs%stogu%t X @estrf HW atﬁr?:#]%ht t he _;efergncgl channel ; a
second porous flow restri 0T p ac &y goor% Fhée a?ﬁfgff?leeﬂfe 8% nel , wherein
sai d second por owberkinowaid efiist i mirous €venkesticdst kveils @amicts lgayy fidw ough t he
measur enent chanpel ; g}rg@erengg'gaobe at an end of the reference channel,
wherein gas exi fEoughtherelersnes,chanialannel t hrough the reference probe and
travel s across a it eaioaBiofousefiok aeaacdF PRROA faldng 1HEhERGrHRAD 2

reference surface; o i i
channel, wherein said second porous flow restrictor evenly restricts gas

flow through the measurement channel;

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

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

a mass flow sensor coupled between the reference and
measurement channels for sensing the mass of gas flow 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 mass flow controller

located before said junction to output a constant mass flow rate of gas.

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

said mass flow controller to reduce gas turbulence.



a neasurenent probe at an end of the neasurenent channel, wherein gas exits
t he measurenent channel through the neasurenent probe and travels across a
measur enent standoff to inpinge upon a |lithographic neasurenent surface;
and a mass fl ow sensor coupl ed between the reference and neasurenent
channel s for sensing the nmass of gas flQw t herebetween, whereby, the
difference in standoffs between the re"f3 rence and neasurenent surfaces can
be sensed at a hisgh seamgidenVdrt ¥¢ cl%imTﬂefu%E'xs%meisiﬁg_ad Thdbbef Yodaas
conprising a mass flow controller located before said junction to output a
const ant nagsiof togaidjuncdonf gas. 3. The sensor of claim2, further conprising
a snubber located after said mass flow controller to reduce gas turbul ence.
-31- 4. The sensor of claim1, further conprising a snubber |ocated prior
to said junctions5.5. The sessosf claimligiwheteinnduid dirst sed dedondsgoresnd second
porous flowrestrictors are de aof respective first and secpn or ous

ot or 1 al o, - HenGRH O 5 g alBaercRts B e E TP ORGSR | ol 'y ¢ he
same pernealhdi §etond Nrawd GRAt&ldIS Shavbng FOBstERAAQT tHef sehai Permeabiigr €i N sai d
first porous material and said secon§ porous naterial are identical and

i ncl ude pol FBRSIEESHES: 7. The sensor of claim5, wherein said first porous
material and said second porous nmaterial are identical and include sintered
stainless steel. 8. The sensor of claim1, wherein said first and second
porous flow restri ct dihs semohohelain &, whergintsatifisse poroapprateriahrandesayd 2 and 15

mm 9. The sensor of claiml, er el aid reference probe and said
neasur enent Sﬁ?gggorg'éséﬂatﬁrwil%e\éﬁ%i@dgpa%rpgfyﬁélgfeﬂ%res. 10. The sensor of
claim9, wherein said reference probe and said neasurenent probe and each
gas bore extend al ong % di rection perpendjcular to the . )

7. The sensor of claim 5, wherein said first porous material and said

second porous material are identical and include sintered stainless steel.

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

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

9, The sensor of claim I, wherein said reference probe and said

measurement probe each comprise one or more gas bores.

10. The sensor of claim 9, wherein said reference probe and said
measurement probe and each gas bore extend along a direction perpendicular to the

reference surface and the measurement surface.

11.  The sensor of claim 1, wherein said reference probe and said
measurement probe each comprise a single gas bore having an inner diameter

between approximately 0.5 and 2.5 mm.

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

measurement probe each comprise a nozzle.



reference surface and the nmeasurenment surface. 11. The sensor of claim1,
wherein said reference probe and said neasurenent probe each conprise a
singl e gas bore having an inner dianeter between approximtely 0.5 and 2.5
mm 12. The sensor of claim1l, wherein said reference probe and said

measur enent probe each conprise a nozzlge. -32- 13. The sensor of claim1l,
wherein said reference probe and sai d Tfeasurenent probe each conprise a
shower head nozzle. 14. The sensor of claim1, wherein the mass of gas fl ow
sensed by said nass flow sensor is indicative of a difference between the
measur ement st ahidof f Thmeensheof efaém el oeheseiarsdist fefénanee peobermdenid ange. 15. A

gas gauge p&gﬁ%‘glg}n%ﬁtﬁgb%se%hg rfg%%s W% ea&lhé{zgrence between a reference

surface stan A oreasur ¢ fhdof f conprising: a junction
that divides gas input into the gas gauge prOX|n1ty sensor into a reference

channel and a neasurepent chan rst switchi vi ce coupled to the
measur enent chanﬁ‘él a feélsora(’tg‘ﬁﬁ‘%i ‘t"berﬁ‘l‘n g @ Fﬁ %BWa%?B?FQSYMerel n

said first gyl b ﬂgwdfe\‘nh&eis lﬁaaem»tesofgﬁa.ﬁ&e&ckoaatwébnome HEARHAENT branch
at atime and can be used to switch t | ow of gas from one neasurenent

branch to aﬁ@ﬂﬁ€EMdﬁﬁdﬁ@@@#ﬁﬁ@d@ﬁaWtwmomﬂ&rWQEEporous flow restrictor placed
al ong the reference channel, wherein said first porous flow restrictor
evenly restricts gas flow through the reference channel; a plurality of
measur enent branth poAcgasgédgewrmﬁstty saisor for sqnismgeloﬂiffadencngbawédl plurality of

measur enent br.anches each neasure anch porous flow

restrictor BFEHAERPe Sulacr F@P@Ofg W‘Wﬁeﬁ‘?'btlf Brgrﬁnfr{;’él NEeasur enent

branch; a reference piphgichithariedd gad mbﬁtﬂntb@lﬁeeéa@%ﬁ@gecﬂ?éeﬂﬂﬁb setdBer eby gas
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 gas to flow in one measurement branch at a time and can be used
to switch the flow of gas from one measurement branch to another
measurement branch;

a first porous flow restrictor placed along the reference channel,
wherein said first porous flow restrictor evenly restricts gas 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 gas flow through a respective
measurement branch;

a reference probe at an end of the reference channel, whereby gas
exits the reference channel through the reference probe and travels across a

reference standoff to impinge upon a reference surface;

a plurality of measurement probes, wherein a measurement probe is
placed at an end of each of the measurement branches, whereby gas exits a

measurement branch through a measurement probe



exits the reference channel through the reference probe and travels across a
reference standoff to inpinge upon a reference surface; a plurality of
measur enent probes, wherein a nmeasurenent probe is placed at an end of each
of the measurenent branches, whereby gas exits a neasurenent branch through
a nmeasurenment probe -33- and travels a%ross a neasurenent standoff to

i Npi nge upon a neasurenent surface; 4 decond swi t chi ng device coupled to a
bri dge channel and to a plurality of neasurenent branches, wherein said
second switching device permts gas to flow in one neasurenent branch at a
time and can be addrvelp across a4 miasuremeht stondoff tgampinge mpene meesameatent  br anch
to another neasyrenent branch; and a nass fl ow sensor coupl ed between the
reference channel' ahd said second switchi ng device for sensing the nass of
gas flow therebetweensecohdsehyhing ldevidé tdplantea bridgd aadatll sndogtaveen t he

ref erence surfacF nd measur enent surface, can be sensed at a high
sensitivity. 16PlUFHEYobmegiurgment)bianphes; whergin paig secomd svechige devigss f1 ow
control | er | ocabethiRehQiLSRiodeURGheRedtGraith BUS ife GRPSLAOE ys2BSs flow rate
of gas. 17. The sensor of claim 16, further conprising a snubber |ocated
after said masswitttowhe oflewopf egast Bome doe emegsyrement tiranvbe to 1@othithe sensor of
claim15, furth i 81 . nubber located prior to said junction. 19.
The sensor of c%eﬁ%?%%m\ﬁhgghéi%ﬁ&sai d first porous flowrestrictor and each
of said neasurenent ba ansh floer susorf donpled dxtwéent the Yeferencerebanef apbr ous

materials, said rous teri.als having substantially the sa erneability
characteristi cs.sglgo.seo?ﬁga?@ﬁ%llg o?evé‘"reai h £ENSIRENE g% %‘Efr”%l?g" material s
for said therebetween, whereby, the difference in standoffs between the

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

sensitivity.

16. The sensor of claim 15, further comprising a mass flow

controller located before said junction to output a constant mass flow rate of gas.

17.  The sensor of claim 16, further comprising a snubber located after

said mass flow controller to reduce gas turbulence.

18.  The sensor of claim 15, further comprising a snubber located

prior to said junction.

19.  The sensor of claim 15, wherein said first porous flow restrictor and
each of said measurement branch porous flow restrictors are made of porous
materials, said porous materials having substantially the same permeability

characteristics.

20. The sensor of claim 19, wherein said porous materials for said
first porous flow restrictor and each of said measurement branch flow restrictors are

identical and include polyethylene.
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first porous flow restrictor and each of said nmeasurenment branch flow
restrictors are identical and include polyethylene. -34- 21. The sensor of
claim19, wherein said porous materials for said first porous flow :
restrictor and each of said nmeasurenment branch porous flow restrictors are
identical and include sintered stainless steel. 22. The sensor of claim 15,
wherein said reference probe and each g*f4 said plurality of nmeasurenent
probes conprise a nozzle. 23. The sensor "of claim 15, wherein said reference
probe and each of said plurality of measurenment probes conprise a shower
head nozzle. 24. The sensor of claim 15, wherein the mass of gas flow sensed
by said mass fl @l seddersensoriofglaimt | % avhsrein saidf paspesnmeatepialsvfor said

measur enent f . n i e ange. 25.
In lithogr ap@%,a&g&jr?eftlﬂgge %@8%%’245?%"3’ gfesc?ﬁ ergglfﬁ‘gcnéé@n&%%ﬂ&e@esng%& st andof f
and a neasureshrietirs 3¢ alectahl andiuoigeie ismiongl standessstegds of : (a) distributing a flow
of gas between a neasurenent channel and a reference channel; (b) forcing
the flow of gas through porous restrictors substantially evenly across
cross-sectional apeas Tt sédbhof {1SInITER SkHepdR Biid 26kerent € pbe ARE eddhayinel s; - 35-
(c) outputting gas. fromthe reference and nmeasurenent channel s through
nozzles to is*ﬁ‘gip ity plyneasuIeMeRIy PRES KPRPHEAdIOBHEe surface and a |ithographic
measur enent surface, respectively; and (d) sensing a nass flow rate across a
bri dge channel that connects the reference and neasurenent channels, the
mass flow rate bdBng dbpsesenohtlavre]bfwherdie saidgefetende probe andieddheafence

bet ween a ; St off and a reference. standoff. 26. The nethod of
ohaim s, winh BHRTBRE e aRenh: pRBe Dbl RO el RO

24,  The sensor of claim 15, wherein the mass of gas flow sensed by said

mass flow sensor is indicative of a difference between a measurement standoff and

the reference standoff in a nanometer range.

25, In lithography, a method for sensing a difference in a reference
standoff and a measurement standoff, comprising the steps of:
(a) distributing a flow of gas between a measurement channel
and a reference channel,
(b) forcing the flow of gas through porous restrictors
substantially evenly across cross-sectional areas of both the measurement and

reference channels;



nmonitoring the nmass flow rate across a bridge channel that connects the
reference and neasurenent channels, the nmass flow rate being representative
of the magnitude of the difference between the neasurenent standoff and the
reference standoff 27. The nmethod of claim 25, wherein step (d) conprises
the step of nonitoring gas pressure differences in the reference and

nmeasur enment channel s, the gas pressurésdifferences bei ng representative of

the magni tude of the difference between the neasurenent stapdoff and the
ref erence standoff. 23‘.’) %ﬁ%“%ﬁﬂéﬁ R AT tﬁ%rectjigrﬁp?ﬁ ?Qjmf’ﬁuf%‘fmé’gw{ssi ng
per form ng ahroegh dodkles @dinpiige upor £HMONAFhit RefGaicd shifiteiang a$iﬂﬁ>@ralp319- The

nmethod as in claim 26, further conprising. performng a contro action in
response t o REaPHeae surfacedessctivaly; andhe et hod as in claim27, further

compr i sing perf or M N9 @ EAMY Phmaseidl Ak hodSo RIS Hafncl il 3RO St ep.

31. A nethod for sensing a ference in a reference standoff an

measur ement thetrafecrare andomeasniesienicchammelss thepease flow g6 beipa yepdésstativeuafi ng a f1 ow
of gas betwges 'mﬁ%ﬂﬁl@g%%”ﬁﬁ%reﬁ%aﬂ{}%el} ?i”?l‘flea?ur&%&ﬁrs%ﬁgffca%rhn%lfém R) switching
e plural rty o :

the flow of gas ween a plur measur enent ranches erein the
fl ow of gas sfahdff t hr ough one neasurenent branch at a tine; (c) restricting
the flow of gas substantially evenly across cross-sectional areas of both a
measur enent branch and the reference channel; (d) outputting gas fromthe

reference channets, and The FRARMH SMEIBIM 25! WAGEint SPOLD RoRPFigeseBe kkpi gTPI Nge upon
a reference surface and a neasurenent surface, respectively; and (e)

sensing a mareRitpringifhe mass Hewoste asrase pdgjdsceianaithat ernects shmiséerencehe .
reference angy gg@agy{egmgﬁpé}ﬂ@ﬂ?%i mds§ AP e iaé?}r(%#g;%rtgse%'ﬁw of " esentative

of the magnitu erence between a neasu
magnitude of the difference between the measurement standoff and the reference

standoff

27. The method of claim 25, wherein step (d) comprises the step of
monitoring gas pressure differences in the reference and measurement channels, the
gas pressure differences being representative of the magnitude of the difference

between the measurement standoff and the reference standoff.

28. The method as in claim 235, further comprising performing a control

action in response to said sensing step.

29. The method as in claim 26, further comprising performing a control

action in response to said sensing step.

30. The method as in claim 27, further comprising performing a control

action in response to said sensing step.

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

measurement standoff, comprising the steps of:



standoff and a reference standoff. 32. The nethod of claim 31, wherein step
(e) conprises the step of nonitoring the mass flow rate across a bridge
channel that connects the reference channel and a neasurenent branch, the
mass flow rate being representative of the nagnitude of the difference
between the nmeasurenment standoff and the. reference standoff. 33. The method
of claim31l, wherein step (e) conprises Qhe step of nonitoring gas pressure
differences in the reference channel and a neasurenent branch, the gas
pressure differences @i ng distphutisg nt fw o gasf betheen reagrasutedent thanhe

di fference be yeen t he easur ement standof f and the reference standoff. 34.
The net hod 4% ?W%T’%ﬁb ““further conprising performng a control action
in response to said seysiwighiigehe flow/of gab betWeen agillidkty af rhdas@kdenn 32,

further conprising perfarnng control action in response to said sensing
step. 36. Thenches utpreia the foay of §9WS e ope e'aﬁ%rqr%qnﬁgraavéwartmqag a
control action in respgnse réé?ri&ﬁigdtl%eﬂé%n& 24sCRybstiftially @Eﬂ?dacfr&s,fs mappi ng

t he topography of a nmeasurenent ‘surface, conprisi nfg: (a) 1hjecting a flow
of gas i nt ocmsysestionaligreagideth measursaynidiranch and thegefarened giannekeasur emrent

branches; (b) mappi ng@wuﬁ?‘%géa%% Ao %fgggr%%féﬁan%%} Lfgae? %C%&EEPE?Le surface

using a neasurenent b when  sai egron o

measur enment besauck geeughi sozeleapd éhpitlge apért £ hifagndcharfabovndh nyasurtmenn a

measur enent branch to. apot her neasurenent branch; and (d) repeating steps
(a) throughs‘(rtafe’dﬁstpie?t”ﬁyl;a‘? gions of the nmeasurenent surface for which a

t opography mappi ng i s(JesnkRg Hayi8ssDBBW rdtBPRESs a bridge channel that
connects the reference and measurement channels, the mass flow rate being
representative of the magnitude of a difference between a measurement

standoff and a reference standofT.

32.  The method of claim 31, wherein step (¢) comprises the step of
monitoring the mass flow rate across a bridge channel that connects the reference
channel and a measurement branch, the mass flow rate being representative of
the magnitude of the difference between the measurement standoff and the

reference standoff.

33. The method of claim 31, wherein step (e) comprises the step of
monitoring gas pressure differences in the reference channel and a measurement
branch, the gas pressure differences being representative of the magnitude of the

difference between the measurement standoff and the reference standoff.

34. The method as in claim 31, further comprising performing a control

action in response to said sensing step.



38. The nethod as in claim37, wherein the neasurenent surface is
sem conduct or waf er.

-37-

35.  The method as in claim 32, further comprising performing a

control action in response to said sensing step.

36.  The method as in claim 33, further comprising performing a

control action in response to said sensing step.

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

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

(b) 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 gas from a measurement branch to another
measurement branch; and

{d) repeating steps (a) through (c¢) until all regions of the
measurement surface for which a topography mapping is desired have been

mapped.

38.  The method as in claim 37, wherein the measurement surface is

a semiconductor wafer.

a





