-1 H GH RESOLUTI ON GAS GAUGE PROXI M 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 Relatgd Art [0002] Many automated

manuf acturi ng processes require the sensing of the distance between a

manuf acturing to il } i ng worked. In
sonme situations, @ﬁ%@éﬂ%%ﬁ?ﬁ%ﬁ%@%mﬁaﬁﬁﬁw stance nust be
measured wi th accuracy approaching a manoneter. [0003] The chal |l enges
associated wth creating a proximty sensor of such accuracy are
significant, particularly in the context of photolithography 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 with 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 small
di stances. Exanpl es of HARKGROGUNPQBTIE REVBNEIONpaci t ance and optica
gauges. These proximty sensors have serious shortcom ngs when wused in
phot ol i t hography systens because physical properties of materials
deposiKield ofthedaientionmay i npact the precision of these devices. For exanple,
capaci tance gauges, being dependent on the concentration of electric
charges, 2 can yield spurious proximty readings in |ocations where one
type dDO@Ht er i al The(gregent inveitidn) relfeLonmedppaatectndAnahbe fordetetingf probl ens

occurs when exoti waf ers made of nogn-conductive_and/ or photosensitive
material s, YSHEH distances, and more particularly to proximity sensing with gas
flow.
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
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 physical properties of a wafer_,surface. Current sem conductor

manuf acturi ng, however, requires thég'proxinity i s gauged with high
precision on the order of nanoneters. What is needed is a nore precise gas
gauge proximty sensor than those described in the above U S. patents.
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hi gh-resol ufi on auge proxi mt sensor,. and nmet hod that significantly

i npr oves on&tgmmg\%z)c sc’logﬁer@rfa?% g%w%/tﬁ%f &f’ifp%fsprB PP SBECHTE e s. The gas
gauge proxi Whafeys 90405 RhOAINE e RPN Phétssdi¥itdet Aalehar, auch fherence in
measur enent and reference standoffs. A standoff is the distance or gap

bet ween a nOallivm dfrsanids ({rad) randyindiams Ghosphade (ThB), sure fuaek Hertbeseh t he

nozzl e. [0007% To dqterniae h&ﬁ standoff difference, a flow of gas with a
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channel . According to the present invention, porous restrictors are used in
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al ternate epiheitanprberties of havalercsefite. Cuivbémitonducha Masafadtuier is pl aced
within the proximty sensor following the mass flow controller and before
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sensor' s prthen gosedescribed 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
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 altemate 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



100081 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 against respective nmeasurenent and reference surfaces. A bridge
channel between the reference and nmeasurenment channels senses mass fl ow
between the two channels that is induced by differences in the gas

pressure in the reference and measurenent channel. The sensed nmass flow

rate is representative of the diffefence in reference and nmeasurenent

standoffs. In other words, the sensed nmass flow across the bridge is

representative of any difference between a reference standoff of a

reference phopdencadandfreders epossiblé saseustiv mbiser pfopagmed thivaghetheand a

measur enent star]doff ?B-fl a rTEjasurement 5E)rpbe and a neasurenent surface in
(TEPANce ge

the measur e?‘h?ﬁf“_e S FAIPUNFEN B SPRFHTPY sensor can provide an
i ndi cafpoesy and i RYKehatnd A ra%roﬁ&hh%\? Htﬁﬁd?@nd %tfwsos‘fﬁ&feadabﬁvégi flowrate.

[ 0009] According to a further aspect o e present’ I nvention, fferent

nozzl e typasfacan Hgansetbread theoughr teerinzaisl and eaitbeik throughbsszzlefhese

nozzl es enable .the sensor to be re dil%/ adapt ed for dbiffer nt types of
. g"ﬁ f nt
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i nvention, Fet@adh BRUSRrerRE Bl ThébuSBsP EhAMEIsCRAIRI Has? ARABEMRIENt channel
connected to a switching device that connects to nmultiple nmeasurenent

br anches. Eherwef chanaels thatsigrinduestd by diffirencehdn thh gaspressurstinctiet hat ar e

h |, i devi h d
Cont ai n- moa P aen b, mASURRHaT ERbREL £ MBe. it Gl oeEihance. t he

ability of mprsaxitivetof thedbiféreiice inneRTece hl anehshifemenl Qandoffsar @er regi on of
a nmeasurenment surface. 100111 According to a further enbodi nent of the
present i nvaE Berdsathssepssd mass flavoarest thedhridgeda senyesegtative efianyty sensor

wih a SindliffeffRas WeRTER"s rhBARC anddIP of B! RRGADCRUIE 3nd (rERFenl
distributing gas flow into neasurenent an rererence chanhe s, and
restricti ngsuglase inl thewreforente/chaond sad amesueaehi siarmdoff @ff masasafensmeh channel .

i 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 surfaces.

[0010] According to a further aspect of the present invention, a gas gauge
proximity sensor can contain a measurement channel connected to a switching
de\_fice that connects to multiple measurement branches. Each of the
measurement branches has characteristics that are the same as those of a
measurement channel in a device that does not contain measurement branches.
Multiple measurement branches enhance the ability of a proximity sensor to
measure standoffs over a larger region of a measurement surface.

[0011] According to a further embodiment of the present invention, a method
1s provided for a gas gauge proximity sensor 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
| Is provided for a gas gauge proximty sengsor 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 neasurenment branches. An additional nethod

descri bes the use of a gas gauge proxinty sensor with multiple nmeasurenent
branches to map the topography of a neasurenent surface. [0013] Through the

use of porous restrictors, a mass flow controller, and/or snubbers,
enbodi 2E of t Aecedigdata fusthenernbodimentonf the pesersrinvantiof,, a dieitodnces based

flow at_ a.hi,gh- | ut i i Lh. t . Th t
Tnventi on' | & BESHHIRE | 38 Rt R et O oF e HOGL B, ey TBRE and

tools. In phbaheids! O 3Rdtho® YimtRAEs istepsS of NESEBEIRY! asdBBI Ghot @ determine
a di stance between a suitable geonetrical reference of a |ithography

product i on measurgmentstranedoaod it sefergnee chammel, hiegtnicting @astflom .eveslyng a hi gh-

resol uti on flow pr.oxim Si t echni e further provides

i ndepende ncg&% S c\f\gsfs'eﬁ‘x °rn3§<n ?}r%)‘{? §F tﬁg égr%rregﬁ%?magﬂéﬁr% f Tﬁaequﬁﬁ%g?ﬁﬁlfﬁbar amet er s
of wafer neafy isilighmgd boRicehi Blegsi¥enoni beschd, WaARr sddltsndl Imeddidconduct or
fabrication_at _high-resolution performnce. [0014] Further enbodi nents,

features, afRscHbRsIRE dsal aBas BaugsRIEmity sepsas iflomultiple mepsurementhe

structure & | ' EP&?? | of the present
I nventi on. a@gnﬁ‘%g@?%gghf%pé&%g%{f&&biﬁgw W ‘%h ?%?%ac?énce t o acconpanyi ng
drawi n#913BRI EF ThSGkEh ffid Gb¢ GFpdidizs dsCidRiaS, § GikkSflobheomradlegindiokvention is

described with reference to tt}_e acconpanyi ng, drawi ngs. In the draw ngs,
li ke ref er eTRUEDFH it e theqg @rsPriatnvshtion \wlow dhesysFmentiatar

el ements. [ @xhfdesMbdsed lonfdsSAdw .t%ﬁ@ﬁéo]ﬁi&@@itﬂ%@m@f&@c%&’y.Sensor ,
according to an enbodi nehnt of the present | nvention.
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
invention, as well as the structure and operation of the various embodiments of

the present invention are described in detail below with reference to

accompanying drawings.
BRIEF DESCRIPTION OF THE FIGURES

[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 to an

embodiment of the present invention.



5 100171 FIG 1B is a diagramof a gas gauge proximty sensor with nultiple
measur enment branches, according to an enbodi nent of the present invention.
10018] FIG 2 is a diagramthat provides a cross sectional view of a
restrictor, according to an enbodi nent of the present invention. [00191
FIG 3Ais a diagramthat shows the basic characteristics of a nozzle.
10020] FIG 3B is a diagramthat show§ a perspective view of a nozzle that
may be used in a reference probe or a“neasurenent probe, according to an
enbodi mrent of the present invention. 10021] FIG 3Cis a diagramthat shows
a cross sectional view of the nozzle illustrated in FIG 3B, according to
an enbt@lfkent of Fithel Bivsaiggramvadra gemgauge goo@ni® @ns@Dwitk multiplagr am t hat

shows a perspective view of a shower-he 0zzl hat may be .used in a
ref erence pﬁ%%sem%l?enatl%ﬁaél\g@?ﬁ M@n%fooﬁé?mag%fﬁ@@tdﬁﬁ%e P‘E?S%Yﬁ¥‘bvﬁ58?f?'nent of the
presenfooi 8\ ent i oRIG.[DR23iagrhiz thatfprodides 8AEs aBtbRAlvien QRS résthé@sS sectional

view of the nozzle illustrated in FIG 3D, according to an enbodi nent of
t he present aqcALding o embodonat of g prasenginyettianachart di agram t hat shows a

met hod usi ng S. e nroxi i sensar 1o detect .very .snall
di st an[c‘)ie)gﬂand pegﬁ}d%% lgq%gn r‘r‘%lltﬂéasgi)‘?%ﬂ",eebﬁ%gSpﬂ]aﬁtﬁnftbcsé’rg aé‘r‘%@&i ment of the
pr esenfo02olvent i ORIG.[IB 254 dRlgtam Fhdt shaws Qnsdripedtite/ viewobt & izl hagst r at es

test results for nozzles with different dinensions, according to an

enbodi ment BEY PEISET 43 @feterenss mrplmor a rogpwremenicprabe; accardipgiéoraRi ¢ di agr am
of a gas gaﬂ?go QX SPth, e bri dge configuration according to an
enbodi nent o t(ﬁ@ %ﬂrd;seyn?égér%l\?g#te?@%lﬂ whose operation is sinulated by a
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simulation results. functjon of air pass flow rate. and, gauge nozzle
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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.

[0026] FIG. 6 is a schematic diagram of a gas gauge proximity sensor in a
bri‘dge 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 100291 While the present invention is
descri bed 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 recognize additional nodifications, applications, and

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

Met hods C. Mbdel and Sinmulation Results 1. Selection of Sinulation
Paraneters 2. ResulRETSILEDRPHSCRIPTIONOEIHRINYVENTEONY Sensor [0030] FI G
1A illustrates gas gauge proximty sensor 100, according to an enbodi nent
of the present invention. Gas gauge proximty sensor 100 includes nass

fl ow do629ol | er While thenjresint dhesnnieh it 1@escribal herire vitic hebrate td 16,

ref erence channel 118, measurenent, channel restrictor 120, reference

channel redtFStEAtYe dipenis (Rrepateulay applicatiens, teshonihbe upderpiecd 30, bri dge
channel - 13GnaNfe iM3fidd 80P ARARE ietflo. FABsOURRIYin}REa PR 21 2

desired pressure 1nto gas gauge proximty sensor ntr al
channel 112heotzacungs gasvidedphereihO2vitlo revagsizé | additiont r modifcatid@®® and t hen
term nates at_.junctio 1@4. .Mass flow controller 106 maintajns a constant

flow rate VAPPHFAHOFS dumgnts yifhin the scgpe thpseof@nd 3dditrogal-Belds ut

in which the present invention would be of significant utility.

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, ac&ording 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.



frommass flow controller 106 through a porous snubber 110, with an

accunul 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

measur enent channel 116 and reference channel 118. Mass flow controller
106 injects gas at a sufficiently |6Wrate to provide |am nar and

i nconpressible fluid flow throughout the systemto mnimze the production
of undesired pneumatic noise. [0032] Bridge channel 136 is coupled between
measur K98kl chanfentral ihanmed 112 edoenents gachupphel 02 kBmaky flogeacontralbéerel 136

connects to asyrenment .channel 11 t_ junction 124. Bridge channel 136
connect s tolﬁ?‘r&f@ﬁ'& r@l’f?ﬁ??eqtllf‘fgo%?ﬁj [Y*i’é% gy conwoligr g malatagsdl e, t he

di st ance betyRemt kg ' tﬁ,],é% | k -di bet ween
junction 114 andtj uﬁgﬂ?egﬁl 12 %;%ugﬁggx?ﬁﬁ%sé%%rw %ﬁ%gﬁéﬁ\?\ﬁ&?hl n gas
%iggel%oxi ﬁzm;llgmnﬁhw 1®0trpkl¢rm106]ghmmgh 4 | poroust lsrl;uh]ngh lftllﬂerwitkci?an;lel s 112,

: , an C ma 0 nqui t.s ubes, pipes, etc.) or any
ot her type %@Wﬁ%ﬁ%&ﬁﬁ‘ﬁ%%&hf&' %r‘ %r&&bdﬁg‘ﬁ% _gag)F’B‘Wl?‘}?Pough sensor
100. The chmiaghceddpy M8 ghakgpfiParaR, haadss uid [LophsHal! | 8o gﬁit;ﬂgnecessary

or e

obstructions that nay introduce pneunatic noise, fl_ exa , y producing
"l ocal tur btrubherel 16 g89 travela shrabgh pengral Thpmnols Bi2atol juhativgt HY. Gentrateasur ement

channel 116 r ren hannel 1 can,.be equal or in other _exanples
can be unequa .ellﬁggﬁ%@éf gragwg(é‘n%gﬁ%@adnqﬂgefgﬁ i Qf‘érgmmtt"gm?‘é?lerence
probe 130. li&kend s&ference® aharmenang. Q‘l?[a@nﬂd)wlc:bﬁtrbﬂérrﬂmﬁh?&ti Bh afTRaSUr ement
probe 128. Reference probe 130 iis positioned above reference surface 134.

Measur enent SPREGEREIN daW rale plgs Pravife demiiey cande dnsompressitbles fhuidicBow 32, I1n the
context of Bh! tHBOLSRAYo IRAIE HHE fgym UEORGP vhdgsited Sdufifhs
er o a warer. Re

sem conduct or r° stage supportin erence sur?aoe 134 can
be a flat nmiisd. plate, but 8

[0032] 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
flow through sensor 100. The channels do not have sharp bends, irregularities
or ﬁnnecessary obstructions that may introduce pneumatic noise, for example,
by producing local turbulence or flow instability. The overall lengths of
measurement channel] 116 and reference channel 118 can be equal or in other
examples 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
1s 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



Is not limted to this exanple. Gas injected by gas supply 102 is emtted
from each of the probes 128, 130 and i npi nges upon neasurenent surface 132
and reference surface 134. Nozzles are provided in neasurenment probe 128
and reference probe 130. Exanpl e nozzles are described further below with
respect to FIGs. 3A-3E. As stated above, the distance between a nozzle and
a correspondi ng neasurenent or reference surface is referred to as a
standof f. [0035] In one enbodi nent, fFé&f'erence probe 130 is positioned above
a fixed reference surface 134 with a known reference standoff 142.
Measurenent probe 128 is positioned above nmeasurenent surface 132 with an
unknown neBet h'miimi te tlan @ndrhple4Cas ifretddiongasrsapplyci®@ds smittedofidm 142 i s set

to a desiredc resentln an opti num st andof.f. Wth such an
ar r angenent 3¢ b?se%ﬁébﬁg d {mpmgss pcl“rf’é“"#@%?é‘iﬁ”é ce}3é@d128 is a
function Ofrefé}@m‘é' H&Pﬁ&‘@ IBEaWzQIEE%e ploanrafih r&éagureﬁiéﬁt %ﬂ&ﬁc hagkpgessure

upstream of the reference probe 130 Is a function of e known reference
st andof f 14®fer¢ricesprohdofIs Eamphel nozdesine depgabed tﬂmh&robﬁlo‘guwahl on is

symmetri cal and ri i 5 _bal ue t her no gas flow
t hr ough brlrgff? ﬁb hﬁlg%ngg‘gf%6isﬁtq oﬁ?ﬁgogﬁgﬁﬂegméﬁp Zﬁ% f‘errent
standof f  14&ragsorded Lhmeaiterhém b6 Riféreddbsutfate Rirkffe@ W as 4 fi8ndogsUl ti NG
pressure di fference between the neasurenent channel 116 and the reference

channel0033l18 i ndlicens enbwmear, rgf&genmmrghma@qusrtw@@h@wafg@d [ 0036]

Mass flow sg lg@l; e.ch referably at a
central poi n?é%\?a ow sensor %’g’ﬂgé‘%@eﬁg& St%n r{.pe@ %guceacnﬁ tpressure

di f f er encesprbb¢ WRBnis rpaaﬁmednabbvechﬁmeémér&&uaﬂ’ade rlei emt-maﬁ whkaswel 118.
These pressure dlfferencef occur_as a result of chan?es i.n the vertical

posi ti oni ngMEAsuFRY standatt L ¢ Jbe @92’“ redrencesst 162 B¥ Sefgl®, 2when

rreasurerrentdesrr@m%ﬁétaéﬂoaﬁs%ﬁeﬁfkﬁg% %}ﬁﬂqﬂr btabdedr 2" Wid4@dn ahNe standaff.
is the same for both of the probes 130 conpared to surfaces 132, 134.

Mass fl ow mmmﬁ@mbdtdkpmwctupmemsé thid owasusémend prbler €28vid & be no

pressure d L eRF D RLIRSh WIS TRASH SRR 1061 LSl Slopsgpsange!

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 #o 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.

[0036] Mass flow sensor 138 is located along bridge channel 136, preferably
at 5 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




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

I mbal ance. A pressure difference causes a gas flow, the rate of which is a
uni que function of the neasurenent stgndoff 140. In other words, assum ng a
constant flow rate into gas gauge 100, 'the difference between gas pressures
in the measurenment channel 116 and the reference channel 118 is a function
of the difference between the nmagnitudes of standoffs 140 and 142. If
reference Siferendipressuzs jis meeasurement Rireomel §1Gadkdiéferenbe chirmebiéfice bet ween

gas pressurgs . in.the asurenment .channel 116 and the reference channel 118
e a tunct | Ervpst Siyelco Rt deE 6 R A el GEREeDaY (¢ hat 15, ¢ he
unknowesypndof f Mass fib® sénso@lusseéﬂse@%at%%dwamue&ﬂw&ﬁ%&heaﬁféré&% 132 and
measur ement probe 128). (0038] Mass Tl ow sensor 138 detects gas flow in

ei t her di r eex inghalange.odgpressne differericacaedes 23Gs e dus wto bf whiehids adge
configuration s f.low.gccurs through ' channel 136 only when
pressure diﬁ?lg'ﬁ‘gﬁglgémbgfm@éﬁeaﬂfﬁﬂﬁgﬁ ég:‘df?%iﬂgi%o S YOrdNRSHmINg Ao s ur e

| mbal ance exdrtant flowSatelih@Veas @AY 103 %he dgfeRHES batwees ?hg pre&sud&sinf | ow, and
can initiate an appropriate control function. Mass f ‘ow sensor 138 can
provi de an thsdneasuiegenbehannglehfeand theweferense gharnel il imp fanaionof or audi o

I ndi cati on. . | ' f fLow S a differential
pressure se%@lééﬁ%rgﬁéebﬁée‘%hg%nd&g'Fggﬁgﬁ?e%eorfzsﬁ%ﬁg sé?@e’éagclljﬁgf gf:afﬁgeﬁmﬁeasur es the
di fference standoffb4diisesebat akaowh Bantol, thbdifietsce bdtivedh g prasshiesct i on of
the difference between thg measurenent and reference standoffs. [0039] The

control funttPemreagiyepentc L1 andthepeterspge ehapapl bhSis adungtioa of| n  anot her
enbodi nment , CsHthé eﬁ.[h% ' GRS - the size
of neasurente!ltﬁrsﬁzgap 14%{.er |ggﬁa§&bafg2§%gﬁﬁgﬁ’egﬁby ms)\\%}’%gmgﬁg{lﬁqmﬁ;ggurenent
surface 132t_iir®ltian botaveen nmresiwemententiagy bieantidBeasnteient pebpi2gsure
cTTOTReR 'S SUAREHRN kohsh! 938 defechER A B ARG EectR Inlolgh® 'S

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
sensor measures the difference in pressure between the two channels, which is
a function 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



di fference between the standoffs from neasurenment surface 132 and reference
surface 134. [0040] FIG IAillustrates at least three el enents of the
present invention that reduce gas turbul ence and ot her pneunatic noise to
enabl e the present -10 invention to achieve manoneter accuracy. These

el ements, mass flow rate controller 106, snubber 110 and restrictors 120,
122, may all be used within an enboﬁgpent of the present invention or in
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 required |ess sensitivity, perhaps only
snubber 110n¥eniion tveagheevgerpnpineter mecaasy. rBuse iebanmngs, 12%s v 122 r epl aced

by orifices, As.a ul t resent in ti,on provides a f.lexible
approach t oco@ggllereﬁ(?’zﬁ?%ﬁ gwfé {nGtors Yﬁ(ﬂllgg raf)}bf‘ﬁgﬁflf%nw’g“?ra@qui rements.
[00411 Accodfibdiimbt éfihé BRiseRTRAMIBR Y $n ahy CHRLRLASE Atpdnai@id @8, the
addition of mass flow rate controller 106 and/ or snubber 1I0 may be used

wi thin the spetiviy desised. osltar exempls. ifPant epplicatiod 5BqESRI aeny pre6H0, 592 to
significant|y .enhance their sensitivity. 0421 .FIG 1B.illustrates gas
gauge pr oxi%#fl)ﬁ% o'?lelT%t_Hf‘ F’e?é’@’&"ﬁ?‘xgiq%"%ﬁfégn‘ﬁgﬂia Hiatigp reduirefl o ent

i nvention. Ie&s séritBetyPpeitiabt tonly eAskHer 160 wiolld BeefeedBN Wit pbRfasSanme
conponents as gas ?auge &rom mty sensor 100 w th simlar principles of
oper ati on. TPHECrS F20 e B2yeplasehby pafiesio Aveniasul, the presenitinypatiogauge

proximty sens: LenEnt hes. Whi ch .. ar.e ,conpar abl e
Po the one aaes SRR einhbaR (AR RNy M LRl BbtcBhGr KT cansor
100. Three regaisamern®ent branches are shown for ease of illustration, and

the pr t inventionis ngt limted to three measurenent . branches. Any
nunber[%§$ﬂneasur%?@ﬁ@n5r‘é’n@!’l‘&erf pohedimsnts, ohothe PRESEIbInyEPN. 190431 Gas

gauge proxifidinonSEN ks He® fal Lol 88 AR nffier A10Shay B2: used .
within the systems disclosed in U.S. Patents 4,953,388 and 4,550,592 to
significantly enhance their sensittvity.

[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
illustration, and the present invention is not limited to three measurement
brz;nches. 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.



central channel 156, reference channel 158, reference channel restrictor
166, reference probe 174, bridge channel 190 and mass fl ow sensor 192. In
addition, gas gauge proximty sensor 150 includes neasurenent channel 159.
Measur enent channel 159 divides into three measurement branches 163, 164
and 165. Measurenent branch 163 includes neasurenent branch restrictor 167
and neasurenent probe 175. I\/basuremenlt branch 164 includes neasurenment
branch restrictor 168 and measurenent 1p'robe 176. -11 Measurenent branch 165
i ncl udes neasurenment branch restrictor 169 and neasurenent probe 177.
Finally, gas gauge proximty sensor 150 includes measurenment channel

swi t chi ng diiepesemen brigpehyd85 dhelndes measuremenigbrdash cestricerl 163 rmadswi t chi ng
devi ce | eve 151 injects gas at esi.red pressure
into gas ga@ﬁé%&%lg%%ﬂey@n:%l@ﬁ%&“ E3He Bfoxb'ﬂg:ﬁﬁg?soiggﬁlm ¢ts gas
supply 151 ineasibéisent chawet ewittighg @eviéd 3 60 kiddeedhahmd] BwBhiRg ®Vice j unction
157. Mass flow controller 153 maintains a constant flow rate within gas
gauge proxi Hl gnd switehing deace lgrersl62| ow control I er 153 injects gas at a
sufficy ly lo t I QVil .nar,and.in ressible fluid fl ow
througtr?gg‘tt” t he \é?éﬁagﬁ?élg 1'cngLn E%angeéa?% %r%‘“’ Hg(%ipé'%‘o’% tHaeS r 8 8neunat i ¢
noi se. Gas proxintitycsssaul 5¢ r Qentrale@sndel Q96 ¢omidetl gﬁrsu?ﬁﬁ 11511t 4dys por ous
snubber 155, with accunulator 154 affixed to channel 156. Snubber 155
reduces gasil®Wirenntrellee 1ot andgtheaqtampinates atgasivagegn 15751 Masadlews use i s
optional . | § J%Q*ge 08Sw i Lavels.: : channel
156 to | unt@g}ﬁﬁ§ﬂ5%$ﬁgcg%t ra %ﬁéﬁ%ﬁt %@% :{ager ﬂl%{}ﬁ ggg %HQQ;-] gﬁdc%ﬁlo 157 and
di vi des i ntssnsmraldir Muss flosheontmlled 593 anekts gheateneeficieatinédw rdtb8o [ 0045]

Measur enent_channel .159 term nates.intp. surenent channel sw tching
devi ce 160.PTRE4S tmﬁiﬁé'?ﬁ?&pr bltlectff"\‘fgetﬁ%'(n VBRI BEH Rcanning
val ve or otBffimizéRRe ?ﬁodﬁ&ﬁdﬁ'ﬂﬁﬁeﬁﬁ& iphBurh B nSig. UESS it Pors &kt fTrdin :
measur enent channel to one of several neasurenent branches that are al so

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 channel
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
measurement channel to one of several measurement branches that are also
connected to measurement channel switching device 160. The physical
characteristics of a measurement branch are the same as the physical
characteristics of a 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



connected to neasurenent channel sw tching device 160. The physi cal
characteristics of a neasurenent branch are the sane as , the physical

characteristics of a neasurenent channel. Measurenent channel sw tching
device 160 is operated by switching device | ever 162. Sw tching device

| ever 162 controls which neasurenent branch 163, 164 or 165 is connected
to the neasurenent channel 159 through neasurenent channel sw tching
device 160. [0046] Bridge channel TI9G 1s coupl ed between reference channe
158 and one of the three neasurenent branches 163, 164 or 165 through
bridge channel swtching device 161. Bridge channel 190 connects to

ref erence ciidwistion1b®. - Badge chamek 1 ¥hterminateBrin dygilge lthanmel s @hihgr mi nates in

brid h | i.t chi devijce. 161. Br.id chapnel swi.tching device 161
oo Do o ccdkisertit, HHeRd snétiel fRircHin aSkirS 3] FoRPRG eRUHEE VST cor ves Lo
swi tch a brdtRgaypdanaeitchity S8cethat %%s%ﬁﬂé@%ﬁ&§@£%BQQ3 é)gla grone exanpl e

shown in FIG 1B, three neasurenent branches 163, 164 and 1 are connected |
to bridge dhanmessurgugntchranghasevinc end 6examply whownoms BIGL, 18,7 2hreand 173

respectively, Swtchin deyige ve 2 controls i ch nmeasurenent branch
163I,o 164, o eaf%?nllegp b&%ﬁh'ésc\tié'?} %% f’ﬂ‘i l?? iﬁﬁecogﬂ%{;ﬁ%wltbﬁpgﬁﬁﬁaﬁdge channel
swi t chi ng dewichigldelice By atg'hhaﬂmlsqwe,r 118 2ZnaaBreipechdll. SRaspngment

channel sw tching device 16 and bridge channel swi tching device 161, such
that the salf¥icselg¥en bpdsontrals syliph wmeasunsmeniohraaeh d@3: d6boeh 16Rds ur enent

channel 15 %oﬂﬂg:téﬁr I!oqgg gnﬁgéwalé.ﬁ%ugﬁwnﬁr g %ﬁin\ﬁg’f itcﬁ-q,vr\%eéeg'?cgeflgﬁﬁd ent

swi tching levers can e Ofie “exafnpl e, te between

junction 15visshihg lenet 162ncohfiOls tatied michairethadtahammed ek ieling devicé 1em 157 and
junction 171, 172 or 17?1 are equal . 100481 Al channels and branches
wi thi n gas 3g4yides, danpsl vitchngodeviesn 16k surk thatdhe same gueasuremsgh t hem

Channel s 13BanchS&ill 12 comitlieli®® b3 mAbABHBAS clfRel 184 afi driffe can be |
made up of conduits (t u%es, pi pes, etc.) or any ot]her type ogl structure
that can ccehamich 190dAdfaindtvegstwiol indepiehd ot giitsleng tavers 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
producing local turbulence or flow instability. The overall lengths of
reference 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



|
150. The channel s and branches do not have sharp bends, irregularities or
unnecessary obstructions that may introduce pneumatic noise, for exanple,
by producing local turbulence or flowinstability. The overall |engths of
reference channel 158 and neasurenent channel 159 plus one of neasurenent
branches 163, 164 or 165 can be equal or in other exanples can be unequal.
[ 00491 Reference channel 158 ternfanﬁf_into reference probe 174. Likew se,
measur enent branches 163, 164 and 165 term nate into neasurenment probes
175, 176 and 177 respectively. Reference probe 174 is positioned above
reference surface 178. Measurenment probes 175, 176 and 177 are positioned
above neasuthisyexample Gasdajested by gastsupply ddd ds emistedprom geferente grabohy |

rreasurerrent or. waf er. t.age supporting
a wafer. 4eJ%‘I{ed’r;:cep l&% dé’%nqgf? @cgﬁﬁ@gg Pﬁduﬁ( Risss &%) 13|(e8teﬁ L}{g (Rt8%s not
limted to supi;l%r 15 1hissentinadBloth ofersf the) thfseafleBirefiRgt raBBd Y75.9Y6icy emtted
fromreference probe 174 and i npinges upon reference surface 178.

Li kewi se, gh& P dBpi@gesyn qeegsurstaspl gurize 179 cFhe pesition ofswitehiog the t hree
neasur ement 4 7 surface
179. The pos?qrtqél%g%%rfl%?wd%tzﬁ?ﬁ%s ﬁ-é%lva@{e&ﬂl I!relg%r tgp? %i nesm%{r%%dm whi ch
measur enment Npzakyearg asovidedein probed. 174Na2%| % aidel 170 oRkaagsle nbzéohes 174, 175,
176 and 177, Exanple nozzles a described further below w th respect to
Fl o3 aidessRiol BB BIBVETIb esPo @ Biee Hobhochs sairdAbokedha o
correspondi figARA r S a

st andof f. (%1050] ?%g%rﬁ%lf %ﬁtae%ﬁ?sgrﬁgﬁggqg?dggrgﬁﬂ}g ?gg{)eg%c'?l oned above
a fixed rmeeWﬂ&maamdqffh a known reference standoff 180.

I\/feasur@ﬂg@l es 175 76 and. 177 areb p@srt ong ur enment
sur f ac 9 wrth EN, GPIBTRORE PLOSN LG BPosiipne 8 O‘éFnﬂ ‘i‘é’é
Measur errentreféraitréOsfuiﬁce 189 willB2 laftsvnl fterdRde BendiPaBoOrMeYeni@yY be unequal.

where the topography a_neasurenment surface varies fromregion to
regi on. ThePR 5 é?@p@qﬁé@?’ 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 1s 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
standoff 180. If reference standoff 180 and the measurement standoff 181,
182 or 183 that is being used are equal, the configuration is symmetrical and
the bridge is balanced. Consequently, there is no 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,



standoff 180 is set to a desired constant .val ue representing an optinum
standoff. Wth such an arrangenent, the backpressure upstreamfrom
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 pr.obe 174 is a function of the
known reference standoff 180. reflez{ence standof f 180 and the

measur enent standoff 181, 182 or 183"that is being used are equal, the
configuration is symretrical and the bridge is balanced. Consequently,
there is no gas flow through bridge channel 174. On the other hand, when
t he ref er ent®t et bfoibaf isi®@ngusgdt Hhesapasurediffetersenoctof fs 4 8dsultid2 or 183

correspondi to th measur e ment. brangh in use jis |ff nt, the resulting
pressure di &?‘BS%%&%%%%%% M tHY IthH’fgePgr%e@S'&rﬁE'ﬁWels“‘% t A Aeasur enent

branch 163, syhéfletpic bkfze! Hibn iréferdigd eﬁnmdsoaﬁaca%emén%ﬂt%ianaeﬁ t hrough
bri dge channel 190. 10051] Mass flow sensor 192 is | ocated al ong bridge

channel 1901SbrléiardBBwonaspoadmﬁprtht masuremenythranchl thet isceagrustd2 senses
gas flows ipnduce essure s _bet ween reference annel 158
and the mea%ir ﬂ‘ﬁén[‘%ﬁﬂ%rfe&%’é 1% CE’ cgpoi%aémﬁﬂgt Synge Bleerr‘ﬁ&“]ugﬁd These
pressure digd r@gaﬁlesmeewceasemeé@&h& tm&kurefiean Bech Nint A& w84 tiheal
positioning of measurenent surface 179. For a synmetric bridge, when

ref erence stefgnenser chegpelan Pileieaeas batween tha meferende stagdoff 1189 and 283
correspondrﬂgﬁ%pelﬁ%e Ao H eg’qenltszbgla ?ctopl%gponam?eiongleu F%ubare equal,, mass

fl ow sensor ect nd nass ow si'nce theér e wi o pressure
di f f er ence trehckemnse hallrlmbﬂorchffen&ht brre@dilcé% ih fefefedcé blianinble] 58 gidethence
channel. D fferences bet the reference standoff 180 _and a _neasurenment
standof f 1gMeaspEneHt biang ﬁﬁe’sﬁﬁo%rl%bt?@gt‘llﬁé dire dIOPLERfftets pAuReh i n use

wll |ead tiﬁugaﬁgegrfgg%gﬁﬁ %Mgoﬁﬁﬁprence channel 158 and the

measur enent branch 163, el ng used. Proper offsets can be
i nt rod@88 f or aMassflomnsensor 192 seaseregreflow ind0&d] by\bpessurodiffeemser 192

Senses gas frl 1onr1\'gai.':mgéJ ngprgé/s e Bitference %at(ljsleg. faegrase rt]low 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
1s 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 standofT,
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 measurement 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




or inbalance. A pressure difference causes a gas flow, the rate of which is
a unique function of a neasurenent standoff 181, 182 or 183. In other
words, assuming a constant flow rate intq gas gauge 150, the difference
bet ween gas pressures in a neasurenent branch 163, 164 or 165 and
reference channel 158 1is a function of the difference between reference
standoff 180 and a neasurenent stang%ff 181, 182 or 183 corresponding to
t he neasurenment branch that is being-used. If reference standoff 180 is
set to a known standoff, the difference between gas pressures in a
measur enent branch 163, 164 or 165 that is being used and reference
channel 158cr aidw indivetioro A ltemativelys invplacd ofea massafbaw sensot, astifferdntifl (t hat i s,
t he unknown st andoff in t?@ z directi. bet ween neasurenent surface 179
and a moasUPERH SPELEYL P8, Usede T ditlorenifl preseire, SRy MEEHYCS P053] Mass
f1ow Sensor qibifndElifi GirsssIRS bt | e Geldiice UrAfdl! A LNftkGRm il doe

channel 190. Because of the bridge configuration, gas ow occurs through
bri dge chanbranch] $hidnisya fahetronpofas diferehiceftetverenesmegmpemdnd tsteadoff 1 ef er ence

channel 158 a Jreasur.ene branch 163, 164 or 165 that is being used.
Wien a pres@@rr}gef‘?%%?%@d@ﬁ sts, mass flow sensor 192 detects a resulting
gas flesqjand camhd Sirdtlodfighcfibn ARRTHIGI AlcRIAOMHe Rhet JABCliffeRncd¥B 3R 1 ow
sensor 192 can provide an indication of a sensed flow through a visual

di splay - l1srother gombodinmandi thacpetnol faheteomnmey velty indrepsploaclectshseathemss f 1 ow

sensor, a di.fferential ressur S may be 4sed. The differenti al
oressur e seliEop! Adhtpeatip 3R 8T R S8 8T RS e RueheCRE " ef er ence
channel andmavifigahi¢ mesaRtmely altfade rélatied to & Medsuneddn®prétfe titfl #lef f erence
bet ween a neasurement standoff and the reference standoff. [0054] The

control furifessyre difgrepes ispublgientlvanlesetn@emwx abichyesuesi WheartBeredsno | n - anot her
orbou T ighEE Sl AL Do Rl o P BSR A prenRR e 2
t he neasur emfenéncesnffaczel 78el ati ve to a measurenent probe until the
[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
controller 153, snubber 155 and restrictors 166, 167, 168 and 169 may all be
used within an embodiment of the present invention or in any combination
depending on the sensitivity desired. For example, if an application required
very precise sensitivity, all elements may be used. Alternatively, if an
application required less sensitivity, perhaps only snubber 155 would be
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 a particular application’s requirements.
1, 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



pressure difference is sufficiently close to zero, which occurs when there
is no longer a difference between the standoffs froma neasurenent 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
pneumatic noise to enable the present invention to achieve nanoneter
accuracy. These el enents, mass flom/rﬂ%e controller 153, snubber 155 and
restrictors 166, 167, 168 and 169 may all be wused within an enbodi ment of
the present invention or in any conbination depending on the sensitivity
desired. For exanple, if an application required very precise sensitivity,
al | eIenent%wﬁﬂwﬂb@ﬁGBQMKﬂA&@gﬁWﬁﬁhW@mﬁang4amdjmgﬁbhd@ﬂidﬂkmmhuired | ess

sensitivity er haps. on nubb 155, woul.d he. needed with r,QuS
restrictor Sre{%%{welg%mﬂsé?sﬁaﬁar ?23) Pejocated v nofq%?ﬁe’&%es%epgl esult, the
present i nvidtveanjudicavh 424 aadfjleetionl 2RPRI 08¢ Bxdnple Ok d@ithRetfrg! v meet a
particul ar application's requirenents. 1. Flow Restrictors [00561 Accordi ng

to one enbodnelion 1b4 te Hecasusment chanpshrestictond29 ehdrthe Wistanse flem gauge

proximty s [ H@H{ nnel ;L1 nd.ref enence hannel 118
contain resﬁ@?@tbggp?fgg%%%ﬁi a§%%%§¥¥§igé%re%§%?'iﬁghpég¥??é¥% the flow
of gas travikidigaices ateglivttdgall eBlee id ¥E ilRASY r&fiReincahdante stddkrand

ref erence channel 118, Measurenent channel restrictor, 120 is located within

- 16 neasur ¥rERPMEHIEAh IOWEYER. B¢ ERIOT |16 FatiPL I 1de il Hdls) aremeiinally 24

Li kew se, &%&ﬁ&ﬁ@ﬁ? channel restrictor 122 is located within reference
channel 118~ between junction 114 and junction 126. In one exanple, the
di st an®85Tr om j Acoirding td aduttbemieamr efithetpredeaninebntions eadhotestricb?20 and t he

di stance fr %énction 114 to refean e c annellre Hrictor.122 are equal
In ot her ex%l , CORSIE §f & BROUS HRENHoSuEh 35 PO gng or sintetader ent

requi r ementsthiRks §t68. BEN2G8rovides & ¥saRkdctioadl imAQ¥ BV REtrictd?@26 @RWAE | S easier .
touse if it is geonetrically synmetrical.
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
use a 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.




o S
[ 0057] According to a further feature of the present invention, each
restrictor 120, 122 consists of a porous material, such as polyethyl ene or
sintered stainless steel. FIG 2 provides a cross-sectional inage of
restrictor 120 having porous material 210 through which a gas flow 200
passes. Measurenment channel restrictor 120 and reference channel
restrictor 122 have substantially thg sanme di nensions and perneability
characteristics. Restrictors typically "range in length from2 to 15mm but
are not limted to these | engths. Measurenment channel restrictor 120 and
reference channel restrictor 122 restrict gas flow evenly across the
cross- sect i dHamatyesginchiding equirizlants] extars@ms, var@tioMhaleviations, ofcs ofi scover ed

t hat porous teri est.rictors provide a signjficant redyctiqn in

t ur bul ence glﬁgﬁ essglg%‘?cgqeéﬁni)‘ﬁr lgﬁr%ﬂ?pcar%?%%erfwség@iefll% er&%ﬁffgr‘aﬁt&s to the
amount of tbashdloange RathinRi stdifdd BEREEd SAvh afemblifdsOfall within these a single
orifice bored out of a solid, non-porous material. Wthin gas gauge

proxi mty s¥egeand sirit pfshepeesentdnydntipnr s 166, 167, 168 and 169 with above
menti oned characteristics are al so used to achieve these advantages. [0058]
The restrictors serve two key functions. First, they mtigate the pressure
and flow di sturbancesspubieent in gas gauge proximty sensor 100, nost

not abl y di sturbances generated by nmass flow controller 110 or sources of
acoustic pick-up. Second, they serve as the required resistive elenents

W t hi nygq brid Eé@ - FYERL; : fPQH proximty
sensor[ hg‘\j/}]: beenﬂe%)rrgiglgg(?lég. Eg&g{%ggﬁgghventlﬁ%%ftﬁog aﬁg?e I mgﬁ?ad to this
exanpl e. Thgs gangerplogimity senses Hi, ebarinel &1 hedntainpstrubbarek! OoBimildrist r at i on,

and not linm,tation. -17 ternatives. (includi ng egyival.ents, t ensi ons,
vari ations %89?&&?‘63&? reg‘%r@_%or, 6‘?“"\6’?‘?1 e ‘écseérgﬁ‘g%ﬁﬁﬁ‘?‘@ilﬂ'}'oﬂffﬁ‘%ﬁe appar ent

to persons %&sish $19 102 ahB §slRELINRMHhas HowSensRABGRH aBbustib idke@FiH gS cont ai ned |
herein. Such alternatives fall within the scope and spirit of the present |
i nventi on. ypstregmpee 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.
3. Nozzles

[0061] In gas gauge proximity sensor 100, different types of nozzles may be
used as reference probe 130 and measurement probe 128 deiaending 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 surtace of the measurement surface,

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




[ 0060] According to one enbodi nent of the present invention and referring
to 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,o 112 between accunul ator 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 di scovered that orous materi al

snubber s préandat, 4, andghe nepdiametegd t Generally, ther deperdesee afdre nggzleci at ed

pneumati c i i > 5 i & R ! e _proximty
Pensor 150 Metitd dod 8 sid M1 Emae D o Bl lid D05 BREICHRY Bfec, B, 0
achi eve t hertragRalifiephystcal paratieerd £6: (906ddss Fdwdat FakdgasPhkipi ty sensor
100, different types of nozzles may be used as reference probe 130 and

measur ement- preshige d2% abepssrttie ngzadn Ehe gearis charheterizeddyi thatdeosity, il arly
different types of nazzles may be used in gas gauge proximty sensor 150
for referer@gdﬁPﬂﬂg‘TWS’éﬁd?-rreasurerrent probes 181, 182 and 183. The

choi ce of nozzle type, anong other things, depends on the fQotprint
(maasgbﬁgﬁnt ar eArelhtiaishipsis seuglit betveech @06-2imdiséoriabparemetand: i tion of the
gas gduge 'nozzle 300 is characterized by a flat end surfa hat is
parallel to the surface of the nmeasurenent surface, as shodn in FIG 3A
The geonetry of a nozzle is determ ned by the gauge -18 [0063] standoff, h,

and the i nnRE ReLWTBS Mumbdr, Koo h&d ﬁ,lwheréfaeeﬁaﬁ_@nsle&eﬁ 1O1s thkén MaBel e
pressure drop on the nozzle outerd diameter Dis weak, if Dis sufficiently

| arge. The_repai ni sical paraneiers are: = masg flow rate of the
gas, and Open @Ceppoeglgeug%6 5%';%%;5% egnnt%fﬂogggﬁ?@cgagg 5h§ %ﬁ%}'acteri zed
by the density, and d%/nam' c viscosity, 71.

o

surface. pThe Reynolds number is definéd as Re=—u—€, where v is the
1%

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. 5 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_ M2 _ 78493 (-g]

pu’ v (1)
2
Since the mass flow rate of air through the nozzle can be written as:
Q, = pundh %))

expressing the velocity u in terms of the mass flow rate 0, and inner nozzle

diameter d yields :

78.493

AP =~ N va h—2.3114d—0.6336 . (3)

2z




A relationship is sought between non-di nensional paranmeters: 1 22pu the
Re, and d ' ' '

Reynol ds Nunber, , 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 = ud , where v is the v

ki nematic coefficient of viscosity. [00641 A series of tests where the
nmeasur enent standoff was varied were erfornmed using nozzles with
different d and using different nmass flowrates. FIG 5 plots the data
points for these tests. A suitable fit to.data points obtained fromthe
series of neasurenents that are showmn in FIG 5 ylelds h dp ud 78.493 d

p u2 \1"965106 | heTRBdhayldy PG isdhin BVAAR R0 8F L€ PR efie written

as: Q,, puur expressi ng uin of the nass

flow rate Q‘Hrﬁblésj 0, hedzauml Al EditE(B}?prodldeh@k@l&tmnsﬁﬂ@bdt@éexr@em@ 8.493 Qmv
h-2.31144-0.6886 (3) 21r J -19 [00651 The behavior of the nozzle is then

descri bed iptinciakyanables, Vi pm{/éa authe remainang wariables Wpuldm typicallpd h. Eq.
(3) provides conStant o(f"taI ﬁ)rggtlcap sys?en\{\e er“ms re?atlovﬂxp facilitates the development
of nozzle types for different applications, requiring different 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
opening 314, and gas bore rear opening 315.

[0067] Nozzle 310 is affixed to both measurement channel 116 and reference
channel 118. In one embodiment, two identical nozzles 310 serve as
measurement probe 128 and reference probe 130. In principle, the nozzles do
not need to be identical. Nozzle 310 is affixed to measurement channel 116.
Front surface 312 should be parallel to measurement surface 132. 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
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 {mm). Example sensitivity analysis results of & 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



princi pal variables, p and h, as the renmaining variables would be typically
constant for a practical system This relationship facilitates the

devel opnment of nozzle types for different applications, requiring
different sensitivities. [00661 FIGS. 3B and 3C illustrate a nozzle 310
that may be used as a reference probe or neasurenment probe, according to
an enbodi ment of the present inventign. Nozzle 310 includes front surface
312, gas bore front opening 314, and gas bore rear opening 315. [00671
Nozzle 310 is affixed to both neasurenent channel 116 and reference

channel 118. In one enbodinment, two identical nozzles 310 serve as
rreasurerrentmq:;asoimmeh?&uafade r EX2e tieamc mopzleb21 W30 A Ishowert-eatl phezzld e nozzl es do

not need to be,i entl Nozzle 310 is affixed to .neasurenent. channel 116.
Front surf JEEICHPRRY B%E‘H IB@’CB% spatial resolyhonto evpply iniegrale, PROXYBBY Gas

travel l'ing ﬁlsgsefmnmeaﬁe%%wsgsgarm Aﬁ@lt@ﬂﬁaﬁ&é @ﬂa&wéﬁ&’ bk% Ough gas

bore rear opening 315 and exit hrough gas bore front opening 3
Simlarly, useamboezl8 it centainf ayperbusdilieef er ence channel 118. Front surface

312 i raIIeI to reference.s 134, travel h h reference
channdPO8s™" ora sBovs el BT S50 Bafrable BEF arSRrmaySHmR S8 and ex (<
through ga%d%fe?erfcé%tan&?qmﬂgln?’&‘fe erﬁﬂ@dﬂieﬁm%rld&{tlcgﬁ%d%i@wad ont openi ng
314 can vary depending upon a particular application. In one exanple, the

i nner di anvtoatles g0 gwsvenay mepswementpproba g 28 1andi eef@emqmemobadﬁﬂoh mately 0.5

Gauge pr R SRR bR TRSE A5 CpatEel SO ReRH Fordshit si ngi o gas

bore nozzlghxed té heeRuAHRMt adhanskds C16.beprdnyrduffate BSIS0W phrallelr @spect to
FIGs. 6-8. [0068] FIGS. 3D and 3E il]ustrate shower-head nozzle 350 that

may be usedneagyreppat pefaseehide Gas dravsiingr rangh rwéb@glenbeh%mal htPto an
crod T e Uy SR 0180 g AU BB s SR g s {1t
rear openi rtgroiigﬁ a ﬂlhmhtymflgwberegﬁmtb@emrfgs GaD. (ﬂ]ﬁﬂiaﬂgssmﬁmmehﬂﬂ e pressure
across a V\Iin%%:rzle% 1s attﬁxeg 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

lllustration. 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.

[0070] Exemplary embodiments of different types of nozzles have been

pre;sented. The present invention is not limited to these examples. The

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

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

those described herein) will be apparent to persons skilled in the relevant art(s)

based on the teachings contained herein. Such alternatives fall within the

scope and spirit of the present invention.



measur enent surface 132 than nozzle 3 10. A shower-head nozzle is
principally used for lowering spatial resolution to evenly integrate
proximty measurenents over a wider spatial area. An alternative approach
woul d be to wuse a nozzle that contains a porous filter. [00691 A
shower - head nozzle 350 is affixed to both nmeasurenent channel 116 and

ref erence channel 118. |In one enbodinent, two identical shower-head
nozzl es 350 serve as neasurenent prolfe 128 and reference probe 130. In
principle, the nozzles do not need to be identical. Shower-head nozzle 350
Is affixed to nmeasurenent channel 116. Front surface 355 is parallel to
measur ementB.sur fMethod82. Gas travel ling through measurement channel 116
enters shower-head nozzl e 350 through gas bore rear opening 365 and exits
through a plurality of gas bore front openings 360. Simlarly, shower-head
nozzl 0879 O is 'Hiefpmecksﬁbumt@riarﬁié érprasmts d idthodr400t fos usthga@as3 5 5 i s

parallel to refﬁrence surf 134 Ga avellln t hr. ough reté1 rence
channel 127X19¥{Q Etec"sYRﬂéF‘ RS AR I geloniteps & openi ng

365 and exifgy) tWo?%ﬂvéuexﬁbu&%hﬂohﬂ%f1sQPc§c:JH§éﬁewftl'iQE%e&pt% NbRYS3E0. The use

of nozzles has been explained wth reference to gasS gauge proXimty sensor
100 for eagwoximityi sehsmtliOgt | HoweEachnethbd 4@ iswdt zleeessarpr dimntegd byithe be used

wi th gas gauge roximt ensor 150, erejn the nozzles would be affixed
Yo each of SHgur ol Stpardnl BRbfbprpEteRie WE SLedidted iinel pr obe.
[00701 Exenghdir)l 56 P48 Wh afdiferbhet@Rturé.ypes of nozzles have been
presented. The present invention is not limted to these exanples. The

exanpl [887Hr e pr eEherpreersh bEERnIFiep Hidk Poséep B0, o PReyatoner Bischamingl not
limtation. devlcg pefz{c%?tal l%ﬁe%eéc' gﬁlﬂyed lgcgvg q%fé’r%h eenéiﬁ'falcg XEangl on le riations,

devi ati ons, 0ose daescri ere n ‘bé "appar 0 persons

skilled in dpemtsradravacianial {Sice Paaitshs abfetdiee tpﬁmehlamwemétardned herein. |
Such alternatives_fall within the scope and s Ai)l rit of the present
i nvent i on. supfacegl34miithdenown 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 a2 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
rate. In step 440, a constant gas flow rate into a sensor is maintained. For
ex'cimple, 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
channe] 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 chamnel 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.




[00711 The process illustrated in FIG 4 presents a nmethod 400 for using

gas flow to detect very small distances and performa control action
(steps 410- 470). For conveni ence, nmethod 400 is described with respect to
gas gauge proximty sensor 100. However, nmethod 400 is not necessarily
limted by the structure of sensor 100, and can be inplenented with gas
gauge proximty sensor 150 or a sensgy with a different structure. [00721
The process begins in step 410. In st'ép 410, an operator or mechani cal
device places a reference probe above a reference surface. For exanple, an
operat or _or nechani cal device positions reference probe 130 above reference
sur f ac013 wi t hhkﬁéﬁvﬁm:egf@r’érfg@egttarﬁ‘éfﬁfﬁf"@éﬁZFefWB@r?Hﬁ mgasuememe ref er ence

standoff c a Q]gaepﬁ i thi e : ' Lpternal to
t he senso?ﬁgggenﬁ@. pelg\flr E%Heg%r%epéﬁaﬂﬁng%fsgﬁ %angogfoéé{gﬁé?éegp tec%ﬂa

particul ar meaisueementiprable 128pind atfeyened prothe 180.1RI stERHBG K Lomof gadis I n step

420, an operator or. nmechapi.cal device places a neasurenent. probe above a

measur enent METPrad dhrough bridgg, channgl, copnerting @ icraReehelanBel angbdi ce
positions rﬁ@%ﬁf&ﬂ&ﬂ%flﬂﬁﬁpeh 31%@ 4@@,0% ggﬁﬂ"@}%fi?@%ﬂ%ﬁfeg%#&l Ko form

measurenment gap 140. [ 00731 In Step , gas jected Into a sensor. For
exanpl e, a pressawy diffsrenceglstween ithy exfereded nhd ngmesuganege charmel. iRy sensor 100
wi th a constant mass fl ow rats In.stsre@ 44}%, a const ant gsas flowrate into
a sensor | sSAFHIPKG 2048 HOWERSOr 438 mandiors Haass Tl RTVPT IEFSMPB Hai nt ai ns a
constant gaghahhé 116341 retdterideChande? 0189 aastd QW thé nths$ HoWbrkE dndagt veen

measurenment _and reference channels. For exanple, gas gauge proximty
sensor 100 ewisessor Ha8 finipiatesfa qaneroheetinm erfwah cogfzel actionanawiaalugde di st ri but ed

bet ween ne n n nd.reference .channelll8. [0074] In step
260 gns T gV i, SARRRGH of s WEeE PR Snd BT DEMME mancioh] 1 ",
restricted fyeidey @8gsOAGWE bPIAitIatRE ia0Aavo aorsl adtionh® edpasitioh Sthe .

Measur enment. channel restrictor 120 and reference channel restrictor 122
restrict tHhecatiompighe measyrgmentyeiacey rdatis tocthe sfsenemepr&ce pBtibgo 4 resi st ve

el ement i n gag MAYELa Rk QI RrbNceSANRYE 0 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
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




-22 [0075] In step 470, gas is forced to exit froma reference and

nmeasur enment probe. For exanple, gas gauge proximty sensor 100 forces gas
to exit rmeasurenment probe 128 and reference probe 130. In step 480, a flow
of gas is nonitored through a bridge channel connecting a reference

channel and a neasurenent channel. In step 490, a control action is
performed based on a pressure differgnce between the reference and
nmeasur enent channel. For exanple, ness” fl ow sensor 138 nonitors mass fl ow

rate between neasurenment channel 116 and reference channel 118. Based on
the mass flowrate, nass flow sensor 138 initiates a control action. Such
control actporimiy sensiruti), pdowmedsmpgarthe riopegasphon obfa tregiosesfsad mass
flow, sendi&% a nessage.in ic?]'%ji ng a.senfsed mass flow, or in'él‘iergti ng a
servo cont r BEASYEENEY Lpace By JAKNG £ PHIES QLTSAUETNGRS UFBS ADE<Rfr nt surface
relative toplhe dRifbeiiches UUHAE Somblelihe B mABpiag b ¥ Rhiod thivigd r ef erence
val ue of malsns flowis senged.B[Ooom?feThge abtg%ﬁn%t hod yﬁgféétﬁgpt ed to use
with a sensis mapyged thyaspartiodied peasureazest bemelntthdpmnohits sensorckowd bgas gauge
proximty sensor .150....\Wen gas gau roxim:t ensor. 150 i s ysed, an

hdldi t§ onal SYeg  gifferrnl TpFsHreieBtoraRcH 19 HRFHIIBEMBRPIERRRSS REm 1 he use
of one neasgeenBin Rhgisd byt Ba@RREAREMERABMKSIEMThD haltes WldAflY ok The use of

a gas gauge proximty sensor 150 can also better facilitate the mapping of
t he topogr arsheated vatihdbe surfacet faruwhitbea tOpo@aphap piapgingais déséredcisonpl i shed

t hrough the princi,ples described in the above net hod erei n topography
roasur erent SEEHD 7R SGEFeine Rt Ay B RaEoniton PR Rhieice ds: ng
one of the AREMNRRBLrfRFOEWERh altbpdbrighyaaippyisiesiRdIg is desired of a
different region, the flow of gas nay be switched to a different

nmeasur 0888k br andHditignaestensins enbysgmapts o dhe abayersteps knpwndgipsrson Because of
reast o T an et ey Thoe.
ot oxi iy Sl iR peféaifark ) fotf sRPehctintes Ry e s GROMPERERLY S0 2°F, -

nmor e readi | the pRgaeihitiavéntipagr aphy of a neasurenent surface than a proximty

[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 1s not limited to air. Qther 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

[0081] The inventors developed a one-dimensional (1-D) model to simulate
operation of a gas gauge proximity sensor (“gas gauge”) in a brdge
configuration according to an embodiment of the present inventit')n for which a
prototype was butlt. 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.



sensor with only one nmeasurenent channel. [0078] For exanple, in one

enbodi nent a nethod for mapping the topography includes injecting gas into
a proximty sensor, such as gas gauge -23 proximty sensor 150, and
measuring the topography of a region of a measurenent surface by taking a
series of measurements using one of the measurenent branches. Upon

conpl eting the mappi ng of the region é%at can be mapped by a particular
measur enent branch, the proximty sensotr would be switched to a different
measur enent branch to repeat the nmapping process for the region reached by
t hat measurenent branch. The process would be repeated until the surface
for whi ch aLegpoenterslsyframmppictign il24 tesicradernent nozzip6d0.clleg Thextemas ur enent

surface nmay.be a sem uct or wafer or h neasur enent surface for
o che e 1o BB, 2B it elreniS fizale 58h 0 dloraianoy drarclr A0 By

enhancenent grob el HorDRYE 1 5t PRSUK AOWNrdsRicRR 638Nis prévilibEdionB 165§ el evant
art(s) formthe teachings herein are al so enconpassed by he” present

i nventi on. Mzesotmantcozeleseltt isiproeded ehtheaandddag dib s Refdrerdewiiozler espect to
FIGs. 1-4 idh reference to,a.gas,. I,n_one enbodi t the.gas . is air. The
present in n’[sip(fﬂwﬁgfﬁtot?‘e eprof g"tﬁ Po lgiaf's. ﬁ‘&’ ﬁ%‘?soﬁgggés Q{PV@gﬁﬁloﬁﬁti ons of
gases can brgiysed. For exanple, depending on the surface being neasured, a
gas havin reduced noi sture content or an inert gas may be used. A | ow

a
moi st uW@Sgbnt ent Thgya P erodehef theggas gayge eils the devejonment prgoess of theact with

t he surface_hei u an j mul ati on Resul t 0081] The

i nventors. d%veg%g@%oﬁggﬁk r%\lé?]‘g?gﬁléla f%—a%onn?)ﬁétlle ggs ﬁgﬁ%ﬁ %P&sma p!ar ation of

a gas gaugepgramsters dnd yields arquickoasesgasma)thd Basdgdupe gedornempé wgderat i on
according to an enbodi nent of the present invention for which a prototype
was built. HFYY At ePYMMenmti ¢ di agram of a gas gauge proxinmity sensor
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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:

=0 +0s, (4)
Q=01+, ()
Qs =0 -0, (6)
Ap, = bp, +p; ' ™
Aps = Apy + Apy, (8)
ap; = f,(Q) i=1..5 )

[0085] Balancing the flow rates Q; 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 O and the pressure drop Ap across each of
the legs (i=1..5). '




600 includes five legs 11 - 15, two porous flow restrictors 630, 635,
measur enent nozzl e 640, reference nozzle 645, and a nass fl ow sensor 665.

Leg 11 extends fromjunction 114 to junction 124. Leg 12 extends from
junction 114 to junction 126. Leg 13 extends between junctions 124 and 126.
-24 Leg 14 extends fromjunction 124 to nmeasurenent nozzle 640. Leg 15
extends fromjunction 126 to refereg%e nozzl e 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

provi dé88@ll ong Thgypressurg dogp forthe uppe eesidl aptl Rhis yasmgefugscasds t he
devel opnent Qcess, of t as._gauyge. The nodel allows for a selection of
the gas gaulé’gersﬁﬁysq tggSmgg?ggrﬂsgg%#g?fﬁsSﬁh@FBgm&S&ﬁfh Ossessment of the gas

gauge performance under steady state opeyation. [0083] It is assunmed that
all the gas passages of bri dge@pgﬂh@jﬁgoﬂy%‘ cros§-=§%cti on with the
sanme di aneter. The nost significant® gohtpi bukidn to pres¥ute drop in the

l egs of the bridge is fromflow restrictors 630, 635 and noz#%s 640, 645,
however a distributed contribution fromviscous loses in the tubes of |egs

11-15 i s couRrdrel@rad.¢; krRob tlRsisRgh ahd alnis:, Mhde i RCihe QBBssldedtion 124, 126
are neglected, as they are relatively small. [0084] Wth these assunptions,
st eady i ncoYgragedl melecity dw b lgas. ther daginar bpipeldéoveabe paessutgolassi n Fi gur e

L R el gkl i S T, o 0
64

ke (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 /; and have the same diameter
as the tube in legs 11 and 12 that results in the same averaged velocity w;. The
constants & and X 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, = (12)
r d}
yields
Ap:‘ = E}—*F CE:Z" Q!- 1= 1,2 s (13)
with the constants 4 and C:
128v 40 ’
A=, C=—. (14)
T o

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)




Ap, = (Q, 1 =1,...,5(9) [0085] Balancing the flowrates Q in the
junctions of the bridge results in equations (4-6), while balancing the
val ues of pressure drop Api across the legs in the |oops of the bridge

yi el ds equations (7) and (8). Equations (9) define relationships between
the flowrate Q and the pressure drop Ap across each of the legs (i=1..5).
-25 [0086] The pressure drop for the %pper l egs, 11 and 12, is a sum of
viscous loses in the tubes and (al s3%i scous) |l oses in the porous
restrictors: I wz Ap; = A dP2 +A1 KR w (10) where li and di are the
tube length and dianeter, while w is the (cross-section averaged)

vel oci ty i rbechseltiegadtual Behaviamifithe maspBow Isensot Irdinmaratsufféciersdevel coef fi ci ent

is a functi of the.Reynol ds_nunber al 8ne: A=.64 Re é@i 0087] The
pressure | cELPPFPXAMANONY, 2 opfiicn g was Jpigiinad Sxpeim Yc§}*°§“v w. See, A
Bej an, ConvgpliagfectiRat with &thhREl speBi@BAtRIns b0 thkGhks\Woweedr. SOnNs,  1984. The

restrictors 630, 635 are of the l'ength | R and have the sanme dianeter as
t he t UB@89In | egsThelprassirel drophier legsdldland 15ris mivsleledngs avemafedsopas ocity w; .

The constants.a_.a ar he am._ Vi Scosj of fluyid (ajr) and the
per neabi | i tY°°54% ﬂF&&%@PBﬁ?‘%ﬁ@?reﬁghc%%frl?ggbdot&%il?iséfsylfm}%léézﬁle&sur e drop
can be expressed in terns of the NRSS flowrate Q. Substituting for the
velocity w,, (12) vyi elgi Wi t w,t heowgom8#ahf & YA and C. _]42§v 40
Ap; = i P T «D \D F=EA (16)
Vv

]

The second component of the sum in equation (16) represents a semi-
empirical, similarity-based model for the pressure drop across a nozzle.
Variable w; denotes the area-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;‘ = QE l= 455 »
7 D h, (17

where D is the inner diameter (ID) of the nozzle (both nozzles 640, 645 are
identical) and 4; is the gauge standoff. Making appropriate substitutions

yields:
Api = (A—l'—; +—78'493V h‘2.3t14D-0.6335J Q,- ;= 4(;8)
a -
[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.




Ir arp (14) v and p are the kinematic viscosity and density of the gas
(air), correspondingly, and Ois the conductivity of porous nmaterial.

[ 0088] The pressure drop in the bridging leg 13 is nodeled sinply as: dpi =
Al 4+ CRQ 1i=1,2, (13) 2 ) d; di Ap3 = a@, (15) -26 because the actual
behavi or of the mass flow sensor is linear at sufficient |evel of

approxi mation. The coefficient a was 2E}et erm ned experinentally show ng

good agreenent with technical specifi“ations of the nass flow neter. 100891
The pressure drop for legs 14 and 15 is nodel ed as a sum of viscous | oses
in the tube (simlarly as for legs 11 and 12) and the | osses in the

nozzl es: 1,Lw, 2 $electiopmf Foputation Payameter§ vd p 2 + 2 uDD V (16) i = 4,5 ,
The second conponent of the sumin equation (16) represents a sem -
enpirical, simlarity-based nodel for the pressure drop across a nozzle.
Vari abl08%1li dendviem pdramatessafon Ve sigwdativnl were stlettied to avitel 2 warkiogty at t he
entrance to tg)? annul ar rﬁ@;o bet ween t{ﬁg surf,@%e of a wafer and the face
of the of RIRWNAE ol zatges J30. 900 Wihjalr 3515 gasy The mAR RAIPRIFL A as u, = Q

i =4,5 , Dh,sumkidrizeheeRw? IS the inner dianeter (I1D) of the nozzle (both
nozzl es 640, 645 are identical) and hi is the gauge standoff. Making
appropriate substitutions

Properties of air:

density p =1.2003 [kg/m3]
dynamic viscosity =~ pu =1.8189 E-05 [kg/(ms)]
kinematic viscosity v =1.5157 E-05 [m?/s)

Properties of porous matenal:

porous conductivity © =4327 E02 [kg/(sm)]

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

Air gauge geometric parameters:

Leg# 1 2 3 4 5
Diameter [mm] 3.37 3.37 - 3.37 3.37
Length ' [mm] 38.1 101.6 - 70.9 324
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 as a

function of the nozzie ID and the length of the porous restrictors (FIG. 8).




yields: Y A 1l, + 78.493v h_23114D-0.6866 Q d4 22r (18) i=4,5. (00901

The system of ten equations (4-8,13,15,18) is linear with respect to the
flowrates Q Validity of the |am nar flow assunption was confirmed by |
cal cul ating Reynold's Nunbers for the respective sections of the entire ‘
system A Matlab program can be used to nunerically solve the above

equations for a given set of input p neters. -27 1. Sel ection of

Simul ati on Paranmeters [0091] Miin pardheters for the sinulation were

selected to match a working prototype of gauges 100, 600 with air as the

gas. The main paranmeters are sunmmarized below. Properties of air: densityp

1. 2008003 18] - d3pesicallyi EUG7 liplatesu SOBHOSY o w Juatiooref e vi scosi v !

Z1327 £02. [RGR S FO PR e Por RS HanRt Fireates AT Pt POHFE Bnot ant
a=1144 E04 {, 1ﬁl§1ﬂ§}1‘1terﬁhr dRRIES (UDPRARA i fesPREGMACISST niRUnidgdlioTH anet er
[mm 3. 373.37-3.373.37 Length [ 38.1101. 6-70.932.4 Porous 1nsert length
[ ] 7. 07. O- genemute thesplpt, gauge standoffs ranging from 40 to 140mm were used and

flow rates ranging from 100 to 500 sccm. The plot shows that as the gauge

standoff becomes smaller, the sensitivity of the gauge to detect changes in the

difference between a reference standoff and a measurement standoff increases.

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

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
relatively small dependence of the gauge sensitivity on the length of both
resﬁictors.

[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 (nozzie 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




[0092] Results of the sinulation are shown in terns of sensitivity plots as
a function of the nmass flow rate and the gauge nozzle standoff (FIG 7)
and as a function of the nozzle ID and the I ength of the porous
restrictors (FIG 8). -28 100931 Specifically, FIG 7 illustrates a
sensitivity plot as a function of the mass flow rate and gauge nozzle
standoff for a gauge with a nozzle hgying a 1.14mminternal dianeter (ID)
and a restrictor that is 7 nmin Ieﬁggﬁ. To generate the plot, gauge
standoffs ranging from40 to 140mnm were used and flow rates ranging from
100 to 500 sccm The plot shows that as the gauge standoff becones

smal | er, t heusears indredse yn dlie tdredgmune nocedEtasitiontantgdsildnce twmild di f f er ence
bet ween a ref e.rf:nl%g st and 1fl.f .and a measur.enen stan%(a)ff igcre ses. The

pl ot shows EHARYE pRed PRFEcR)AMEEHER PR hepayipum Hew rale that gag ae 43edst andof f
becomes smaller is nore pronounced at higher flowrates. Simlarly, for a
constant gauge standoff, as the flow rate of gas through the gauge

i ncreases, Dt he GUe&#%4mity al so increases. [0094] FIG 8 illustrates a
sensitivity plot as a function of the nozzle ID and restrictor |ength when
t he nmeasurenent standoff is 100mm and the flowrate is 200 sccm To

gener d8898he pl oWhilpovarioas enbodimerts ehdhepreseamioveantios hawmbeemer e used
and restri i r i t he pl ot
ahove ¢ hat ek, RIS e LRl ey iy BUCH MBI e T E00e

to detect cliazg@ple, and het UiditesenlewlEbyvapparant tof pi@ine gkiiledrilahd and a
measur enment standoff increases. The plot further shows that the rate of

sensi ti vi t FeIPHeH Ut dhalsVarons £53n8%8 InDopBc itk de@tletancPe MAdteilfEiR el ati vel y
consi st ent QWekt Hw\g‘fr%%é Tr{uehs 4 &b oftﬁg?.[‘)gﬁﬁmfl nal ly, the plot
rel‘ative t

illustrates a y sna ependence o e gauge sensitivity on the
| engt HOF7]bot h TFhegirescot mventign(Re bientdescabedoabos e enthfthe mdrif@etiodind FI G 8, .

(e 2on] Yy BSRRdoRee, oRle L i ALY ARG st aidotlbe 112U vely
standof f atthged@STIRE bbliRArikd HEMEsd Alethod [9hs 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.



sensitivity dependence on the two other paraneters (nozzle ID and the
restrictor length) is considerably weaker within practical limts of the
variability of these paraneters. 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 inprove the gauge sensitivity as long as this
woul d not -29 cause an increase int aerodynam c noise. Transition to
turbul ence would certainly be a practical limtation on the nmaxi num fl ow
rate that can be used. A Conclusion [0096] While various enbodi nents of the
present invention have been described above, it should be understood that
t hey have bYEADIRCEAIMEIDIS:way of exanple, and not limitation. It will be
apparent to persons skilled in the relevant art that various changes in
formand detail can be nade therein w thout departing fromthe spirit and
scope of the inventi of,gaf @a8elprétienipr easnt for musing adifferencdbetwesescri bed
above with the aid of, method  steps illustrating th er f or mance of

speci fi ed AR FRSR SUEAGP sandeff e eHnpAs et SUTACT SEnAR OGRS ¢ hese

nmet hod steps have beeaf‘%ﬁx%ﬁb e | Md&eédsrlﬁ teﬂ%%%aggag%@?m%ﬂwni ence of

t he description. Al ternate boundaries”can ong as the
speci fi ed functissnsramd arrefeatrice nBdringbaridhemeadfuranent chamebpri at el y perf or med.

Any such alternate boupdaries gre thus within the., scope and spirit of the
Clai med | nvent i on, TRt PPEuL e desinciABPleekhUoRs the fefelenpE diambth nvent | on
shoul d not be | ighdee baid am¥ Phrouben@borSmdRs CoveRBA resiX R MoweTbodi ment s,
but should be defined only in accordance with the” following clainms and

t heir equi val enttBrougBthanefeTencg chimelED |S: 1. A gas gauge proximity sensor

for sensing a differ ence b tueen o a rf:esh,gcrtoernclgce urlgacE}estagd%He gnd a
measur ement surface st ZNJo1 F 88[%)“ PRy ju PO e E A e s gas i nput
into the gas gaug@ndiylOxhdrein)said second porous flow restrictor evenly restricts gas

flow through the measurement channel;

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




sensor into a reference channel and a neasurenent channel; a first porous
flowrestrictor placed along the reference channel, wherein said first
porous flow restrictor evenly restricts gas flow through the reference
channel ; a second porous flow restrictor placed al ong the neasurenent
channel , wherein said second porous flow restrictor evenly restricts gas
flow through t he nmeasurenent channel ;,.a reference probe at an end of the
ref erence channel, whereby gas exits 1t'he ref erence channel through the
reference probe and travels across a reference standoff to inpinge upon a
reference surface; a neasurenent probe at an end of the measurenent

channel , Wnereb’} gasThxisensor leé cladmis Lir Bwdar comarisiog a smbbgh lackisdmeasur ement
probe and tlgl_%/ei . cro;lsna nmeasur enent standoff to inpinge upon a

measur ement P&Ur P aCE"ENG a mass fl ow sensor coupl ed between the reference
and neasurenent channels for sensing the mass of gas flow therebetween,
wher eby, the difference in standoffs between the reference and neasurenent
surfaces can be $enselh@sensonpislamnbi wheeinysaid firstrandssasend perous| ai m 1,
further co r unction to
output a cgﬁédtvgzﬁ %F??ggkﬁ‘g eesggéﬁ‘reoﬂ'ljsp&@ &%ﬁﬁfgerﬁggogmg gllrin 2, further
conpri sing firss aurbbaronﬂcpcailsdnataﬁilemasmgckubﬁsmaﬂlbzqhe camnt rpehheibﬂttsa r educe gas
turbul ence. -31 4, The sensor of claim1l, further conprising a snubber

| ocated priM@FACSisties.d junction. 5. The sensor of claim1, wherein said
first and second porous flow restrictors are made of respective first and
second porous materials, said first and second porous materials having
substantially th& sanEhepesnseabf tiainy 5, wherein said first porous material and

said second porous material are identical and include polyethylene.

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

said second porous material are tdentical and include sintered stainless steel.

8. The sensor of c¢laim 1, wheremn said first and second porous

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

9. The sensor of claim 1, 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.




characteristics. 6. The sensor of claimb5, wherein said first porous
material and said second porous naterial are identical and include

pol yet hyl ene. 7. The sensor of claimb5, wherein said first porous nateri al
and said second porous nmaterial are identical and include sintered
stainless steel. 8. The sensor of claim1, wherein said first and second
porous flow restrictors each have a .ength between approximtely 2 and 15
nm 9. The sensor of claima1l, wher ei'2sai d ref er ence probe and said

measur enent probe each conprise one or nore gas bores. 10. The sensor of
claim9, wherein said reference probe and said neasurenent probe and each
gas bore extend along a direction perpendicular to the reference surface
and t he neasure in,said

t surface. 11.. The sensor of claim1, wher
el er ence probe Thd sLpsersenat e SHeons sSdoRtBup ot SEHTe gas bore
havi ng: an | ABRGhGATBIOBE callPiMHeARALAY) REAIGY-I0. & and 2.5 mm 12, The

sensor of claiml1, ei n sai ef erence probe and said neasurenent probe
each conprise a nozzle. -32 13. The sensor of claim1, wherein said

reference probe d i d neasurenent probe, each ¢ ri se a shower head
nozzle. 14. The Senso _eoﬁe_né?ra‘?%irjfil"_fl,n %‘E‘E%?‘H?P%@%%&%Tﬂo&ﬁmﬁ?cggy sensed by
sai d mass fdMmABNAGK skisor B¢l iRdative oh diffdichiepanesan IR MEATrdniat Measur enent
standof f and the reference standoff in a nanoneter range. 15. A gas gauge

proxi mty swamsloff andtherefierpmay standpffiip papemelex WEEBH a reference surface
standof f and a neasurenent surface standoff, conprising: a junction that
divides gas input into the gas gauge proximty sensor into a reference

channel and a mepsur eNgas galmptokimity densart fos vénsitlgiadiffdrvebetoeepl ed to the
measur enent channel and to a plurality of measurenent branches, wherein
said first areference surface standoff and a measurement surface standoff, comprising:

a junction that divides gas input into the gas gauge proximity
sensor into a reference channel and a measurement channel;

a first switching device coupled to the measurement channel
and to a plurality of measurement branches, wherein said first
switching device permits 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




swi tching device permts gas to flow in one neasurenent branch at a tine
and can be used to switch the flow of gas from one neasurenent branch to
anot her neasurenment branch; a first porous flow restrictor placed al ong the
ref erence channel, wherein said first porous flow restrictor evenly
restricts gas flow through the reference channel; a plurality of

measur enment branch porous flow restrigtors, placed along said plurality of
measur enent branches, wherein each Tmeasurenent branch porous flow
restrictor evenly restricts gas flow through a respective nmeasurenent
branch; a reference probe at an end of the reference channel, whereby gas
exits the referetisk travaisnetrosshraougtastiementfstaneloffe tpr mhpngsduponawel s acr oss
a reference standoff to inpi.nge upon a reference surface; a plurality of
neasur ement pr ob’é’g?smffnégﬁrfﬁ’%n&fgur ement probe is placed at an end of

each of the neasuremepteddh@Reiieling d&iies BRPIAPS LHidge daRASHAGIE{Nt branch
t hrough a nmeasurenent probe -33 and travel's across a neasurenent standoff

t o i nmpi nge upon plurakity of rmeasnrenant fhaarches nethereinie sad dsesond shitobingevi ce
coupled to a brigdge channel and to a luralit f _measurement branches,
wher ei n sai d sec‘g%&ces]eﬁr{né_ I %‘eor%e?‘ﬁme%efg bf?ilcﬁlag\fi’l 'iuﬁeaﬂ@

nmeasur ement  br angdh tatusad td SRitad e oo YFRd oh@medulr&hert WRadchqy of gas
from one nmeasurenent branch to another neasurenment branch; a mass fl ow

sensor coupl ed bRoss meaprementdratede channel and said second switching

device for sensing th gg§ f rehet wher e t he
difference in standofis eﬁ(\}\‘gesﬁ&t% gghé%\q ]ejétg%(e:rg&seur egg%eé:rt]%mg?ry‘?’g%surenent
surface can be saidbedcald awittlghg deii forvisénsing the mass of gas flow
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 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.



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

| ocated before said junction to output a constant nmass flow rate of gas.
17. The sensor of claim 16, further conprising a snubber |ocated after
said mass flow controller to reduce gas turbul ence. 18. The sensor of claim
15, further conprising a snubber located prior to said junction. 19. The
sensor of claim 15, wherein said fir 4 and each of said neasurenent branch
porous flow restrictors are made of 'S’E)r'ous materials, said porous

mat eri al s having substantially the sanme perneability characteristics. 20.
The sensor of claim19, wherein said porous materials for said first
porous flow rest2i.ct ofhasansemefclaim $3, wheremsarkepemus matemels for eaid

restrictors.are identical .and include,polyethylene., - 34 21. The sensor of
o So " il SomtE Bbly iRt and Bah S 95 Kbl GRs prandd bskous ASF oo
restrictor RogicRaEiteddentidhihndBaSudEdiRBtedatamess ggious flow restrictors are
identical and include sintered stainless steel. 22. The sensor of claim 15,

wherein said reference probe and each of said plurality of measurenent

probes conprise nozgl e, 23. JThe sensor of c¢laim 15 erein said
reference probe gznd e léel'nseng r %faﬁq%mpfﬂr‘gtﬁr l? s%’fdarr?gég\%ntffé)mﬁ%ﬁtangr%ﬁ S conprise
a shower hegfhaiigadatity dmeabifnseanpRbedfotprived nbzzlewherei n the mass of gas

fl ow sensed by said nass flow sensor is indicative of a difference between
a nmeasurenment standoff and the reference standoff in a nanoneter range.

25. A bridge for,use 4 F@Hg r.oncd. ety .S g a junction
that receives a 2gjz;s f%w&ggﬂsol Vi cgégt‘ﬂgrgggéd?? ge\?vél{cic:?f[? 6(;9?—:;&@(3%81}1 ence
channel andfsaigdsmalipnefitheashemeat probed corsprisearshowef head noexer i ct or pl aced
along the reference channel, wherein said first porous flow restrictor

evenly restricts gas flow through the
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.  Abridge for use in a gas gauge proximity sensor comprising:

a junction that receives a gas flow and divides that gas flow
into a reference channel and a measurement channel;

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

a second porous flow restrictor placed along the measurement
cha;nnel, wherein said second porous flow restrictor evenly restricts gas flow

through the measurement channel.

26. 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) restricting the flow of gas substantially evenly across

cross-sectional areas of both the measurement and reference channels;




ref erence channel; and a second porous flow restrictor placed along the
measur enment channel, wherein said second porous flow restrictor evenly
restricts gas flow through the nmeasurenent channel. 26. A nethod for
sensing a difference in a reference standoff and a neasurenent standoff,
conprising the steps of: (a) distributing a flow of gas between a

nmeasur enment channel and a reference g?annel; (b) restricting the flow of
gas substantially evenly across crosstsectional areas of both the

measur enent and reference channels; -35 (c) outputting gas fromthe

ref erence and neasurenment channels through nozzles to inpinge upon a
reference surface and{(@ neatputtmigepss diond ahe refeesipe ciridv elegsurement( d) sensi ng
a mass flow rate aﬁégf a bridge channel that connects the reference and

measur enent “kaMagEe QOZZES P JAPINGE URNE; Ag TefREFe S i4W 3f the

magni t ude of, ]ﬂé]{lélﬁ;‘ﬁﬁ&‘& ke ?@ﬁgl asurenent standoff and a reference
st andof f. 27.e he metshod of g al myg%x,maWnerei n step (d) conprises the step

of nonitoring the nmaéh f| esmsingt ® nacs dlosv midncwge adraigaathahdedtthatonnect s t he
reference and neagfﬁjre%?ent chapnel s, the ss flow rate bei ng representative
of the magnfYRGEss 5fe FHEenrs 81‘?8@5‘@?%%%‘_ R 5%‘15?3_ 1% Fats psingof 1 and the
reference S&%ﬂ%@ﬁtﬁt-iv@%f thBemABLiRRAE Of aCHRfeMenee betesiaN meh§RerhEdy CONPri ses

the step of "nonitoring gas pressure differences in the reference and
measur ement standedharsl ssreferpacegtandpffessure di fferences being representative of
the magnitude of the difference between the neasurenent standoff and the
reference standoff. 29. The nethod as in claim26, further conprising

performng a coptrol TRE hietibdi o clRGITE) SBickein §t8p (d)SRAGIrREs Bk &Rp of
monitoring the mass flow rate across a bridge channel that connects the
reference and measurement channels, the mass flow rate being representative
of the magnitude of the difference between the measurement standoff and the

reference standoff.

28.  The method of claim 26, 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.

29.  The method as in claim 26, further compnsing performung 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.  The method as in claim 28, further comprising performing a

control action in response to said sensing step.

32, A method for sensing a difference in a reference standoff and a

measurement standoff, comprising the steps of:



30. The nethod as in claim27, further conprising, performng a control
action in response to said sensing step. 31. The nethod as in claim?28,
further conprising performng a control action in response to said sensing
step. 32. A nethod for sensing a difference in a reference standoff and a
measur enent standoff, conprising the steps of: -36 (a) distributing a flow
of gas between a neasurenent channel,Z_and a reference channel; (b)
switching the flow of gas between a'ﬁpural ity of rmeasurenent branches,
wherein the flow of gas flows through one neasurenment branch at a tine;
(c) restricting the flow of gas substantially evenly across

cross-sectional areadapf bdistnibatimeas floemadt gior hatteeana memsurenfent ence

channel ; (d) outputti as fromthe reference channel and a measurenent
branch thr (f%@ﬁlp‘ﬁiég‘ﬁﬁé‘é{g%&g‘?aﬁnﬂ e upon a reference surface and a
measur ement surface, @G¢spegtitchiley ith@Nihv €3f L85 Shdbedh rgam;llil?wofate acr oss

a bridge channel that "“connects the reference and neasurenenf channels, the
mass fl ow magagutegienty branghess embexeiny ¢heof flowe ofragasi tflobes dhromghli bher ence

bet ween a neasurene ta[ndoff_ and a reference standoff 33. The method of

cl ai m 32, \m%’ﬁléﬁeweg{]fét&“fsté? &Whfri ses the step of nonitoring the mass flow

rate across a bridge gpannebrichgd tHONHRCIS gdshQubstaafisileBeaIE RaRRE! and a
measur enent branch, the nass flow rate being representative of the

magni t ude ctosstiectiingl aeanelfdboie o mearnrementisansliraaddhn refeseneggbarnelind t he

reference standoff. I?tﬁb ;’2@%@%3&? gl%lpfl i 3aserbhEr en{l}a@m?etlegm{ eg conpri ses

the step of nonitor erences In the reference channel
and a neasnéaRuenienbbancithrodgh walepteinpinge dpdd eredaens: duefadg and
representative of the .
a measurement surface, respectively; and
(e) sensing a mass flow rate across 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 standoff.

33. The method of claim 32, wherein step (e) 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.

34 The method of claim 32, wherein step (e) comprises the step of
monitbring 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.

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

control action in response to said sensing step.




magni tude of the difference between the neasurenent standoff and the
reference standoff. 35. The nethod as in claim32, further conprising
performng a control action in response to said sensing step. -37 36. The
method as in claim33, further conprising performng a control action in
response to said sensing step. 37. The nethod as in claim34, further
conprising performng a control actiQn in response to said sensing step.
38. A nethod for mapping the topogra‘&%y‘ of a neasurenent surface,
conprising: (a) injecting a flow of gas into a gas gauge proximty sensor
that has nultiple nmeasurenment branches; (b) mapping the topography of a
regi on of the ne%&;ure”ﬁ’mnmeﬂmdrﬁsan‘eclasnrig, dunthes soonepmBig peréornting c) when
sai d mapping of a reqnon of the Heasuremant surface is conpl eted,

swi t chi ng t fRBTP] &RROgHD FsponsedRsald 3gE ¥Rnt branch to anot her neasur ement
branch; and (d) repeating steps (a) through (c) until all regions of the
measurenment surface for which a topography mapping is desired have been
mapped. 39. The 3kt hothamethvodcisaimeiaiy 3éhdurttien dolmprisexgsperforminig aur f ace is

a seni conduct or . waf er.
confrol action in response to said sensing step.

38. 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.

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

a semiconductor wafer.



