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FLOW D CORRECTI ON TECHNI CAL FI ELD The present invention

rel ate uring processes that require delivery of highly accurate
anounts 0T gas T0 a processing chanber. Mre Qarti cularly, the invention
concerns an“fnproved gas flow systemthat accurately 5 measures gas flow

duri nqwmmmm y of gas to a processing chanber. Added operations may be
per f or| R ate g i or.dan i fh e _nmeasurenents.
BACKGROUNRyigE Many i nd@@éﬂmgﬁsw FLOW

manuf acturing, rely on 10 the acqUEASBREMIENERANDOEOREERERON? processi ng
chanbers, which are also called "reaction vessels.™ These chanbers operate

at various pressures, ranging fromvery high pressures in sone cases to
very |l ow pressure in others. The accuracy and stability of the gas delivery
systemis critical _to the overall manufacturing process. The chief goal of
these systems is t IELRe| j ver a prescribed 15 mass of gas. Since
the rel ationship betweephdpassed thvéRiidH Feldtes 10tm&AREEAg pmsesyﬁmsreapire
other factors purely volunetric flow control devices are not particularly
useful . Historical P&livepnhgf highys aepurate areeunts f igas 19a8 Pregeasaingoshanberer dlare
control the flow obaeRing #iefiion ddhclrl IS st Nt

t hese thernmal 20 ngass '?ﬁoﬁ'/ contro 'ne(rscarre prg@ent i S%H%E%Snéva%?ﬁratew
various filters, pMmessuies gasdiesoduringshe geliveryat gas tovaplasessimhebembenpbrded s
are typically CF’””Sﬁérﬁﬁor‘{! th*@?kd&h‘rﬁ%ﬁ% 1XE QU 5 B80MG3heE Wi h?gé'
Typi cal connection schenes I nclude wel di ng, brazi™hg, and various reusabl’e
fittings. Such fitmeagdregemtny el astoneric or netal seals held in
conpression to forma vacuumtight mechanical 25 seal. FIGURE 1 shows an
exenplary thermal mass flow controller 100. Gas first enters a gas inlet
102, and thereaft eBACKIGROUND ART pat h 103. After the inlet 102) -2 gas

fl ows around a bypass r j . I | 0

cr o5t he bypass:r st 1 ENbnEhBfarbcesHE ubh b8 SeRERaLES: flaRlratf oy R on
t hrough a capill | arthetadooral®@eliveny af fassespatpnoe8sing Ahamibers, svhicie ateealtsercalled
w nding 105 is wr ar t i .The windi

i ncl udes nul ti pl eagg%g}oﬁiv%gggslg@ae%%%g%{nﬁ% (Scﬁﬁ'p €terjla(lgS’Bre'(-?rlﬁt %rré‘ggﬂ}eﬁ,g&aﬁggg from
exanpl e. As the gaeerghighsprebsuresini dnse gases e varydow pressejeoinrmdhers hd hewicnurgay

stream 108 to for | I : i r

112. The control \%‘?dvg&ﬁy"?ﬁ}ﬂe es%ﬁﬁb@%‘%ﬁﬁgﬂ“ﬁéz’ﬁ‘aﬁﬁggﬂ%@ﬁﬁ@éﬁﬁ"%
pl unger 116. The ppocesonThé chieé gpalefdbesels\dterayis tot accurately ddebiven a pfesgabed
flow through jihe mpgs %hgé’a‘é.c%tcé Ohd F{lati(?\%ﬁﬁrbem%}gﬁﬁs}gné GhiUIR A¥t cBhitant,
nore gas flow) whereas re constricted pllnger settings permt less gas
fl ow. Control el ecanddiepends?en atherl fattors | puiely vopmeetric dlowt eontisthideyises are not
desired gas fl ow, ; i bel ow. After the control valve 112, gas
flows in a path 11@5?'%2?&%’%§ﬁlry exits the mass flow controller 100 at a
gas outlet 120. The gasHistarically, éaginewrs Havadsedtherperbmess flowy cohtiolisss to,control

wor ks on the 7ol | oWeripvy Bl HEEEFSosts. RS EhpoicRCadF BRNER M se Thertnd

capillary tul®® 106maks dlawlédtrallersdaneepresentpin ogojuricbom iwithovariows ditteon tpressure
fl dthe b trj . | t f Qe ' .
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mass of gas in thestbeotubir@y andiiviariplis edechgniaalf GouplingsinfTgpicelcennectibe schemesf

1w 103, The mase iFLoRy wHPeo e, 483 Va8 coiartl duhP J9HE) Tuhdf Aoy

fl ow range) taki ngelastometic opmetal sedlahelddn corapressidn todfofm gwvaaturoighbmetianical
capillary tuhg, by%a s flow path and control valve. 25 According to one

met hod of mass flo asurenent, electrical current is passed through the
heat er wi ndi ngs 105 fr (FIGUREM sladwsléibexenaplamrtinemed! mb3S dow Ebetrolesi1f0aGas fiost

the heater w ndings , 105 changes, j.n_a kno wth tenmpe ugpg. Jhu n
the w nding 105 i serbtﬁé':‘r%géﬁl'rﬁ?{ 15)2\,\%%%?;{%%}5‘9@%’@5&,0”5& @ﬁ‘n éﬁ?r tfﬁéﬁg‘cw
be used as a nmeasurenent point. As gas flows.through the capillary tube
106, 30 the thermal nmass of the gas transfers heat fromthe first part of
the wi nding (between termnals 105a-11)5b) to the second part of the

wi ndi ng (between term nals 105b-105c). The anount of mass fl ow det erm nes
t he amount of -3 thermal transfer, which results in a directly
proportional voltage inbal ance between the w nding 105a-105b and the

wi ndi ng 105b-105c. This voltage inbal ance represents the anmpbunt of mass
flowing in the tube 106. Wth know edge of the anpbunt of mass passing
through the capillary tube 106, the total anpbunt of nmass 5 in the flow 103
is easily calculated as di scussed above. Different variations of this
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cl osed | oop feedback system Nanely, the electronics 122 conpare detected
mass flow (nmeasured by the capillary tube 106) to desired nmass fl ow
~(provided as 15 input) Then, based on this conparison) the electronics 122
responsi vely narrows or opens the plunger 126 position Mass flow
controllers ,ire one of the nost inportant parts of gas delivery systens.
Unfortunately, known mass flow controllers can also one of the |east
reliable parts oBasiiows arayst@hypasadestfittonl@bnDuel tbdhe pressureberop developed
manuf actured 20 f r

wi ndi ngs, bypass\éﬂ?}gg E‘?eg%{ﬁ%sg E{r@ﬂé rolf&\gél%%g% %n%ftc %g%e}'teé\'t/ﬂgr‘régpha
different f act or sa;mtiarseluhadm&, iralal mwzplatranobnsA imultissagef heaWecahdengtﬂrsnlsand

per f or mance. q ot 0 o the area ar.ound
the bypass restr d %’ﬁ’g' ge‘PSt%@ "3% Mb%g]tl% ﬂ[en 'Hm'?ﬁm@é 'ng? he 'P|8w
103 varies, sand tdmmtalen 854-108¢, vahiett nmnberfthtéeem&ﬁnschxamp@ chatigegas exits the
Condensationformn in.t assflow ath r wh in the fl.ow.path
i s anot her sour c&P'GHY &%ﬂhﬁqsbﬁfﬂﬂ'"a EGPE ear @ﬁéo\gﬁrﬂ‘oﬁ' ﬁ%[EQ'QES ﬂPWeﬂq
nall; ure of tlhe thﬂTatr&ionﬁ?ﬁéswd abwmm?atvbmm Mmgenmlhd/d]\}‘eemﬂltsﬁtld&es)fvatvbe

t ube cause long term calibrat rift e em npQsitig

the process gas a’g‘ﬁgs@ s’ﬂﬁ?'é’&cég1?8nf’ﬁ Gﬂe&%ﬁé HE’SPOE H"Qf&? pj‘f'?%?ftﬂp
integrity of therégma@é@cesanolﬁmfgwﬂd\mmugattm mvhwc@ntrsu@t fmdappengs i n

U.S. Patent_  No. 285,245 to Kenne Kennedy neasures Eressure
decrease inl& rreé%‘ﬂ?%?’r@ﬁ'f“' mpre; . Wiereasnare cangircte H'H“ eHinEsReMie
rate of pressurele@e? a8, DYC dhtrd| dVeHGomb@m.E.aéglunaté ﬂbﬁg@uﬁ@slﬁiﬁpfb Byhievéa of
drop This calculated r

ate of fall is dlrectééere ated to the volunetric

flow rate. Al thoflgfredRasdiav agfesgitedRelow. Hlerbercoptrebyalye 112, gas ipus in 2

purpose) it may pémwaamadw@e&né e @BBS ﬂ@\&tdoﬁﬂﬁll@el@blzﬂga §4% Sutit agos ethe
control the mass flaw rat articular) the mass of a gas is not always

proportional to P?%oPHely @?Sh d 10 @ RreFessing, shapberaMiacisthge “doBsIream:
i nfluence ofs facbmﬁfb.@lgﬁtgﬁo@msol ute pressure and tenperature. Al so smal |
increnental variations In mass flow rate _cam occur undetected in

Kennedy system becausEle B@ss deygranyaler\POwrrks, pa s tollpyingrpriciple ﬁé'ﬁ?ﬁs

| acks any conti ngomiad ﬁéwrngaﬂamhgnmel&ﬁmwbem@et(ﬂandoﬂ RWireel ppofRMABto
Thus, the Kennedy approac not be satisfactory for applications that

seek to precisel PecRP¥RY © rfﬁ%’%afquﬁﬂ/ the bypgss éeéFHCé‘Efnb%{ﬂﬂw ARBlRaet hersiere

l'ine, m sdeli ver yrRfdeBladepreselRESEMeadirelts? tH b MBWYhrB 08K tHe deviteS OfffusC thees
if the process gas is_incorrectly delivered to a silicon wafer in the

process chaifoer , MeRg ohigaein theflowe!§7ynHitiplieddbyya fised pumbsr equalp e Maes hihe

grow ng | arger aaak mah8 AbwSids. Crie dundet §as AdWRSF07 Rd)POSLYLAS the'GdLHicw 408,
nore costly to scrap i f damaged. Futhernore in the event of such an error,

its is expensi velb® massafow CBPt“P'PbIW@G‘“PY\GPer\'Eg@UfPFWdCE%t? speeiic fay repgeat
the manufacturi nﬁakfrgrlmo' édeBHVreTaiﬁé%uze%JécﬁﬁbUthnaﬁs Pt dPRIaPRTLDES BYpdssl N
| ost revenues exceedi ng $125,000 per hour. 20 !'n view of these limtations,
known nass fl ow BemPAth ‘P'?Pr%ma?%"ﬁ'&? conpl etely adequate for sone

appl i cationg due to cRidoiding ws%%wmh%@flo@mtcﬁebwﬁwrwt is

Broadly, the present |nvent| on concerns an inproved | ow system t hat

accur at el y measuP@ssegikroughthe heateryyneings v@?"mé‘?mﬁ 1953 to termpinab 105y The
chanber. 25 Addefés&ttﬁb% dFide h@at@ﬁmnfamae%stcﬂaﬁgacan%qk%wmw @&ﬁtaﬁaerfamv in

accordance with the ow neasurenents.” The rnaSs fl ow sgstem I ncl udes
fluid conduit co’ﬁh@cwhﬁg thewinging: 10543 orerategiin avV¥heatsione udas, the tginal 105b

restrictor, and g} g%g%l m\ggg%,e.,ﬂeaf E@H 28 gaE 'i‘leéH{rSu%gﬁwetc??RS%HE%B

sensi ng devi ces are to the calTbratidn vol une OW Sensor s
are al so | ddat edthedtharnalcmass fof the: gesltiansters hieay dloomthe first agt Sothexwinsing,

the downst r eam r yaggedd QUimaRsls Ofbal B 48 1RedRBHA b BF Ghe ARab' bEhasH @

pressure sensor I nc pr esZure trans
terminals 105b-105¢c). The amount of mass flow determines the amount of



transducer is attached to the conduit upstreamof the flow restrictor, and
a second transducer is attached to the conduit downstream of the flow
restricior. Each transducer receives a ref%rence pressure froma reference
source) and neasures pressure relative to that re~~erence pressure. 5 In
operation, the mass fl ow systemreceives custoner specification of a
"target mass flow rate" or "set point," specifying a desired rate of nass

flow i n appr opr ithgrenaltiansiersybigh resulls mariregticRiBPertienavpitrgedmbalasce REwaes
(sccm. After, - t I I M NGt t I t ke; i i | unme
is charged and ﬁ\ee%%(?g e@%g @?gsésﬂgr g'ei \Qﬁ'g@j_@ug@d{qscf 'cgﬁ fsgrag%%’e?m%ﬁggti ng
reference diff erepresents 1oe pmegpiefanassdinydng srtbe thles 1 06 gaith kinowiedge of the
initiated. Duringd e fassd bQ&inﬁRﬁ;@B%@Eﬁﬁla ﬁbé%gafh%ﬁaiak’a%%ﬁ%f mass

i ncl udi ng absol ute pressure neasurengnts at the calibftation volune an~~
differentiab préstherflowtdsisraasilycalcaaiedss disnyssedabovest ri ctor; these
measurenments are useg. ] . R L

flow control is desi ;S'e(f?e'gg’éﬁ%tfgggv%f Esht%l £ a??ﬁ‘\wlée'ﬁ;? i Pﬁesriégg‘gbgsoﬁe%nﬁla& FeP
appropri at e continstdnceas singlelheatdr witmbngraactstwodempemiureahea sueernbaidevives naayget

mass flow rate. I rrid § I r sjin vV at _the
cal i bration vol Sﬁl‘!sgrget%eqﬁ?éesg?%mec@%gﬁ ?I()tf%n%ﬁe? é’gttéglrf]m)nas%gﬁ?{g%?gg%rga@ % %made
to uncover any dadableEanmynt aficurent may baldiectdnthesighecheras poftl ofithediezter

Whenever a discrepancy. is found. the _nmanner of cal cul ati neasur f | ow
Fate 1 s colflect PSS g etesia PRMAE TRLBReTpiufe i aBingde SRS ke bt
flow control ists@oght, gas flowrate is then adjusted until the neasured
mass flow rate (as corrected) matches .the t et ss flowrate. O her
Erbodi ment s of doans T BERFPHASOPBERIRSHS C22d el BiBBFloringoH s 2
thensal mass fl ewsedao6p feedbatk Bgdtérndi NaERIMel YIBErEHIES 382 @ohipahé deeeled?>
nmounted in parallel with the f|]ow rest,ﬁlct re,w%r a,. single pressure, sensing
C

devi ce mounted (RRSSTOMGIMAasyrRd by the rapijlankt ) 1o JesirgH Mmasgifipw (Prpvidied as
enmbodi ment 15 he iifpgNITHeR, baseden thisRbRPBM R tHe® Edt@nidiel 22 raghdHEieRf narrows
operating a gas delivery mass fl 8W neasurenent system I n anot her

enbodi nent, t he & RPRAT HE-PIHRBE Jd0iPeRent ed t o provi de an apparatus, 30

such as a gas del i vemasglfiowscdnitrelers e bhe BEtHe mysitifiportant partd bf aivery
enbodi nent, the invention nma |r$g)l enented to gé@gl de a si4nal -bearing

be
medi um t angi bl y S¥MEByi Hgf°§ué?'8!yr5 Wi M3aR HPYEOoPEalRIp| €N 2lsp cnewf Hisleast g

execut abl e by a relidbild partélet Sudh PERSH N MARFRWSEIhtroliérsHRIVE YednQnshdhétons f or
operating a gas delivery nass fl ow syste Anot her enbodi ment concerns

| o4i ¢ circaPtry WivaRy diffetenprenfioralipey Atrapi!iany WPedWRANgs, RypAss EsIriptors.

el ements confi gign@dedritraP SRNEE M NHRERSIESEN SeléraP BReAdr! 1ActoRs cH@dd VRHSSIMBRS
flow system 5 The invention affords its users with a nupber of distinct

advant ages. Chi &@figtionshin masenfiqvy galiatipneand Rerfosmangs ol anygliguidar /tBey by

taking separat e doRfamihhGn TRSUR HERICE BlouhBAnEBSpas testicior, W rBETIRNIPY
the neasurenents to nore accurately nmeasure (and optionally ul ate) gas

flow. Mass flowRgween the fipvedBnand thefiew JA3 varep andthe pvgial %38@9‘3@ of e

| nvention nhepeatgedflcs dﬁ%ﬁ?é‘é.eéoﬂ&r&%ﬁaﬁ Fstmirg i tﬁ@b?ﬂgﬁldvhﬁﬁﬁ SFRASEWHRIBH S,
during "real tinme" actual gas delivery, The invention may be |nE>l enented

in one enbodi nertbe flow paihcis Apethes seyrge fEcalipration s&ror. HYINg &F e windinos pBAtheg
reference differpmidedlf thé Biehhalcdntsdl DaHFrSthe MInGiRES BAS kthé Bulsife BIth&tuky T .
these floating reference pressure transducers provide a greater range of
measur ement and Gaugeinngrteso calibiration dafl. @hargasrin shemisabepnpesitond the pracessy
reference press : | 0. j ; ,
S noe tr ansducere Seft S bsteq BYHGSHERG W berCakgRites e hRampar e,
ref erence d6nduiproeesst ai ninc_| a safe gas at a carefully controlled
pressure. The inventi [ fi Cl | Q.| 4 i i

addition to applicat fo‘gﬁéﬁeﬁr@ lév:rrgﬁec?gﬁ@ﬁ!(': o@sﬁéarﬁak g%@ﬁ%%%&eﬁtﬁé%hﬁ%{? may
al so be used to t2Kemregyat Kepnelyl measurgasthé pressiae i degredsed mws ) maasuiemenand
other materials. The invention al so provides a nurnber of other advantages
and benefits, which should be apparent fromthe foll ow ng description of
the invention. BRI EF DESCRI PTI ON OF C~-RAW NG The obj ects, advantages and
features of this invention will be nore readily 2~ appreciated fromthe
foll owi ng detail ed description, when read in conjunction with the
acconpanyi ng drawi ng, in which:



FIGURE 9 is a bl ock diagram of a known nmass flow controller. FIGURE 2 is a

bl ock di agram showi ng t he hardware conponents and interconnections of a

wi de' range gas delivery nmass flow control systemwth real 30 tine flow

measurenent, regul ation, and correction using floating-reference

differential pressure transducers, in accordance with the invention.

FIGURE 3 is a bl i i

i nt erconnecti ons C%%F"b% ggf)%eren é%%8&?%%%?&53%5%%S@TF%"Z?E&”%QQE PY dlv'd'ng

control system mbmeasaradipfrémmau'mﬁ byptires sfldrep t This salocletediratenafial sdimemly

parallel with the estric i n_ac anc jth the invention. 5

ErGRE 4 1's o birgieied B e SRt povy Paife AMEp Bl Fe Kebhgtn Srmah dhay B8 usetu

i nt er connect i onsfopits antgAded bomdsemtrmhy Qirovsi inbdéﬂs,l]dlé poreagpiitAsoransesiivey &ﬂ

reference volune ta carry qlf erenf1 rocefﬂs %? §eSy M acc rdance with t

i nvention. £l GURECHSE Cg tf)‘? 4G masg, %‘8:’% pafticHia; the mags; a&a&&ggﬁq{ﬂays

machi ne i n accorgiepstiondltdits belumey sinte tis rel&udﬁbﬁ?p'%&n@héﬂi@@ndm tieex BifIDE Adey

si gnal - beari ng 2359' umin ccordance with the invention. FlIGJRES 7A-7B

depi ct a fl owchd 2gPrsaHG p%"r%‘?%"é‘ﬁﬁl"’%%%%ﬁeé tergperg e s Smal incrementak y

mass fl ow cont r Glariglicisaniags NBW Adtk Bein Beishi&RBledithe KeANedy Sys@HE BEEHARES

with the invention. 15 BEST MODE FOR CARRYI NG OQUT THE | NVENTI ON The nat ure,

obj ectives, and a%deeRANZFSDYINe PIEEENtIRNENOTSKNNedy BaksARY GopHRURHRRIreR time

t hose ski l h@d | néd¥eréhentinidelove 61t ol idama. THEs, id Keeuy a%«pt&uclhqaay not be

description in connection with t:he acconpanyi ng draw ngs. ment1 oned

above, the i nveﬁ?f'ﬁfﬁc@@h@é?ﬁﬁ"%‘foﬂﬁ%\%ﬂk PaRregEely veptjolfaass ﬂqw)w system

that accurately |2thd'BaRIbRGUABE hahLifiturrdNinBC nbsdelj BP P SERdses é’arr‘xcbe

optionally adjusts gas flow during the delivery of F~rocess gas to

processi ng changtremelycepsiipadnpeme asesribthegypessatgas-s ingofg W'Véfﬂé’ @ra

hore sensors at sﬁcﬁﬁ‘%h%f #AtRd F.%weg@%hsh%prmalmgr Oﬁy%@ﬂﬁﬁé&aﬁﬁé%ﬁﬂéé at

the calibration volume. ANALYSIS OF TWO S GAS FL TECHNI

contrast tb theesanomuvarianis GRWing|larges andiargrr sieorcingpls) éh%ﬁet largss sitieon

di scussed above P t

No. 5,865, 2D5 t)évaiélﬁta@h%és(gﬁ%cﬁé gep ;Nﬂﬂa@@@%&%?%@&@?ﬁtgggﬁﬁ of

known vol une, w|¢rr@h itsds pxpensiveiprep)nor @pt@ﬁeﬂmﬂamaﬂ flowcooiroller and peprat she
"reci pe" step. e r r r are

measured to det er m @{&MH lnfr:?n gpp c§§é§l rﬁaﬁ’nﬁfaﬁtiﬁggﬁrﬁé\grgné S r%EGI'E Yrﬂ?gt

reservoir. The f¢\(§WU6$ eyeeeding 125000 PeghOleeservmr to the process chanber

is netered,py a vari Adng’ RhMEn HHADE Fiow eO%tF | ow

circuit sal d to be se f'&ggfl?g?g??gg l"A%’ter tw& ? we&? égllggsoére%o‘fléf&ﬂ ggee;ss

chanber is ternedequate ferrome apelication® duaip pertain upeolvsd prablemss residing in

the reservoir is ;gain neasured to determne the final mass of gas 5

residing in the reservoir. 'The initial nmass and final nmass of gas val ues

are conpared t o MSELOSURE ORINVENTIGIN mass of gas rel eased fromthe

reservoir during the I

calibration servo | ogt)&@c?p %e;%.t%geg@ﬁqt*gﬂchg ?’E‘%\éﬁ ?rgﬂv%vgg th gﬁ?&’ s&/\ﬁef’n that

t her ef or e use: aaecuratelys megsyres gas flaw duripg slelivery ofiges &0 @ progessing thamberst

10 deliver to { [

post - del i v%?y téprgg?ge(&ggﬁé’ ﬁﬁgg@%rée%é&ge&?%%g gfag;lgﬂ\%l&rgéoa{gaencr%vgléhur ed

after the gas ftheflovemeasurenentsl ThEheawlnwmk&mmcgudneasﬂuid@nedmit;cmcmd
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Pressure and temperature sensing devices are coupled to the calibration vofume.

Mass flow sensors are also located downstream of the calibration volume. Inone
30 example, the downstream rnass flow sensors include a floating reference
differential pressure sensor that includes two pressure transducers. A first



15 imtations, the present inventors have nonethel ess anal yzed Wlner's
approach with an eye toward any pos: ~i ble inprovenents. In this endeavor,
the inventors have considered the otherw sesunrecogni zed limtation that
Wil mer' s approach, which corrects the setpoint and not the flow neasurenent
itself, does not enable secondary nonitoring devices or systens to receive
an actual flow s i ion, J.N|ner's nethod
of flow control trgﬂ%!urc grsls;éﬁuf%da@q? o".\)/vrﬁjrajlljﬁq L?%Eﬁgcr}'\g}e i‘°¥"|'8§""?\lﬁ%808ﬁ5§#’°"$
orifice) thus el transthucenis attechpddsitie conguinfoverngieanab the fiow rdédnectee! Exery

uch Tactors as Eafilicbarbth aforefNE RRollih Scukiee Snirebrmagroures.

undesi rabl e effepltessmm relaeve:ttamcteeéreﬁte presedret he material. 25 As anot her
limtation the Wl ner' %g'pgoach asflowcontroller calibration is

perforned i f ret | uentMP §?t ngsﬁtem IRFENER CHBIomE sPEFfigRlan &P can
only pertormed ofthrgkt nmssalbwa:raté"m "PEOSERALS §p@6;fylﬁ§15&5e‘$lreavrét%f rABSSHEW

pressure and tenperature of th S i ni.ng i e reservoir after the
processi ng run {%’Q{B’P%‘?‘ 15 URKS B "ﬂiﬁ f%?&?b'(jg%mwtﬁﬁilﬂey"f'mﬁWMrﬁﬁ@r fhe
process 30 run. gidrheugbceising Uhei set graskithg chiiftafist voRee & chixgel! &M the

measurenents of the last run, this technique effectively limts

recal i bration t o'®HIENEE PEESSHFE it geiwsted; ion Calibpate; thesioalipg | refesenesn difierential
woul d benefjigt f{:&@bwéetréﬁﬁqﬂeﬁt ORLHDIGAET flow iV infilfedS D IO RAC Rowry
be i nadequate. Furthernmore, Wl nmer's approach is wholly inadequate for
single run gas dBEASMEEpisRIBdeRaatedy iFkendns)udios ROSRIVE\REGSSLE MEBFEMaNS
oot . HARDUARE CNROMENTSdh oNRE SRR i r8s e el s HEBss the flow

| ntroduction One aspect of the Invention concerns gas flow system which
may be enbodi ed 'E§irgl] Hiesenaeannsgracis vt te d@#mmmﬁ@ecmeﬁéenepcmssd@w
shown by the SySLRIh 200 righChifirel - is ladiedy $hMoadR BNy Sadjudibd sy I
214, electronics 10 nodlle 213, process cha , and an | uent

out | et 252.15Br oa@npyopriaie CPDWVEMEE uptilgthg regqsyegd flow f%@tf%a@esﬁb%t?s'ge'g@@?s at
a user-sel ected §RSPak! OYsihgliRe térﬂbprathh}%lp‘?éé%‘t‘a%§eﬁ§?ﬁf’8@0nc3§§t g cHFﬁﬁailéh
sem conduct or manuf acturing; coating, or other processes occurring in the
chamber 215. Ano\tqwetfﬁmtedtcﬁtﬁufqﬂgw pbetiual Tapsgi flostiate asmade I efOVver PMuent
~-utlet 252 1o pc?lgtgg {)é%ethmGQnQﬁU“?ﬂéa%ufgd tnh&slﬁovp%fa{bszl‘*/\lhgﬁ’@ver a
el ectroni cs nodu ontrols various electrically operated conmponents in
the fl ow bath 21dtscramqyeeé¢ums the mapperced| gaiculatipg ssasuisd avamle neqttested om
other compgRent Sy, ﬁmoaeéé&\wg&%{aé%b%#wm odovPtSRtd RNRZHITGHY fow? 13

is coupled to these conponents ectrically Tonductive 20 wires or
busses. However ratst ity the nadjusted @ﬂttﬁ\?ﬁ@%@ﬁ‘&ﬁ?ﬂWﬁ'éﬁ\@OWrﬁ}et?écﬁ%’éG‘Edw‘é‘FFhﬁmq ber

optic fines, ion using light, radio waves, sound etc.
Process Charber tg %?ﬁg&é?te%ﬁfet During a process run, the process chanber
215 i s the destinati étheiempedimests efadownsiiearinass Baw sanser 2(e alspdisgipsed,
process Chamber suthes HifeRiAtfiRes 10aseds EEﬁE@%@pﬁ%ér’ﬁtﬂﬁtgéésﬂrétréﬁ@&uc@we

been placed in t rocess c for t ur pose uch interaction
{nﬁy : n\léol viécoatmﬁgpteﬁ e'agal‘arﬂgyw!éh mﬁ ﬂf?‘v '%Féibﬁ@i oF J[@hrﬁ";gliﬁﬁfﬁ%&fbe %ﬁdllgﬁgzv't%%d
e like an Siptbhe pa may be applied to
sem conduct or rrartﬁé@f{g{js Fﬁégﬁ &ha erédurl ng the process of manufacturing
integrated circuits, Pfcr-atdlmelh afiespmipdimendhe rventige maysbe ipplegiented to o
exanpl e, proces I a4 ARAR [TUEH
cxarmle, P oces yBae Al Ak etd oBBUoRE P iy AL SRR
conpri ses a vessarothEr emﬁdcﬁmemnﬁwesmmtlomﬂmlba lmhbmmt@rfmlr@l@%a'bémamed
e conducthr e ot B Peg. elVaR RIS, 1BUCRe BN ERRAE sPSMAFT Tal paother
no further descremtyodiment hbeef\vénmnt lmutbeelmmemepte@viodéwvwepﬁéi@l&':@_é.LMact

Prashi ng a ut i | MG (st RrtREvRST RV bibpracf et oIan” RURERAEY |

outl et 252. The effluent outlet 10 252 al so has another use. During a
manufacturing run, a utility gas nay be directed through a "reference
conduit,” and ultimately out the effluent outlet 252. This is useful during
calibration and use of certain floating reference pressure transducers,

di scussed bel ow.



In sonme cases, and if gasses fromthe path 214 are nontoxic, the effluent
15 outlet 252 may be a vent or exhaust port leading into the anbient air.
In other cases, the effluent outlet 252 may include a suitable storage
facility, a vacuum punp or other plunbing t'8 sui tabl e evacuation and

di scharge neans. The construction of effluent outlets, such as those used
in sem conductor manufacturing, are well known in the art, and no further
description is rexeutae byos Agiebdga Ptqfi-QS?r'P@\ﬁPﬁafﬂiUSzin pgfierme| ereralintiscior
nmodul e 213 inple : [

such as process %%ﬁ?sﬁgiea@ é’%?é‘?‘té Ird%%w%r%gnbog gt c%ﬂ@?ﬂx@iﬁ_é
denonstrating usﬁ&@.ﬂytﬂwingnmdmle mltelctFﬂrmmd@bﬂ'@ifmaﬂybbmcpmﬁemEm&mnﬂgweé a
process gas as r S gas path
Dida and a utt1 | P ogRI ettt BAE e daEelvity HASE gBWBLBERTT OTT
process charfber 215) Theeiryention affapis| iedsers with er hambet ot distidct bdvantages.

Gl Tane) argon) our e WFereRERRled ARl dbeedh ddsiitillon BARRo JERRSS .,

pur poses ot her tmass fippmeastirepmertodunirigggasalediveny, amrbcq)npmegsnehieﬂsererﬁéﬁs
For 30 exanple) the utilit as ey dthr the ow, pat h 4a
nto the ef F1 ubnP MoeiBAspUisle! esEPie 308 ob B eV rooliste ek iy SHABR i he
anot her appl i cat preﬁéntvmvérﬁlohhenmmeeaBa@meqaa%me hhémhebbeteﬂlyorvveagm@s
214a, the U]'[I|It s e%plglied under essurelnflqw&?h24bto
calibrate ff oatl%ﬁ é‘f%’? £RF DFAFYEMSTUS SHPRY irraltiog) AstHa! 93s delveny ow
path 214a, as diFiwisnentibel msy bwhm»lemeﬂeaah brid eribodiraét, tot hdréltddcutateigas
preferably conprises 5 a non- COHOSI@QP,"@B and %ﬁvater free substa ce such

as nitrogen. TheBEARHIGI92F QY rAlS Y5k fenceAitigTentialpressue g

damage the fl oatinkgntraétadene pristidi, eeratfioating Fdeuee ptdssladivaifidticers prowde
chem cal | y-sensitive back sides, as disc d bel ow. Consi deri n%pt he f| ow

path 214 in grea?%rﬁatfél’%ﬁge of measptenen an ghﬁ‘ Pl/gaQiution 1A anaheyadvantage. theg

| eading t~qsa ' rfw‘aﬁhgrreersﬁ@ pfeISQWepﬁéﬁhd%&éks mbyebd akéd %ﬁabcareog.wlpﬂste%san
adj ustable flow control valve 211, reference conduit 261, and fl ow

restrictor 212. 995BEHPqeansHucess falicale b@GhﬁlS’ﬁéﬁ'f%'sP'ﬁ“ﬁfdl Beyah srupling tean

be rearranged sugferéhad cért&.tfdoﬁwuﬁﬁmrse#e y@d ¥ aérémpfioﬁdra\@dr;ﬁégéurét or 212
are swapped in their |ocations | acl control valve 219 downstream and

n
flow restrictor 212 UBet N¥SRHQS 'srﬁs‘l’ @%@ﬁ’&%a'c'arﬁmmoaéeapp"m toageiientts

and their 15 opeipplitAibrd!if s€micon8a&er mAngfRAIRG, fiet.awém.eﬁlrﬁw alsd badftieliten
to the inlet 258 and flow path 214b, the flow path 214 includes a process

gas inlet 286 cARFUIAIEIVIARINGR Gro RN Coalng WIRIQNS. SRERISs 18 OUBMRHTIAISs 358

258 constitute ghventiBhldido pBlidesd ndinbenef dtheMadiahtagéd 4nd BRREMSSWHIBR sﬁé&l@ ess
chanber 215 and effluent outlet 252 constitute the "downstrean end.

three 20 way valRfarRarertdrom the toflgwiag deseripfion af thgdnveationi | ity gas i nI et
258 or the process gas inlet 256 into the process gas flow path 214a. The
val ve 201 switches between t he |nI et 256 the inlea 258) or neither inlet
("off") in respBRIEFL FLBAWING ecei ved fromthe el ectronics

modul e 2' 13 over a i t@ ad@vﬁ?ﬁﬁé&hﬁd +e\s:@fx@bmm‘ﬁv@meﬁm.%e%ré%soﬂn@
t hree-way val ves incl ude '‘Utraseal Valves of 25 Packer Corporation, and

vai vca of Wérif |a9pc§ﬁ@§¢érpnbwe§oltgwa detriledhdescaptien. mhendead raniungtion with
the valve 201 inpd WRRKE are various subconponents, such
as gauges, valves, Qﬁcﬁhpﬁhﬁﬁég |ntmerconnect ed in serial fashion by seal ed
condui ts, such as nefiEURERS ablogk diagramiof aginewpl mass iy coantraller.
bt 50 targot cont ant TGHIE &85 BBk Hadre hthi E nail . ccifondrl el €
comrer c! al | y avanteedoneeecticnspifa witie tramgd gas éelnv26/2mass tlm_csnmdﬂayetdam;wah méass
Steel fi1Lah, MUMPSHY SdremER! HEEuSRERCEA | Aletn Usitg nodg FGRkhcke 2
differential pressure transducers, in accordance with the invention.




conprise a cavity defined within a solid netal block assenbly, as discussed
below. Optionally, a tenpe~~ature sensor 210 nmay be coupled to the
calibration volune 203 to neasure the tenpgrature of gas inside the
calibration volunme 203. 5 The tenperature sensor 21 iJ sends an el ectncal
representation of its tenperature reading to the electronics nodule 213
over a|ine 210a. AFMGORENSSEAG BRGHY SHOBRRCHEthA BRI EAbEREAL D

vol ume 203, the tenperature sensor 210 may be Connect e\g I nalr ctly, at a
site such as a 'REgoBpestiamsdoica miffarentam BBt ok pae dehvry insassufidw cioetoll y
near the vol ume 23, aiibrk REdiRBlehial PPENEHR £9ndddcBPRSHEShibd § 8artaﬁrrlpwei?p:{hlére'
Tenperature neasurenent hel ps neasure and account for vari ous et

effects, such dwmslristr, inasaorsaoe: with thesindentiong cal i bration, variations in

process gag tenpera of.har nr rties. a feasible but sinpler
al ternat i VZ, t he te%@gg u?ggs?eéllg‘g‘r d@?%@@@‘%@?tQ%ﬂ@%ﬁ?’f‘ﬂ&”%%%ﬁ] 200.
In this case, anteassoegiionsofagps bewracteoliehaith ramipte patis and Shareg@osfevérite

val ue, such i ient . tenperature. An absol ute pressures sensor 204 is
operatively coﬁ'ﬁﬁ‘gncfa‘{ggéﬁr ed'ﬁ%{gﬁg‘?rgf‘?stfnga\ﬁ?%r%aﬁﬁ?a’b(lroe ‘?"ih ABYRRIONe~~di ng
from the vol ume 203FIGISREI § s tar bibed Hiagim d1ad bigitalsdathagrbe i mEhie in

| ocation to measura absol uie igressure of gasses inside the volune 203. The
sensor 2(14 seRGE” Anch Wik the.invention: esent ation of its pressure 20 reading
to the el estroni cs FIGURE 6Xhdwe\dlexampiify S8Aa-bebfifig ARSI irfadtbffaride vithensor
204 measures "absol ute" pressure because it operates by neasuring pressure
rel ative to abd¥ WeRReuum Accordingly, the sensor 204 may conprise a

di aphragm type devi ersurBSt PRI7E\WeBRE S HiBlvchirt SHrd%Y | dperdtnkP Aiee fdrhe
absol ute pressure in accordance w ?h flow Festri ct oréb;e{)ﬁ snucﬁgtsﬁit anr
average 25 pr e$paradingagapdelivenemassitey cantrohsysiers by menegingdenstigamamassar
flow. Thereforeguyuiin lanbdWithahe fhveRipdi nent, the absol ute pressure
sensor 204 is p gb’e(#c?ﬁrdgr 0J>E<Ii n%te (‘)’gatl on to both calibration volune 203
and flow restrictor 206, so as to be operationally coupled to both,

general | ylﬁcco'@@éTsrhé‘ﬂ)é)EO@' ﬂhg!' NADGP Y inviNihienged for high fluid
conductance and of reratrvery snor en or s path 30 between
cal i bration vol une Pesnatuee. fobirgtivess end egdvantagess ofAhe ivantnrowl begome more
comrercial ly aygi r r LiSer [ ct
from Setra Cor\ég?é{t@ﬁoﬁo qpéé-glg“ e%ﬁ?ﬁgaﬁ %ﬁ%%@"i‘i‘?’?@fé”{%ﬁ o\\/%'%ré\%ﬁézl%g t he
rocess gas sERNoN Mietmnes ¢ pany rBwHOS| ASINeiPHec BReve.| ow
P gas f| desgsiptioy paticrewith the @gepmparnyingd i Asgpertgped Bheve,|
restrictor 206 jy: ] | &1 nt,
a sonic nozzl ef&gn%mrtl’? 5?3@%@%@?’“@?&%{3 éngewg?égﬁo@ﬁﬁeﬁ tgfeag%&ﬁbtlg ched
tube, one2®r norEasurgsirhasy fow.utnsrectsosuchiroesrurerpenisc langi eptionally pdiysis|aasi ng
flowto suit t f el BBiveny gng;&t 14 QR HrORS I ENamBEd N&IcRi n.
In this enbodi ﬂg‘ﬁté%ﬁoﬁﬁ gg" an’ ex nré)+1ées' for appléi.'cryerltl onmg’f agas flowin the
| ami nar or nol Ewasaentantwategpopeatively madedyane IMPESHEErS at aoynsirgam
mount ed_about G rddfilof Gy Wik UpstBim SALEK Yt i Eaillrdiiohvalima! pressure
sensor includes a first | oat ' ng-reference pressure transducer 205
upstream of the flow restrictor 206, and a second floating-reference
pressure trans Fd% ﬁr%?g e ictor 206. In contrast
to the absol ut gw%‘?'ggi%rbe sensgsr 0 gét'i\l'lgﬂ?llfoatiﬁg?%_er ence pressure
transduces 205, 207 comérast to {heovsigas flaw sontrellers which nse @apilant bes @sce
pressure provi t re i J 0 15 In
this respect, ﬁﬁguﬁosggn% dgegg&ggé&pggg%éi"'rh%e&%&%ﬁe@dki%t newr‘gsép_aeﬁn&céqg%ndui t
261 by condui t §,8882a5 1@ UVianerTissued Belydarye, 4 999 SWIlRET usesa teseovaibRfNnewnt o
the el ectronics ule. 213 | e i cal. |ines. , [ pose
of sending an é?'g&gr‘{vﬁ'ﬁﬁ % g’[‘)@rée\g'ghngéls{'i'%oﬁ? 18% ‘@%’Z‘Pﬁgfggﬁé%glgvreeg ol e%@gf gw ©
readi ngs to thtempersturoand pressdie af tRd §as th&aeservoinawdneasured ip déteaving
di aphr ag ype_manonet er, .such_as a. i ]
manome; orld Usce A FIRE T SRE Torn i ARG R FeslRon R By o BBR BB o
wi th one port coupled to each side of the diaphragm One half of the
housing (a "back"” side) vents to the reference conduit 261 and the ot her
half (a "front" side) vents to the flow path 214a. Each differential 25
pressure transducer therefore neasures the difference between the reference
conduit pressure and the pres:;ure at the flow path 214a. At a transducer's
back side, a sensing device such as an electrode is coupled to the
di aphragm to sense the di aphragm s position (and hence the relative
difference in pressure upon the two sides). The sensing devi cE~ nay detect
changes in capacitance, strain, |ight,



30 magnetic input) or another property. Because of the electrode's
sensitivity to contam nants, con-osive chem cals, and noisture, the back

si de of each transducer onIy encounters thegcl ean, dry gas of the reference
conduit 261 (via the conduit -14 205a or 507a). In addition to the
differential pressure that each transducer nmeasures, the difference betmeen
t he readi ngs of the ucers 2 207 nst.i t ut es. her rent
bressure T aad ng CRMT FODFALEIRES COREDR S TR R oAy &y ebiap Balow4aat YAy ecinde?
restrictor 206. &)tmmpbmdym‘mncﬂawmircmaé.dncytcabasélabélaralrngdm%smedldwmgeamtmt
the differential, pressure tra sducers abFZOY i ncl ude:

228
Vbdel - 230 pr esouPE RIPSSERATESoh (eapale ol A s, the ges

DeltaMate |ine, »eriMy hetheTeserlait idsgdis nsasuras tdiSerMnk th® ®in8) massl of gas
Edwar ds. The ref erence Cﬁte?u't 261 | s set to a selected pressure begqes o
a

adj usting tRe 107eFIdQ trsepiRity e Tha Iy mass end taliness aheanva
utility gas int Ocdrh&arésft@a@@ﬁﬁm@wguhalzﬁésééf%measéu RémARSresERRirfduping

control valve 211, and hence the pressure in the reference conduit 261, is
control led by el Befesieastep; Jhisvaluesesiasas W”PLI'iéD acathration esvetaeaieupdate

over the line Zlalsﬁsteﬂ;r&hg}aeﬁﬁtcggs@ﬁpssure on the reference conduit 261 is
po: ~si bl e due to t resence of the flow restrictor 212, | S which permts

a pressure differenc "@eét)hesqul?étsﬁbéM%ﬁ@ﬁgﬁﬁ@ﬁbmpmﬂilwh%@)9ﬁ$ \§rhiest
pressure) apd t h@elﬁ&féou?d"tth@%goéésgv‘ﬁ{anﬁﬁ?sﬁb%e)he Péste‘?&d?ratén %ﬁ%efhl/éw

restrictor 212 may be placed ‘upstream of the reference con Ult
permt a pressurt@nmemtereemﬂegstémotgamttm@semr yeInéaruced atid thedas Aew

reference condui gr@@nai@@' ﬁ}é ?Ssttdé?i% Qﬁéé%rer‘ﬁ@n{s\’ﬁre%}éd tglr%q:&g?ﬂ)qg\@st%eam

of the reference condurt 20 contr e pressure in the reference
conduit 261 in rwtﬁjﬁs@ﬁtloﬁelecnﬁﬁloaleabﬁlrgﬁal s received by the el ectronics

modul e 213 over the Ip % Vi Ve%é?&mﬁ%%:géﬁnf: & u@@{tjﬁb@éﬁdfﬂ %sté]&t'eHdes

an adjustable flow con ro ose Sett the
gas fl ow ndsi n tlmitgienk, thepaesenh investors lnnyeomorlenbelemama:lyzadau\ﬁumezﬁappsaach

va've 208 over it A0 BRNS B b RR mmay S 1o TITTHOES By R
fl ow control val IweZ@ﬁlsadeded)tﬂeeothéhmse onrecoghized limitatioh that Y¥itdetseagproachmay
conpri e any SULLABh EohLBE AL s6RAN Sy HAINE 1§ 1P RO ER AL 1ol AL

control valve, pi 6206l r| C e co rol
control valve, e$e1:onmaq reomitosing devicegs mslemﬂb recmvmareacmalﬁlowmgrmﬁbrmlue

ol ect | vel yexnavst s st qpEeBRARESs mulol S Tl bt n 028 e

sel ecti vel yexhaust s 'gas rom P Fow pa
215 or to the eféallsonittvebaditiestthitiugh aflosfive|thies &08inating the p;msubmt)ed apetivation

t he process cha Jols tIe th
("off') in res pgﬁg Z%E?g?r&cqb%%gg é“%’%@fﬁ tﬂ?t%@fe&ég\;? ﬁ]ﬂgﬁ%ﬂgf"e@ R 3%'%
nodul e 213 over duéd itoesuth! factérseas rsphutios albehatien, 5cﬁ'émncal dissooiatiors, opdiher
213 controls the e cally activ ted [oX0) ts the flow path 214,
and al so receive¥" ciféf Hﬁ%{ﬁ"xso‘ﬁﬁﬁﬁ ?rgctggaté Qﬁﬁ? Sr(ﬁ‘rl cally reporting
_m??sur ementzsa_ndhst at uss lam‘ouiéraﬁrhm'onTbe tbé eWMilran| scapmdul!u,e g24d Fex doanghe
information wt | out p sou ia a nt er
b60. The data | neAtbraen it petaTea eg Rl Sirds A BEEBes o eflionel Sbiitony
host comﬁut er sy&ireahlycpmmmd hedaiﬂ-lmw afiert nm#rofcetsﬁrurDeNean@Vmﬁennmsmes

t t t t t t
e ane 260 o eRNELER TIPSR e Rh RS, S HATD M dSe apSvaitalter, L8
these conponent sp :rasa&sém? mnkewb@ahﬁw H@wyﬁ@dw to¥dl §89aR 08B bWedUURHE tHe pmaes:sor
conput er nouse, trackb itizin voi ce activation software, foot

pedal s, di &%, kﬂ’é‘bsA"ho'-’Shé-\ﬁF ieche F‘@thFﬁCFH'é’%&éQ‘%‘FO"éH‘eéISEEﬁ"?%?E the

mechani zed user, jaY&inCHiPRRAALSe effectively limits recalibration to one time per process run.

For those applications that would benefit from more frequent calibration, Wilmer's



of the interface 260 may conprise a wre, buss, tel ephone nodem radio
frequency, mcrowave or infrared |ink) conputer network) or other

equi prent. The el ectronics nodule 213 itset$ may be inplenmented in
different ways. In one enbodi nent, the electronics nodule 213 may be

i npl enented using a 20 digital data processi ng apparatus. This apparatus
may be enbodi ed 2Bprogahi By h\%rldmatﬁorrpﬁmﬁwmomd/\fllmem cappreadh dnsvhalipe
exanple is the d CESS Q0 GURE

appar at us 500 |?1dc uggétea?%f%'@ gs@rﬁ g%% O%W "’Brb'ées% C%B? o@ggsa$st&,e|'mrner
processi ng nachicarati@uisimeebtt o a st or age 504 In the present exanple. the
storage 504 includes a fast-access storage 506, 25 as well as nonvol atile
storage 508. The fast-access storage 506 nmay conprise random access menory
(Rr4M)) and may HAROWERE COMRDNENAS & INTERODNNECTIONSUCT i ons execut ed by

t he processor 5%2 !The;n%qvgl atile storage 508 may conprise, for exanple,
read-only ram"rable ROM conpact di sk, or one or nore
magneti c data storagetreddétwnsuch as a "hard drive," floppy 30 di sk, or tape
drive, or any other @ui tabe)% §t or ﬁ%e devi ce. The agglar atus 500 al so

i ncl udes an i nput/ ouPPEESREH)O 0% ITVEBUIAD PONGEINS,3 G7S HQm ystean cwhich mgnBe i ¢

link, or -16 emnememwndwhatrm.rarcemﬁ@ms5ﬂam&é}c@m@&a&§@aéﬂmw¢the
ot her hardware exterr&z}l0 C%{?glé apparatus 500. To support conmmuni cations
199t

with anal og devFYXeM Drsysiera 20D drdlydegiatowarih 214 eleckapics
further ing udenRagied1 3@5&:&9@&%&&2@\59&5@% GO \RAESES, @?Siadly the flow

di gital -to-anal og converters (not shown). Such converters are, however,
unnecessary if PaB Al4IReciselydirednai pigcetsgasest 2 userrelesied mass flowHatge into
digital inputsl gt d;%& smr%tshﬁr%es% Eér%cfo%@&&‘ H\%ng s.ﬁrr|n§t 'cesgngm
ordinarily skilled artisans (having t benefit of i scl dsur

recogni ze that ©Her piogessas Qf&?ﬁ‘"ﬁr"b&l%‘é‘ﬁﬁ‘gbel@épﬁépﬂleﬁﬂméﬁ ébﬁé‘@é@%’b@% may
be i mp! ement ed digock, GRE S henbrntbrt et 221k b4IERL Bm thtcBHHon@ﬁﬂaéftthé'g
fromthe scope of the invention. As a specific eXxanple, one of

conponent s13506, PBDO@1ftay be el ininated; furthernore, the storage 504 may be
provi ~9ed on-board tfie MQGRHRQY mithile 0£1§V€d?1tr8fs°‘<bﬂ8&’s eei.%ageal ! lbple%té&‘e
apparatus 500. 1 S Furthernore, in contrast to the digit or age
appar at us 500 (Far@RIRENE int the dowc pathi 24, narefli| recejves) Elegiycally repseeeniad ed
by 1ogi ¢ ci reui fesyrbRrhfadom SR L fipoR¥ACL! 3. hestdibfing08SerigfBREAL N0
upon the particular requirements of application int areas c~f speed
expense, tool i nejecteanics madde2na iy caupled thitkesecgimposents by elegtriaally penductive

| mpl ement »,d by n hdte ERFRcHLE meahg A 5Euall SLEAUT L
(ASI ©) havzlgng gﬁg;%tn%ﬁ%% ?to%v?rgp{é{eﬁgt h%ransf‘s't ors. ﬂ;anuASI C may be
i mpl enent ed ummﬂmt:ﬂms witedsisp 1@ﬂsmmsmhgfmaémc\m@tsr gewncetc. Ot her
alternatives include a digital signal processing chip (DSP), discrete
circuitry (such as resistors, capamtors di odes) inductors, and
transistors), fieldHiocessdonarmber @i At Patlel FPGA) | prograrrmabl e logic
array (PLA), and th Aé %é h 95 lid) 1R GeSUUTBhYoY
construction, the flett))t%/'\’/I a?r?? i mé&%%%?ﬁcté@g&t) ?6rrtn n ea unitary

bl ock asser nbt ypropess gasdiam the flow patb@%atﬂibe amesmltanmﬁr 2¢amtheipeacespgBsar e
machi ned |nto t E{)&% f; d?%( be
formed by nachllﬁﬁﬁgg)étgﬁhﬂm éﬂmﬁ%@"a&éﬂ |enCHI cg?i gpg%%g%}gzgg engg':ie a‘clgver
30 pl ate, wel deglrpose. hSuchdoterartionrbay invBivehcdatingg reactiog, f¢tghmpadﬁsoenwgn be
desirable from t i Gl .

assenbly may avéo 3‘“3‘%"%%%9?‘ ngi"sem%f 'ﬁée% %k g?éspH?egg 8 ﬁgrc? ttg\ggﬁgj' ?eakage
and reduce costmaihe applierktosesmiodridyctaaynateriatsiiethe rcban@teadwir@t@esw egesiss of

| nconel Hastel b t a

Ut 11 ai ent 1 P eySEoT oo BaATR bt ARCBHRS oRily@ afly . *hs thblher
characteristics, etc. In order to sinplify construction, 5 the flow path
214b and the associ at ed conponents nmay be constructed separately fromthe
bl ock assenbly, thereby permtting side-by-side attachnment to the flow path
2'14a and its conpon~:nts. In this enbodinent, the block assenbly may
include four plunbing fittings providing the inlet 258, inlet: 256, port to
t he process chanber 215, and port to the 10 effluent 252. Fittings
int~:gral to the block assenbly may, for exanple, be conpatible with
standard nmetal seal valve connections known and comonly used




in the industry. The bl ock assenbly may be provided with appropriate

nmounti ng hardware for any conponents that are to be detachable) such as for
service and/or 15 replacenent. For instance, provisions for nounting any
one or all conponents 201-212 may be nade t¥-al | ow repl acenent of these
devices for service. The calibration volune 203 in this enbodi nent
conprises a machined cavity within the bl ock assenbly or cani ster renovably
mount ed. The fl c&¥amperprecess gaxsiromyhepathedldi Mayibe pees-tmeent Windemsh tragfals,

wi thin the bloc ed, dependi ng upon the
particul ar appl .k%'giéﬂ’:‘%n”g %hﬁ&orﬁﬁl@@éﬁ@#ﬁeﬁgwngi}&m 3 shows one:
alternative to the sylteprooers chambee2td somplisessevissel d sefficientsizd to halddhael of
t he dual transd [ on,
thi s i mpl enont att e, B Béadr RER U bERE dFetas TRt SRR fipht
reduces costs <<lmbdsmrqdmlf:mumcldlenm&dacgunmg/ aoenwelii kmpwinhia the fagtr amd ¢hesefodeli t
261 and usi ng a @ﬁ@' 8@% l{'essure transducer. As with the system
~1'00 (FI GURE 2) S the system 300 (FIGURE 3} is connected
across a flow rest ri c‘ltmareml]?ént ddmee:zez prdvhtmssaep&ﬁé i@ tivectapes froh thé flbwzmatiany

FORE 2 1 & abeetls: AS difocestniey P eal 2 el b el Bl Ring Bl

single differ entmﬁdugprtbspathaﬂtandnmdmmly dmltﬂe edffuent ot R62gThé gffRiedemitize.

- ~s 1n this ar in i S rout to the
hr co- vy V8T ve 5 S HES adctfierbde, o Uil rBnElastinfe e Skl bR ke
inlet 302) or prdiress Besughfd O8lerdrzei odhdiit, 38Agd uitifiately bet theredmeass oasst 362 h
314a or shuts of_f bot h |nl t .gases. At the do strea end) the three-wa
val ve 319 sel ect |RiRS/Usefy %’"@a%a"PF‘BWPt?ﬂQ #56P E%@%“ gf]aet"?g BRIETSACR PIESRUTE o

the process chanigisdQtersh@is@idseddeiowput | et or shuts off both outlet paths.
In still another enbodi nent (not shown), the flow restrictor 306 and

pressure sensor 316 MAFOME GasEs.ANGd! 9RsSES ForniheRath 34 are neftoxientbsefiugnt ch

uses a capikl ar Youtlib252mdl IS¢ a.veABSlexMHARLEport e ddiHgSin@ AR HrABIBAL aif Nen other
capillary tube I O constitutes a flowrestrictor. Yet another variation

repl aces units RF6es3hg effuent guilet 202 may ingludma suitpbie stasage fAqilly. a vacuum

Mul ti-Path Gas rSothéepRinWidd 1o stitaliatevabadtioy ahd UkcHaldeRfeahs. afh
alternative desﬁzj‘ﬁﬁb eéc Bt els§ste&r“r‘s ,a ;ﬂFI GUREé: 2-3) may 15 bee

construct ed wi t FARSIGHANe ‘ﬁr Gtﬂé@@ fidlets, oﬁP‘Hht?% haseavead dn. SPRIi¢anduEtes e

of the system 2Ofeandfaemﬂﬁgrmb%«eu%aivhqmr%sa@faﬁd% ﬁ:ﬁﬁ@P&é‘éHrnétn&Qk réQirédd
the interconnecti ng condur t éo be constructed to create dup | cate process
ko

gas flow pdPhs. Thesdhapoh dag dowaati 1¢and eleripnicsmeduiedi dimplementvaggys
inlet 258, pr 003§§tu@@mﬁé ifEntiSh, ARd &ﬁmbd?\fen{sugﬂéh Qé‘b}d%tesgéﬁam%lé §1§aa99

having its own uni que process gas inl : di rent provides a
means of sel ect |C{P@I'C)VE%99||’¥If9T hg P&'&Q§P&t°é‘3?m@6ﬁ*ﬁfmgllée qiﬁlwmvgnw mass flow
rate of nore than one gas type to the process chanber 215 either separately
or in conbination. Anal ogous nodi fications may be nmade to the system 300
(FIGURE 3). Milti-Pa | ow System Wth Shared Calibration Volune 25 As

an al ter nati Ve, 10 LNy BBuph1d bOMTER 2 plocdisQliFad ol 4% Buty o0

that shares on' calibration vol une anpn rocess gasse
25 includes a process gas path 214a and a utmty gas path 214b. The process gas

is directed to the process chamber 215, where it is applied to materials located
there. To provide some examples, the process gas may be. nitrogen, oxygen,
ozone, silane, argon, chlorinated fluorocarbons, etc. The utility gas is used for
purposes other than application to materials in the process chamber 215. For

30 example, the utility gas may te routed through the flow path 214a into the effluent
outlet 252, thereby purging the flow path 214a.



Al t hough this exanpl e uses hvo process gasses) ordinarily skilled artisans
(having the benefit of this disclosure) will recognize that the invention

al so includes adaptations of the system 4Q00-to include a greater nunber of
process gasses or 30 even a single process gas supplied to multiple

| ocations such as nore than one process chanber. The system 400

includes first and sipcothapappRaso”ashiRakdBrofsH) a‘!s%ssés #abi, gfhﬂélfm a%um?

403, ternperatuge sensor. 470, and absol ute pressure sensor are are
among the two patéd 1asBlilitygas may beapplifdidinen peesauie io rymade 284tnid eatibtés/i ces

as di scussed abqyftingSrefé@néd 'aﬁferé}ﬁiah Pﬁuié’ﬁér‘r@%ﬁeéﬂn‘ mteeﬁoxé %X’i % 44ECEL V; a

first process gas, and an inl et eceive a uti hr ee-wa
val ve 408 sel ecE’FQ‘éﬁlstalﬁﬁ“f éNB%Usqq{@ffbtswerp%e ‘hélut'l*msaga@fﬂabmqomnsm ets

402, 404 tg a f fhe

val ve 417) qV\:hI Cﬁhgg-ﬁzogrlétgwee %Y@%h&g\%mrqeetslﬁﬁstfahéetﬁfcp as nﬁr%% &85?{ :c?ganl e
403 and ot her ab%‘@@ﬂaﬂ@dhﬁahﬂmmg&wdtrmqi dgmggstltedlctaheg rd‘éter(casirfﬂé)estiabvm)
or (2) bypass t cting s to ri ght (as
shown). Downst rggm%t ”%b ?\é:(rp’gth or'llélgg :vaecg gdne&' 5%?58?"3?64}(}3 Wdware is
a three-way val ve 41®onsTdimmgaheélow1r93tB Ql1éom |gmwr delail, a5e pash Rnonindibdes a

Component & i n 1 Hon 255 2258 Aeadtifis’s ERTaREL R doMndb Brabontesiie e 1)

a differentli al pciegssipa amm&tablemﬁr covtnot ealve 21pareferente co@guinR6 hhanl fidve
pressure sensor stre fI ow r st i tor 4 and (3) an
adj ustabl e fl ovvref:ééf? W ﬁ{?ggﬂ'é ﬁ’?u?’rrp(gd 8%%?'? tEéﬁf—‘b {’

have simlar comtrauged (slmclantiatf nmcmomrcoasoldvaw%ﬂbwd)w@ festitdre212 are
enbodi nents. The %) al SOtI ncl 'udes ﬁ t hr eelzl\%y %9 val ve, 434, {ICh
sel ectively dir8¢RP §' B {9r2IBPH LIS ARG FHRIOl MalVe ¢ T APWRSHeam ANl 40.
The system 400 dasmc&ﬁszmh@mmeﬁfaeﬂé&corﬁﬁﬁ 264 2% heds3orhpohénts Sndaheir an
exanpl e apgl icable to | a nar ow a li,cations. Nonetheless, (1) the

absol ut e pI essu‘?’eergtecﬁsﬁrre %3’58 ingue f’?‘é‘ﬁbﬁ@ applicabl e for nol ecul ar

f1 ow applications, 2& additioh iethd ihleE2EMbh@liow PEES24D, tHIRW pAth’2 PEIRchEes
omtted applicable for sonic flow a%pl i cations t he cor ngronent s 422,

423, 424, 430 cAR'ISESP P NELRRH twried 9 r?é?cerﬁgéisfr(‘?}w R&SRZ14R hhe nfRts

second path 4602561%31@eﬁstﬁmmahabpaﬂwmtﬁmearruw p&th 14 Wheteasape plicessf
directing gas into th ghar cali &3625 on vol ung e the

path 450, 30 the"3mRhes 24 ugré gu 2Gepelitytedne e&&@%@aﬂﬁtqm pribtess s

chamber oujgl et ag;svgoe bhe selEEirwédrﬁhB o6& frériGhe utrlﬂﬁ@as“xlnléi@%"brtﬂh@ fdde«'§§ and
second paths 450, 460 are shown wilh an identi caI arrg,g‘ge 2§ﬁéwnc?ves

conponent s, t he93miniRl 2Bfpinto 8 piRress 938 flod BAM 213 b

application at pawden mae\n@alzss TRY infkA 268 CAMeARETThIB G“Bﬁfb uﬁeEpaﬁseaa@mbmdsala
different order, nore or ?ss co onent s thap {gir (eglr% (§ 5 1n an ther
node of operatlﬂﬂ“a'ﬂﬁ?es’?g oM thee ‘%‘FH?”B@"I%’H"?% Qgr ading g ay GOMEYSY.

the calibrati onayphbieRexdapledsr ditabe tHigeawsy VaN/éH PURAethe Ultraseal vatvescdr or
424 of the path 450. _The system 400 nay be s Iarlgﬁconfl‘?ured so that gas

by passes %he ca?’kﬁ‘rﬁf’qufat{%‘} ane vales ahverfflodyrpaiatiel &/ Quanty®Uis: t he f1 ow

restrictor of the p%&hm‘nﬁmgdmneiré.-ﬁﬁnemmevér/ééogﬂmetfpwwtﬁeuharthaecme
Referring now to exanpl e enbodi ment 200 (FI GURE 2), the positions of the

fl ow control vavasieusgebeerpenentss sEohs B gBrgES7 VANSS. ABdIHA ke dniRreannerted in
process serial fashion by sealed conduits, such as metal tubes or other suitable plumbing.

More particularly, the vaive 201 is coupled to an optional filter 202, to filter out
30 target contaminants such as moisture or particulates. A commercially available

example of the filter 202 is the sintered stainless steel filter manufactured by



gas can be conditioned to exhibit nolecular flowwthin the flow restrictor
206. This 15 enbodinent is useful for |ow pressures, where the fl ow
restrictor 206 conprises a nol ecul ar flom/elenent Anal ogously, referring
to exanpl e enbodi nent 300 (FlI GURE 3), the dUS|t|ons of the flow control

val ve 308 and units 306/ 316 may be swapped for simlar nolecular flow
application. 20 Sonic Flow Referring now to exanpl e enbodi nent 300 EFIGURE

3), the flow corftarber GePeEtions Thad: tem?s'esdef%qeaM9t'q5bvewam?9§ WRICB#a3Y i on
for application [ oked
vi scous flow (" ?8\3?’3[5% aﬁgiwﬂhﬁgﬁgl@ @% ﬁgﬁ'g%g&%gﬁﬁ? %scaf' %’S‘?&éé‘??‘.ﬂct or
306 is greater than tQitiosathhe Epessine sersar @legsnay be Clonpll.emtg therisatibraton |
the control val W%I@Q@Zbﬁ%@gﬁsjre“ges%ﬁﬁ)%tgfe 6@%3]‘ S thE ShfidrShidd vadie 28R4
the differential pressure sensor epl a y an absolute pressure
sensor (al sb notThsitemperatuiersepserk idsentisan glactncal wardsentation of isitemperatares e
3U8 and flow re 0 o] rd IS
designed to act $géa'§bg§)g%céﬁ%tz&\ %hﬁﬁ%ﬁggg?-q’k’?%"'?%ﬁ Ane)ag{gfjor gher’# w&dj "%Qﬁy

af fected by neaswnnagteddo.the galbrptians sonmeudB3, tbanemperahee fseoson 230 maytlmsr in

bressure downst reaieges ettt pultistch 3™ prdfy pblicPBul P bodhel B
appl yi ng appr opns Mmiycneamhehm{wde fzua/vahonheﬂMIyWUrmbcmbow measurfel ibsv

rate direct}ly pry L st ream press and t he cgnductance af the
Fow restr e or (CRBeAITE Tehthel B oM RRmR R s AattE cOH S our aanP e
har dwar e enbodi rtwmalcéﬁeetsl ﬂ‘.lmﬂa’sbbdmmlaxphr’iéim@f@as&ﬂ:ﬁﬁgtalﬁi‘raﬁdievawmthmn
concerns a nethod for erating.a wide, r erras flo W|threel
time flow neasuPERERt 8 % IgPEEt ey nand, %’%p?rPBﬁ les+ | B‘?ﬁ%ﬁ Simpjer

Si gnal - Beari ng |dnéirfative, 188 terAp&raRré sehdtr 2T0trhe0 bérambsa from kit zlom In -
operating the electronics nodule 213 (FlI ~~U15E Ms enbodi ed b’y\@? i tal
data processi ng "5FaF&AN2SSHTPIRD BaMeeE)ade hatle Juce '§é&8@ﬁ€@ ue, stich
machi ne-r eagabl easlmb"eupfempmamﬁhese i nstructions may reS| de rn vari ous
types of signal -bearing ~ nmedia. In this respect, ne ect of th
present invention coﬂ‘e‘i‘lﬁs" We BFQ?@PEEn?Fé‘&"b?%&c pergfi '?taﬁzflamlfféﬁ?l ng

nmedi a tangibly %hﬁﬁ'é’QDE o’tt@b@ﬂiﬁ%ﬁm@ﬁédﬁtﬁ@vb@ﬁ@@ﬂasrlmsfr#tea) Qranother
execut abl e by a ital data gchcessor to erforma nmet hod to open ate a

wi de range nass SUft gWYdBH’E'F\?Fq ten 1o ?‘EEF“FI ?@qqtﬁ\ﬁrﬁ%‘&%%ﬂﬁﬁesa!ﬁﬂ e the

correction. 20 Walfiné 2082l TheesinsBo20de skriis'EY elefieal %reﬁeﬂfat@ﬁ&dmbgarew
(not shovvnéocont ained within the fast access storage 506_( FI GURE of the

represent e el'83AIPg AP the pigatiPnicoMedpie Z3JRpves 2 Ing 2%a'{%p§,solqtﬁ@ressure

i nstructions nasefgof Q0 Ghékuiiréd) 43l Gﬁ.@ss@rel bd@ak op&died, by Widhsafing
magnetic data storage diskette 600 (FIGURE 6), directly or |ndi rectl

accessi bl e by t r%e%ﬁit'ﬁr?i?‘é)@éQ%FO'E@ ‘@GQU"‘W?@FH@'”Q%M%ﬁ@BT 204 may Caﬁ'ﬁélﬁ‘&t us

500, electronicsg HE%HH@nﬂﬂy?pe Qévicd S ANBRHER pUpR f&ttﬁnﬂcciévi?:ﬂsnsrtﬂa}%ebé‘uréttﬁé ed
on a variety of machine-readabl e data storaﬂe medi a) such as direct access

storage (e.g., RPbSBRYRRIGSSHER in derofiancewath fiow desthster 286 sagh dhatiareayriage ve
di sks (RAI B}, or préd\rb flayde d’éiémﬁﬁé‘d?ﬁ:?aﬁélﬂfaﬁ%‘s ﬂ@&l\/ﬁ? 1&1%&[})0\») Therefore in

magneti ct ape, el ectronl c ‘read-only nenory EEPROM)

optical storage the itlustratgs IQU\#OC’MH tl!ﬁ/l:?bsei%? thﬁs%Mls@—aFO't :396)'5 P‘aCQQ in
paper "punch” caj;S8matd 10BhisH toBth EdibratnViMimd 985 'aRd BRI &rittBF66!IB%s to

transm ssion _
be operationally coupled to both, generally accomplished by maintaining conduit

optimized for high fluid concuctance and of relatively shon length for this path

30 between calibration volume 203 and flow restrictor 206. An example of a
commercially available absolute pressure sensor is the Model-204 product from
Setra Corporation.



medi a such as digital and .anal og and comruni cation links and wireless. In
an illustrative enbodi nent of the invention, the nachine-readabl e
instructions may conprise software object ggde, conpiled froma | anguage
such as "C," etc 5 Lodic Circuitry In contrast to the signal-bearing nmedi um
di scussed above, the nethod aspect of the invention may be inplenented

using logic circuitr o) execut e |
' Thi s embodi ment ) SRaHUCBRbHE LB AR BRSNS Wik FHEESE Gand Rl aalf P <
nodul e 213, andpiass‘aesdhffqugblaéidwtrestpﬂorfmﬁﬂ‘[lmz fdmerstnoﬁn’r&%mommlsemnbmtnbE

met hod of the i The 1 oqi CII‘ ui tr be_i many
di ff erent typesP V?gcﬁ"?échdi?&%lecugé peE gg %58@% noa;%n%;?pﬁ%(% ?@%ch_ﬁ’@
| nt roducti on Br omalby mdraeorifiove e pmnhemmtxer meabrrfﬁbdeochpufarpmﬂfe%t loﬂgmathgas

delivery systemto accurat el re.mss and further

i mpl ement e(fs to T5RFIRMY ?oé E\Végrﬁ 09 oW 48 T4tk érbe °&Nf%9'm§a§“8me§§9fm‘

calibration vol teuamqsesbscmédtmr@mprescrl bed | evel The charged

calibration volunme provides the initial sup as for delivery. Then)
i 2 bebiea 18

various val ves are dpdpiag Bdtﬁ"%ﬁé‘%’éaé appicalien et gas HAYY ke i nt o

flow lines, andnamsﬁa\r@hﬁhécummtré@aa% IarH.@erbhﬁranBi&.%ﬁ#&s%ngbﬁﬂhﬁfun?écﬁabom
Initially, a target mass_ flow rate is input, conputed, or otherw se 20

est abl i shed. Th8R Nophieskici206} Jyamely, HPSL@W’?H@'%S@W senRor ingludes afrst at e
i's carefuljy miuattla?ﬁefe@@&@ p%géumasuua@lamtusgﬁeﬁﬁoﬁﬂé#umst@owﬁeeaﬁfd
occasions, various Tluid characteristics are measured downstream of
calibration voI aseconth Seatinggielenes pwsseie HagsdysernBo7 slownstrgam 3‘@3(‘9"&
differential iR S2ee n@c&%racs@mﬁ@tabga f pﬁe@&%@ UnsBf DBE, RARSIRIGENT S
representatlve ofs mass flow rate. Gas nmss %’ low rate is determ ned using
these fluid charleéﬁiema@f?ﬁ@getran@l{ca@rioéoéﬂ BHeasyre presgpieTelaive to aeamroded t he
target mass fl W
rate out of thifg%?ﬁ%r %ﬁ%ﬁ;@gﬁ%ﬁ%ﬁ%ﬁéﬁ?i%ﬁ%@i‘Z@}“ﬁ*@%@%@{*ﬁy be
made, for liSnst alnd $r€tmengt ra eera mafe goeplied iethe Felesriose appdd at
the calibratio n S y

operational l'y (r:.b% ’i’:@é%‘f‘%’ t2§>|79 he %ﬁ%ﬂ% g\?vg‘r %?P nc?t'&% p&fPlEd 9 the
flowrate c:i ff@ecth;mcmnedxblh&ﬂS@ypt&@ymi res 203buRd7b, fdrdherpttroge of scmmm ng
mass flow rate ol - (L STAG, j ' q.to
correct the di Sz%:nreelgrétﬁgél%%%g%}téiln%ﬂg:ﬂ}ﬁéﬁﬁéé}?«écﬁ»&%@éﬁ%@%#@é# ?ﬁﬂ?gleld%ﬁ'gs
characteristi csm&ade@13easured, the downstream mass fl ow rate neasurenent
(now corregted) wll t he e,

t ar get rra?@ fl ow ratEat&% ﬂ%?sg’llo’%g rcorrpg'ﬁlg',~:':"§‘t ?n%' rg"ﬂy&l ,fn%ﬁmg g‘grﬁé'byr%cy In
addi ti on t o neacapaciancenchanemelart | Digpymegnt Manometersi uwaeatdmhragmowﬁh two
contenpl ates the r ced s f. I isALes
101 1 ustr at ed TREFETY g RALgeedp Bauio i d e bt folgledlo eatn LRETHTIAY
conpl et eness ofdu‘a;brlragmr neomgif dthhae halsirguiarigacié sce) pents to iheaefere rEeREBABIR- 7B
to show an enb ne [ W. o Teled Nl
Qperation FI GU Rt "?%%’Wgﬁzg‘ﬁ J(f)rpg)gtr g{ag%gquglcﬁte\%@gw%gg‘ ﬁ;&l Iﬁaﬁgt rat gﬁt(')ér?le
exanpl e 1®50f tpressure egmisdgcerahéretbre Theasurex thel differansg iiedwesn s rdferencey
determ ning a d' nmass. £l ow I t [

vol une) and r ep‘éOE?EEPVSEBFer%'H {hﬁgmﬁ”%\%\? ke th%‘é@?\vt%aﬁﬁ%%mégggrﬁgé\#%@% b%@h I
to the target rm@é afslethwngﬂevﬁ:ersmh as &n mnodemupmbshadnapheguah@nael on
vol ume are take et ern ne. .actua t he ac w
used to perfor p?"ﬁ%g"f‘F)POSQBM@J%‘?RC%BB{%E‘?W ?5 {ECGF 4t %ﬁs%rfe U?P@Qsthgr ed
mass flow rate msﬁiﬁsl) veh@semﬁg se\hadmamsw edamgmnfchpamfaate stfeom, lighse of
expl anatign, but w thout an ien ed atl aon eg q%es che Iﬁl&iu S
7A-7B i s ddscriBAANStS PR @5’9 heg PK S?al{ &'?gt i oPCHEC
descri bed abovegontaminants, corrosive chemlcals.and moisture, the back side of each transducer

only encounters the clean, dry gas of the reference conduit 261 (via the conduit



25 The linear iterative process depicted ~n FIGURES 7A-7B is only used to
denonstrate the | ogi cal conponents of the process enacted by el ectronics
nodul e 213 and is not intended to axclude other nethods of inplenentation
such as a preenptive interrupt driven t~peration system) a multitasking
operating system an object-oriented real-tlne k~:rnal application or other
nmet hod of affecting the 30 processing tasks in order to achieve simlar

fl ow behavi or a;ogeplgbg% in this exanple. -24 After the operation:. 700
are initiated i @) step 704 establishes certain flow correction

val ues, which are USWad]dhncBrht% 166 At éritiaP PrefbuBRBSI R 1FmSSuddromessii€s ake t he
fl ow restnctor 206 These val ues and their use are discussed in further

detail bel ow. AGUHHERGRRRNEGD tigadings L e trapdyeete #RRg &Y SORBIES PEPESE | v

measure doH~-nst Hﬂ%m%réés@% reairky @ﬁﬁ ré&regé’rﬁtﬁ‘?ﬁé pre¥sufy Br%FSaéésd HE g& ed
by an "actual " rna:,s f[ow determ ned he calibration volunme. After step

704) the el 2ct r GRSIESIORBRGH &@m'%e@%@em& pvailgblegprogacts tdaiplegery the

"target” mass flgwresidipréSire tTéHsﬁuH&E%ﬁ%?b%dme'MS‘d%lébé 5#?«&:1@&956 ace
260 from an operator, control system) conputer network, etc., or recalled

fromvolatile oP'QL%UfﬁJiﬁQ‘tﬁdaJP?lS@fﬁéﬁBWWﬁt'gﬁ‘ e istrHments @@ttﬁMﬁiQ‘,@en’éG‘ill e
213. The target q m%éﬂuﬁ%ﬁ €s L?@'Vaéjﬁlidgq MiplaBr% 9hg By d cubic

centineters per mnute (scc st andard ters per mnute (:~lm, for
exanpl e After step 706% refeegnced®ndhiizgédss shteiocmlselbmmmasaxmem@mnngdha

appropr |t 15 gRasher v et B et iRl SDARDL S5 R o e Rl ee

cl osed, and to conduig@6é ftdre thbrislet 2&§. v'ﬁthwélo@Odorttm* vduivreeZﬂ t &ed preace stbe gas

o L ne ot e BB SRR PR TE 5 5 B R esnte

pressure, cali bbgtheelecbbuice nsdute 2 theverdhe liea gt ha.of hd eleeatet! pgassu‘ré @w, the

d d fl I 08
Lo step 706 wi ¢ MR careLf it sistatin Sbelle S RRaeE of helifly fefioralZy
enbodi ment1s st ephithBpextrite piasburatdiferehee t1d ozt hegweeh ¢he referetict foendait 261

pressure transd cers 2051 207 nel th ectroni cs no sues
Ponropt  at o 1 nolighe: Fessdrel apt i iiueh ZZ 0RFEG PrsSitel Mefaian, fie Bow
sufficient pressastdctof 212 rdaytt;e pased mileémmtrtehmféreake So6LIP2ES BIperniina
each 25 transducer s di ra the 0 05| n t s essur

t hereby "zero off®s sPFFed'ﬁgzﬁ@H%g?@ Hiween ﬁ Zggapdttggﬁ%é c21?5"551?”1207
pr O\éi deszg pr es 261 aggil&bufl;:%a&trﬁm Me@ 1t1hﬁtacgdﬂo{&h€t$éarh©f 1}2@ réfé?eﬁ&fﬁr@ﬂﬁe
condui t 708 i ves chan e pressur n the referenc
Condut 1 26 unt £01 1 shnticl Reieees Dibeelpiéndt FoRbiiZe 1 In  Ssndrsedp Fisren! | 1
one ]'Eransd_ucer_ sg&d]lcs reteighd by tid @Beiroriics Sldduiv®r3 dvarnhé lie 2t f@r due to

manuf act uri ng i nperfections or other r uti]it as, pr.e e may. he
st ed to provi de S RUEFES @8 TERAE B8 Ad el R AR FaAle)
207. Th:ls ;ef ﬁr eﬂoefzmaewause sefing lmetemﬁnesnme aasy luflsgawlﬁswmbbﬁdhe patr?’>51w
optionally) this re n ress c e controlled t out the ire
process to prov?HE S& '"a\é%agé%ﬁf h’le rszrgpgla tqleeg Hﬂ'ﬁ%srg‘o?ﬁ? 5%

A}‘ ter st em5708dt|?6|Egr|Dc8ﬁ\ﬂ1Lb@@hBﬁs OtH tfr']lé aMive 208 over @gdﬂ% Qeuesl E‘J’\etﬂtm control

el ectroni cs nodul e t hr ee- va| ye to.the

Charber 5 515" akeive 21 B yvellL e e flow Forfrol i H0Bcrnd, ainee oppcotidl yapes

represents the grtoysddohdreidimay BEMBASS BAY suRghie tyhe be RBneaG/aNg, Gsr@hlﬁila
begins with the electronics nodul e 213 checki ng’for a é\ﬁ’?nal to stop the

gas flow As ans@gapgiastuateiconirglyalvet Riezeelpctiiniyrgaentrelymivestnesmnaly ?Fé\':‘é‘ef’r om

the interface Zé&tmeﬁlvé'éh‘f" bﬁe@&mh@?&%ﬂy Q\?él'ab%dexaleéHPﬁbv@céﬂt&ﬂ%lvé%the
detected in ste i step 7 stops the flow of gas by 10 closing t
Bmﬁgn

t hr ee- way 3fal ve SAW\@:"‘%M@QE the el ectronics nodule 2'13
transitions to step AQRre@NdayRhile 209" sdidGiveRXéxrdudfidgad froRPRidteddtiold pith

214a to the process chamber 215 or to the effluent outlet 252. The valve 209



If step 712 determines that there is no signal instructing the term nation
of gas flow, in step 716 the transducers 205, 207 neasure differenti al
pressure across the flow restrictor 2D6 and;the transducer 204 neasures the
absol ute 15 pressure upstreamof the flow restrictor 206 Step 716 then
determ nes the mass flow rate based upon these pressures This corrput ation

Chown i Equat | on s helgy e gt 71 W s o oph 8P b pelét

flow K, = a ~~onsukgitpath £o)nu respanse t@ﬁlectraalesngrms preesedrfeorP3neelettrehics
pressure, fromt%dhhsafﬁdb\?e‘? II%Q%O% = outlet pressure, fromthe
0

transducer 2Q7 For the purposes 1l ust ration, application in the | am nar
fl ow regi mre has been assuned for this exanple. For applications in the

nmol ecul ar fl ow regi msiE i.n a}ion 1is omtted and K, assumes a
different value. Al's o tions in the sonic flow regine, P, P2 and
P3 are onitted and K, Thseucesnics odiiile 24 Btcontrolg hevdbttfcdlly BictiVited e8mBonéMs | S

nfsasured by the sol ute e sor 204 to ensure soni c conditions.
Step 716 al so apP ﬁap’ées ﬁf’WepaPt aﬂéo?rf‘i@[] ColfCFYPR ate 3’0(9? Femnopepiscrapable joha)
measur ement  of nelestnt:éuwepdrahg Measirerientand Q&S thiBiiztidANThé Bledifonitd A6 NY
5 "actual " mass 1Izrb,gw determ nations at. the calibration volunme. As one

exanpl e, this cofpuEXEhangerdforratinswith 2,913 MAUYAKPLHEOYTEe KNRtoThoMEY jvisan

val ues in a for mae=2e2B0ashé Bath uﬁﬂ”!%[lwums&ﬁé@thBeahbﬁa'aﬁ‘ﬁsepcbﬁtrrolfs%t%' ae
may alternativel %(k&be used such as piece-wi se linear, quadratic, polynom al,

i nt er pol ati'éh | oBRE GBMPHISI ByStemy FRINDUBISAHPIEASTYRA. BiC. Eeg@ngngor@,p:p@ruser
commonly used neidumitichidn, %Grd?ﬁér'reguﬁl&néh'@%ﬂt% SRS | rféHeSzeoQﬁHg

[2] where: Q = corrected mass flow rate 4, = m-sasured mass ow rate

= scal e correct|'6ﬁ'uge¥a@ﬁl#3§@!“R9§'Pﬂl§c!ﬂ'6‘ﬁ°A§|? afﬁhwmmeﬁer.tth@semwwmwamn

val ues i s discus t t b t

m)dul e 213 det er%&%eg%ﬁa?ﬁe?é%pga ?yreroe%rgé% n%%hglajttrngﬁ ﬂn@grfWUt%F 'ﬁlﬂ% t he
target mass fl| owragkbahogigitgingppaovaics: rastivaionosofr@reletnot pedgisgatials) koebsand

returns to step Jv%?cheés?:é‘”Jﬁf‘iﬁ%’@s@’ofQﬁ%lé«%tBWic'@%%ghﬂ‘é&%@Eﬁ‘i’hé‘@&n%ﬁ&ﬁée‘j

b~~ changi ng the contro ontrol valve I'n smal'l’,

predet er mi ned i n@rmeemt%rfaml 260 many asimpriset @ pairg, 16yuss7 teleplione magdere, radio

i mpl ement ed ”Onoﬂ{&gf %f fdv)’a\}ésdrr?rgfgﬁgd%ﬂﬁ"&%ﬁérvr%hk&ﬂpor SheFL&libAknt,

I npl enment ati on
The electromcs module 213 itself may be implemented in different ways.

in one embodiment, the electronics module 213 may be implemented using a

20 digital data processing apparatus. This apparatus may be embodied by various
hardware components and interconnections; one example is the digital data
processing apparatus 500 (FIGURE §). The apparatus 500 includes a processor

| 502, such as a microprocessor or other processing machine, coupled to a storage
504. In the present example. the storage 504 includes a fast-access storage 506,

25 as well as nonvolatile storage 508. The fast-access storage 506 may comprise
random access memory (RAM), and may be used to store the programming
instructions executed by the processor 502 The nonvolatile storage 508 may
comprise, for example, read-cnly memory (ROM), reprogrammable ROM, compact

disk, or one or more magnetic data storage media such as a "hard drive,” floppy

30 disk, or tape drive, or any other suitable storage device. The apparatus 500 also

includes an input/output 510, such as a line, bus, cable, electromagnetic link, or



When the target mass flow is reached) step 718 advances to step 722, which
determ nes whether or not the calibration volunme 203 is isolated fromthe
process gas inlet 256 via th ree-way val ve-1301. ff the calibration vol une
203 is not isolated fromthe process c~as inlet 256, ~t is being recharged.
In this case, step 5 724 nmeasures the pressure of the calibration volune
203 by reading tHBeMhEESINOENSPRERE s D2 td BRENangk @Rta/dith SPEPREBRatdWdemal
pressure neasured in step 724 to the target pressure (describeo above :n
step 708) to det'®rth¢ ABPaRUSROOcal i brati on vol ume 203 has reached the
desired pressure, in-uhighofastmibiicatiRheWiloiidsy 80deLinhd sGhidsesos e
threE~-way valve 201 in Lgt{i')g 728n.1 'I n eint hér cas%qt“, pr%%:elggtlil‘ngsglgoﬁfoo%,s t?ack
to step 712. |f)elpeivanies ,mQﬁ?-'Lﬁp 273 2mawt rtheh arcludmatoneher dadlieb eaaliogro-digtahe
203 is isol ated e, < i ef I \/

dr oppi ng i ngpr esésc{??ghé% %ﬂi&ﬁﬁﬁoaggﬁ ?Ighﬂoﬁ Peﬁgéﬁ%}ﬁseﬁog?ﬁ'ssﬁ{cg %@&é%gsﬂﬁ
measur es the prdywgver,iunnepesseny if thearives and| sepeing Qg vicas gt e sysiem J00 baves
fol |l oned by stepy; : i al uates 15 this pressure to determ ne

vvhet her or not ?'gﬁaﬁ%n%’(g)%pﬁ%é val ue considered too tow for proper
performance of tire dinepiethespetifiolregongdaesteptiorandiimariiy stolled afisans (having

determnation i k. var i of ..C i 1,ons i.nvol ving the design
of the flow pat Ethgi%a%gﬁgf [tﬂgf a‘ﬁge&(lloes%e %’H’e%’? éb'g'gé 3@4’% th sd'g g't ¥%t5n;‘)r8ﬁassmg
downst r eamipr es sappasatugediscussedv abave raayd bet ingrierhentedr is. a I rhashing of 3different
determ nes that the 20. pressure in the caljbration,yolunme 203 is bel ow,
linmt, then st epC%HU%B’Z‘n %ﬁﬂ‘ét Qqﬂaggw%gm\}b?\;é:o%ff ¥rbe {Wspg?ﬂ'oé\és% sgggfic
inlet 256 and begiafpi¢, asHeadfghe @oinbeners 506 a6 0® mhay BeldMninbRAS firhernBrelfhe
alternative to the foregoi ng iteratijve dﬁscriRtion, ste % 722-734 may be

i npl ement ed non-§R/EPE DY \Pe, BfoNiged PRAR G 5&’95351586§, 2oPF NG PLpVided

i mpl enent ati on GxtérnSMy t6Qhé @pparatusaN0. 1 f, on the ot her hand, step 732
determ nes that the essure mcalibration. volunme 203 is wthip ac | e
i ts erdb 736 moarurBeTINe. MEcuIAa bune SRISARS soraassreRtatar 208 G ChB e
20;1. Mass flowg)afhe eqwtrqnicstrh@dm@tmbwylwmvpmémamea%,n%gaalclr&atry,aﬁﬁz@ah of | ow
rate", 1Is conputed accordi n% t.o Equation 3, below, based on the 5 Ideal Gas

Law. Q=K _2~' dP TofPuterpxegyieddnstyclions, SQepgnlipg wpen g Radicuiay regyieamgnts Ol t h

a negative val uahe ¥pplicabhifRh&hreas bf Seridl Openak UBBING@BstE, and HIEMRE ahidNGyid N
calibration volune 203 dP = tinme: rate of change of pressure at calibration

vol ume 203 dt 15ireulryimaxbe ipelepientad by sonstrustiag an @prlicationsnesificiplgarated

vol ume 2032ps f qiradit VSICH hhRHg tHtisShds R (R eBated FSRIRbI4C JIRATA RS Thay of
t he transducer 204 and dividing W@the time interval behnreen the

successi ve meashedmpitmeiedesing MORel He VS & 3PAIBET Byitablesonstrugtionyt Giber

time reference GRERRIHOES inchRk adiGWNLigREIGRESESAIR dip (DBP)CHREIIO B HnyRAEH ©
213. Optionally) several neasurenents g'lachg&be averaged. The tenper~~ture
e

of the gas in t RS "€aINGF.AAPARIYE) dREESD 2R HRRERIor). Tield diregjammeable
measur ement 1 orgateapaY (EROR) DRAREhmable loglc é}vamkg?,ean@w@m&erm ned or

assuned tenperature such as anbient tenperature. r step 736, step '~38
determ nes whet her there is any di screpancy between (1 ) the nmeasurenent of

"actual " s fl the calibration 25 volune (step 736), and
TRES . GRS Qe

(2) the "neasur e through the flow restrictor 206, as
i ndi cated by the absé) ane epermplany eorsstiustion, dhel figwimath @idiragy be cpgstpyatedby e

ten 71 _ . . . : g
a sor epancy” | g RE BRRALLIMRSbABIY (O h 18l Joifs Pkl Rniel
any anount what shahase machireddntorthegockt Quiionally, bhewr more ok tesefedteressmel as
0.01 scem etc. bleffortrngJ gy hmsacnﬁ’nin%' FERRBRYARY cavhEL1hEPErd ERLHSET teReSthaPcdvke-

30 plate, welded to the block assembly. Such integrated flow paths may be desirable

from the standpoint of cost efficiency. If desired, the block assembly may avoid



5 1f there is a discrep,sncy, step 740 cal cul ates an update to the flow
correction values. This is achieved using Equation 2 in the reverse or
alternatively reversing whatever equation osj7equations are used in step 716
to correct the neasured mass flow. Follow ng step 740, step 742 assesses

t he performance of the system 200, and takes any action deened appropriate.

I'n one embodi mentthe Lee dIPnaASISRSFRNIAON toSivRRi BARag Ahd AR e CkfseNtTHE! 1) ke
cal i bration agai nStgrgu ast data to predictively detect inmpending reliability

probl ens due to ASIEERMhAAYORE TacH R staigieps tsteslmnaonel. ddastelond \AIMNM&
process gas, needfdn i o? B s‘%ﬁ&bleFrﬂ%te‘?n’éﬁmﬂhesuf@clérﬂqlmrﬁ\gﬂsn e&8¥rpgbgher

and hi gher downstreamdifferential pressure may indicate a
restrictor 206, d&treRptengrapasyisHass redenistics. o Meﬂfdetstompllfvndonatm:tlmﬁ a

pressure meagur eqﬁé‘ﬁo@gct‘ﬁtﬂ% and .ﬁk&c 5’(@8%5’1 nérrng\'r@ni/ %8 qé@gﬁ)acaégt%ly

det er m ne whet her any tionis eun er auer se
schedul e. |f the fep5stwshliopk a%ﬁemlserlhﬁfﬂb¥pew3ag§lqﬂtmblsldmattaatupeopra thiedlow

action is taken ‘3!%'&?515@%& ﬁ{l:&mnﬁom ol exanpl e, tenporarily shutting down

t he system 200, ndrng an a or wWarning to an operator or control
systemvia the int eert@lSZ@Oboqweﬁbthﬂ trichQaasseo‘rbda)dnbyenrmtuderwarmdmnb&@ fittings

ol enance:  SIBRRARE sl 26, 198 255, hFSHEBoeRL RBRREAYE 8 BRI TR
742 does noﬂOreveﬂlueﬁHBﬁZpr Ehimgssmuzgnaitmother btouk ressembt aray/ 16, edamples ved
above. -~0 OTHER E he f 0i di scl osure shows a
nunber of ill ust F&ﬂp\%@) r’?ﬂwgaﬁlf’gﬁfdsmﬁ? sﬁ?é | gt'lpns%owln'apgﬁgn%}c R0 to
those skilled inidthe indbstiynat vari ous changes and nodi fications can be nade
herein without depart m t he scope of nventl on as defined b

t he appended cl ai ns F%Fgﬁgc?rﬁ?%e mbjy f‘p&f”@Y'gﬁ%H’ft aBP'OPH%telrﬂ‘a'é’Ht"ing?’ﬁ‘H?Pébe
described or cl aifgregdny fl:oh‘hﬁnéht@%bﬁrare té bepldetazhable, QK %@pfoat@éiwuélmﬂor
iimtatinn to the singular ~s e %ﬂgmtlégostated 31 CLAIMB 1 A

si gnal - bear ihcl FRRIPEFNERINJi%BIRFIRNASHRIAVIRPTS 19T BYHAMRID ANYRERCH&! comPaneats

instructions eerUmZaUrﬂaP)beanéHéJtot AlowdrepERefiend oPPR8E HeWicet FoPES/REMThe
operations for operating a iaas delivery systemio neasure mass flow, the

oper ati ons conpr Faifigtiontyplymge 483 i thig Pmpétm%m COBPlfRSs mashiged FBE‘QS"%'"@'&Q‘B

starting a flow afockfaes@rha@@%aamerfrémmmsemahtéar AtHeOMow fdstrittol PG miayfeow
path; during gas flow repeat edwg’ utilizjing on~~ aor nore sensors downst ream

of the calibrati Sachined nEPat"(‘?af‘ﬁ Fuaier aithin, dbe sk @ssemblyerd ofemeieLl

conputati ongd Pr agRhted! YependliAg Bpbm HelsHridLiAMbphEfRoRUr € Neasurenents to
compute of a measured mass flow rate through a flow restriclor in the path;

repeatedly perform ng operations conprising: neasuring pressure and

determ ning the bﬂfg?éﬁtaé{ﬁb@dnﬁfeni he gas in the calibration volune) using a

time rate of change o neasured pressure and the determ ned tenperature
to conpute an actual ﬁ@éRila'cﬁMWﬁ@é“éFe’Qa%"q‘PdW RFePFR0; vEere $inplgtSenac”

volune, and det eb%mngd%ﬁéménﬁéer@ﬂaﬁsaurbergz@srmpaweheﬁawenm@ne@dwal

mass flow rate and the neasured nass fl ov~r rate; and whenever a

di screpancy is s8lfe applicatien.ithi 'm%e@%m'hmadn%ﬁ Prsierced over the sysiem3f0
measured mass. fhowy st @ r@@icel e st BndGinisiifieSRRE desRW bR bmiltiRgtRE Yeference

conduit 261 and using a less complicated pressure transducer.
As with the system 200 (FIGURE 2), the sensor 316 of the system 300
(FIGURE 3) is connected across a flow restrictor 306. However, the sensor 316
does not utilize any reference pressure. Accordingly, much of the utility gas fiow
30 path of FIGURE 2 is absent. As one example, the transducer 316 may comprise

a single differential pressure transducer such as a diaphragm type device.



elimnating the discrepancy. 32 The mediumof claim1l , the operation of
utilizing one or nore sensors downstream of the c:alibration volune to take
pressure neasurenents conprising: using one nore pressure sensors

mount ed about the flow restrictor to maasurE8 d| fferential pressure. 3 The
medium of claim7 , the operation utilizing one or nore sensors downstream
of the calibration volune to take pressure neasurenents conprising: using
one or nore pre: ~sur én¥un3vRROGTRRNIEE LY RS itk 30R Bvropteskie tha bree-wanealver e
differential preggurn re
at the flow restri ct\’g)nrléwg%I 3)%ﬁk{?ﬁe@ﬁiﬁﬁ?é@ﬁrﬂ?ﬁ&&t?{é%@Iol"gfoo%rsgﬁﬁkzlI ng
one or nore sensi®os theviniet Bebriniorthe peoaess Qbﬁaaﬂbfﬁﬂ‘l\acﬂrmmtsaffbaﬂ‘enm gasas e
nmeasurenents co [ n u

Upat ream of the T ibe EensHEuRtrRl v ARy DhFe o34 L BRIl Bxslom e
and conputi g newecéssgasfinwipatt 304: tothlewdecassichembeastthe éffalesbbuties or shuts
pressure. The rre g%hot{ 'glééﬁk , the operation utilizing one or nore
sensors downstream $ bration volune to take pressure measurements
bei ng performed withla stdisandtherwemndhmemo(mlpr ishbwg), athe afiov rastyictone3@Balandass

fl ow sensor. 33. T i he essur.e senso
conprises a fl oa[|33r ﬁﬁgﬁgp%?‘g#g% Z Celhel agle\émw' giteﬁjgpig}?éarﬂo%ﬁ%r ‘ﬁh'ﬁh
first transducerusestacapiithry mbteh!s tfni:mwswalbbuqo%nlﬁiamfodtdmtfﬂhevltalpﬁlatyﬂubé or
and a seco t ransd tached to,the thdvvnstrea | ow
restnctor, rlgach qqnéﬁ@g‘?fcaziﬁové{f& %nﬁ‘?tﬁrl‘o{rl%é? kg " 5%%%"5‘?‘5]98 %daegéém’éh
pressure from a 3 gietmmansass oW ebhtrollene operations further conprising:

before initiating gas flow, calibrating the dififerential pressure sensor
by applying sufificient pressure to the transducers via tfie reference

conduit so that Mathéth@EsdﬂsﬁrSJ@féWWESS%a@e@‘ﬁﬁfa@ioﬁlvdll%e@f

approxi mately zero. The medium c~f cl operations furthe

conpri sing: repeat edl f%(tﬁ'l%'ﬂ?”ﬁ@dﬁ%fg"f?%oumelslys?ﬁ@ %99&%@9@66%? pbWaVat e

mat ches t haspr esgd tdgrutRiddain tﬁﬁﬁélefdr&\,’ésﬁ 388 floW paths R paRsliel ThQhe ehdd 87 the 1
where the operatlon of adj usting 9 | ow until the nmeasured mass flow rate

mat ches the t ar g¥tam@s20G: I@WQX&F@%OW'FQ@ of the components 201-210 and the

interconnecting conduit may be constructed to create duplicate process gas flow

paths. These duplicate paths (not shown) may share utility gas inlet 258, process
chamber outlet 254 and efluent outlet 252, with each having its own unique

20 process gas inlet 256. This embodiment provides a means of selectively supplying
accurately controlled amounts of mass flow rate of more than one gas type to the
process chamber 215 either separately or in combination. Analogous modifications
may be made to the system 300 (FIGURE 3).

Multi-Path Gas Flow System With Shared Calibration Volume
25 As an alternative to the systems of FIGURES 2-3, FIGURE 4 shows a
system 400 that shares one calibration volume among two process gasses.

Although this example uses two process gasses. ordinarily skilled artisans (having
the benefit of this disclosure) will recognize that the invention also includes
adaptations of the system 400 to include a greater number of process gasses or

30 even a single process gas supplied to multiple locations such as more than one
process chamber.



usi ng an anal og servo loop to adjust gas flow until the rreasured gas flow

rate arrives at the target ma:>s flowrate. 9 . The nediumoi' claiml ~

where the operation of adjusting gas flow until the nmeasured mass flov~

rate matches the target mass flow rate corrpll 'ses: repeating operations

conprising: increnmentally adjusting gas flow and then re-conputing the

nmeasured nass fl ow ra{:H until the target gas flow rate is reached. 10
[

. The medi um of ~~I ai heSySI&MR&0E frgludesRstANdRerendPFICESS AREPAEE 4€5ﬂe‘ﬂ%0 |é
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the |argel mass f2&arersdaecd aneng thetwe paths4s0etfide TMSpamesn@nemamcbmbnse

t hreshol d, deem Dichidr Q{e\ﬁgéseé’sa&gé(ustsgd%éb\% 11 ~. The nediumof claim1
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5 In another mode of operation, the system 400 may be configured so that
gas bypasses the calibration volume 403 and flows directly through the flow
restrictor 424 of the path 450. The system 400 may be similarly configured so that
gas by passes the calibrator volume 403 and flows directly through the flow
restrictor of the path 460.

10 Alternative Arrangements
Molecular Flow

Referring now to example embodiment 200 (FIGURE 2), the positions of the
flow control valve 208 and units 205/206/207 may be swapped when the process
gas can be conditioned to exhibit molecular flow within the flow restrictor 206. This

15 embodiment is useful for low pressures, where the flow restrictor 206 comprises
a molecular flow element.

Analogously, referring to example embodiment 300 (FIGURE 3), the

positions of the flow control valve 308 and units 306/316 may be swapped for

similar molecular flow applhcation.

20 Sonic Flow
Referring now to example embodiment 300 (FIGURE 3), the flow control
valve 308 and units 306/316 may be swapped in position for applications where
the process gas can be conditioned to exhibit choked viscous flow ("sonic flow"),
where the pressure upstrearn of flow restrictor 306 is greater than twice the
25 downstream pressure. In this embodiment, the control vaive 308 is placed
upstream of the flow restrictcr 306, and the differential pressure sensor 316 is
replaced by an absolute pressure sensor (also not shown) connected in flow path
314a between control valve 308 and flow restrictor 306. In this configuration, flow
restrictor 306 is designed to act as a sonic nozzle and real-time flow measurement

30 is affected by measuring absolute pressure upstream of the flow restrictor in
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5 OPERATION
In addition to the various hardware embodiments described above, a
different aspect of the invention concerns a method for operating a wide range
mass flow controller with real time flow measurement and correction, and optional

flow regulation.

10 Signal-Bearing Media
In one example, this method may be implemented by operating the

electronics moduie 213 (FISURE 2), as embodied by a digital data processing
apparatus 500 (FIGURE 5), to execute a sequence of machine-readable
instructions. These instructions may reside in various types of signal-bearing
15 media. In this respect, one aspect of the present invention concerns a
programmed product, comprising signal-bearing media tangibly embodying a
program of machine-readable instructions executable by a digital data processor
to perform a2 method to operate a wide range mass flow controller with real time

flow measurement and corraction.
20 This signal-bearing media may comprise, for example, RAM (not shown)
contained within the fast access storage 506 (FIGURE 5) of the represented
‘ electronics module 213 (FIGURE 2). Alternatively, the instructions may be
contained in another signal-bearing media, such as a magnetic data storage
diskette 600 (FIGURE 6), directly or indirectly accessible by the data processor
25 502. Whether contained in the apparatus 500, electronics module 213, or
elsewhere, the instructions rnay be stored on a variety of machine-readable data
storage media, such as direct access storage (e.g., a conventional "hard drive”,
redundant array of inexpensive disks (RAID), or another direct access storage
device (DASD)), magnetictape, electronic read-only memory (e.g., ROM, EPROM,
30 or EEPROM), optical storage (e.g., CDO-ROM, WORM, DVD, digital optical tape),
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In contrast to the signal-bearing medium discussed above, the method

aspect of the invention may be implemented using logic circuitry, without using a
processor to execute instructions. In this embodiment, the logic circuitry is
implemented in the electronics module 213, and is configured to perform
10 operations to implement the method of the invention. The logic circuitry may be

implemented using many different types of circuitry, as discussed above.

Operational Sequences: Introduction

Broadly, the invention concems a method of operating a gas delivery

system to accurately measure mass flow, and may be further implemented to
15 supply a precisely regulated flow of gas. First, the calibration volume is charged

to a prescribed level. The charged calibration volume provides the initial supply

of gas for delivery. Then, various valves are opened to discharge gas from the

calibration volume into flow lines, and ultimately downstream into the pressure

chamber 215. Initially, a target mass flow rate is input, computed, or otherwise
20 established.

Then, while gas flows: through the system, the mass flow rate is carefully
monitored (and optionally adijusted) as follows. On repeated occasions, various
fluid characteristics are measured downstream of the calibration volume. These
characteristics may be absolute gas pressure, differential gas pressure, a

25 combination of these or other measurements representative of mass flow rate.
Gas mass flow rate is determined using these fluid characteristics, and then
(optionally) adjusted to maintain the target mass flow rate.

Also on repeated occasions, the actual mass flow rate out of the calibration

volume is measured. These measurements may be made, for instance, using

30 temperature and pressure sensors mounted at the calibration volume or in close
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"~ measuring mass flow rate (e.g., related fluid characteristic values) is adjusted to
correct the discrepancy. Accordingly, next time downstream fluid characteristics
5 are measured, the downstream mass flow rate measurement (now corrected) will
be used to adjust the mass flow rate to meet the target mass flow rate, thereby
compensating for the former discrepancy.
In addition to measuring and regulating gas flow, the invention also
contemplates the reduced steps of measuring gas flow using the technigues
10 illustrated herein, without adjusting gas flow. However, for completeness of
illustration, the foliowing description uses FIGURES 7A-7B to show an

embodiment for measuring and regulating gas flow.

Sequence of Operation
FIGURES 7A-7B show an operating sequence 700 to illustrate one example
15 of the foregoing method. This technique regulates gas flow by determining a
“measured” mass flow rate Jownstream of the calibration volume, and repeatedly
correcting flow to maintain a mass flow rate equal to the target mass flow. At
certain times, measurements at the calibration volume are taken {o determine
actual mass flow, and the actual mass flow used to perform “on the fly" adjustment
20 to the calculation of measured mass flow rate to derive a "corrected” measured
mass flow rate.
For ease of explanation, but without any intended imitation, the example
! of FIGURES 7A-7B is described in the specific context of the system 200 of
FIGURE 2, described above.
25 The linear iterative process depicted in FIGURES 7A-7B is only used to
demonstrate the logical components of the process enacted by electronics module
213 and is not intended to 2xclude other methods of implementation such as a
preemptive interrupt driven operation system, a multitasking operating system, an
object-oriented real-time kernal application or other method of affecting the
30 processing tasks in order to achieve similar flow behavior as depicted in this

example.
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indicated by an "actual” mass flow determined at the calibration volume. After step
704, the electronics module 213 receives specification of a desired or “target’
mass flow (step 706). This value may be received via the interface 260 from an
operator, control system, computer network, etc., or recalled from volatile or
10 nonvolatile memory contained within electronics module 213. The target mass
flow rate may be in units of standard cubic centimeters per minute (sccm) or
standard liters per minute (slm), for example

After step 706, step 708 charges the calibration volume 203 to a target
pressure. This is achieved by the electronics module 213 sending appropriate

15 commands to close the shutoff valve 209, if not already closed, and to configure
the three-way valve 201 to direct the process gas from the inlet 256 to the
calibration volume 203. The target pressure for the calibration volume is selected
according to the required process pressure, calibration volume size, desired
length of time of gas flow, desired flow rate, etc. Alternatively, step 708 can be

20 performed prior to step 706 without materially impacting this process.

In the illustrated embodiment, step 708 also calibrates the floating-
reference differential pressure transducers 205/207. Namely, the electronics
module 213 issues appropriate instructions to open the flow control valve 211 to
admit a sufficient pressure of utility gas to balance the back side pressure on each

25 transducer’s diaphragm with the opposing front side pressure, and thereby “zero
out" the transducers 205, 207. Since each transducer 205, 207 provides a
pressure output relative to tha gas pressure in the reference conduit 261, step 708
invoives changing the pressure in the reference conduit 261 until the transducers
205, 207 both read approximately zero. If one transducer reads slightly higher or

30 lower than the other due to manufacturing imperfections or other reasons, utility
gas pressure may be adjusted to provide an average pressure of zero among the

transducers 205, 207. This reference pressure can be set once as just described,
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electronlcs module 213 opening the three—way valve 209 to the process chamber
215 and slightly opening the flow control valve 208. Step 712 represents the entry
point of a processing loop whereby each iteration begins with the electronics
module 213 checking for a signal to stop the gas flow. As an example, the signal
to stop the gas flow may originate from the interface 260 when flow is no longer
desired. If such a signal is detected in step 712, step 714 stops the flow of gas by
closing the three-way vaive 209. After step 714, the electronics module 213
transitions to step 706 and waits for the next signal to begin gas flow.

If step 712 determines that there is no signal instructing the termination of
gas flow, in step 716 the transducers 205, 207 measure differential pressure
across the flow restrictor 206 and the transducer 204 measures the absolute
pressure upstream of the flow restrictor 206 Step 716 then determines the mass
flow rate based upon these pressures This computation may be done according
to the Hagen-Poiseuille equation for laminar flow, shown in Equation 1 below:

Q = K, CP, (P, - P )
(1]
where20 Q = mass flow
K, = a constant
C = conductance
P, = average pressure

P, = inlet pressure, from the transducer 205
P, = outlet pressure, from the transducer 207

For the purposes of illustration, application in the laminar flow regime has
been assumed for this examrple. For applications in the molecular flow regime, P,

in Equation 1 is omitted and K, assumes a different value. Also, for applications

in the sonic flow regime, P, P, and P, are omitted and K, assumes a different
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Step 716 also applies the flow correction values in order to yield a final
measurement of mass flow that has been corrected pursuant to any preceding

5 ‘actual” mass flow determinations at the calibration volume. As one example, this
computation may be done by applying the flow correction values in a formula such

as that shown in Equation 2 below. Other formulae may alternatively be used

such as piece-wise linear, quadratic, polynomial, interpolation look-up table,

various combinations of these and other commonly used methods for correcting

10 numeric measurement errors.
Q=mQ,+b
(2]
where; Q = coirected mass flow rate
Q, = m=asured mass flow rate
15 m = scale correction

b = offeet correction

Adjustment of the flow correction values is discussed in greater detail
below. In step 718, the electronics module 213 determines whether the corrected
measured mass flow matches the target mass flow. If not, step 720 increases or

20 decreases gas flow, and relums to step 712. As an example, gas flow may be
increased and decreased by changing the control signal to control valve 208 in
small, predetermined increments. Alternatively, steps 716, 718, 720 may be
implemented non-incrementally using an analog servo loop, or digital

implementation of a servo loop.
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which determines whether or not the calibration volume 203 is isolated from the

process gas inlet 256 via three-way valve 201. If the calibration volume 203 is not
isolated from the process gas inlet 256, it 1s being recharged. In this case, step
5 724 measures the pressure of the calibration volume 203 by reading the pressure
sensor 204. Then, step 725 compares the pressure measured in step 724 to the
farget pressure (describeo above in step 708) to determine if the calibration
volume 203 has reached the desired pressure, in which case, the electronics
module 213 closes the three-way valve 201 in step 728. In either case, processing
10 loops back to step 712.

If, however, step 722 determines that the calibration volume 203 is isolated
from the process gas inlet 256 and therefore actively dropping in pressure as gas
flows from it, then the pressure sensor 204 measures the pressure in the
calibration volume 203 in st2p 730. This is followed by step 732, which evaluates

15 this pressure to determine whether or not it 1s below the value considered too low
for proper performance of the downstream flow measurement and control. This
determination is based on a variety of considerations involving the design of the

) flow path 214a and related components as well as upstream and downstream
pressures, mass flow rate and other factors. If step 732 determines that the

20 pressure in the calibration volume 203 is below limit, then step 734 opens the
three-way valve 201 to the process gas inlet 256 and begins recharging the
calibration volume pressure. As an alternative to the foregoing iterative description,
steps 722-734 may be implemented non-incrementally using an analog servoloop,

or digital implementation of a servo loop
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volume 203 is within acceptable limits, step 736 measures the mass flow rate out
of the calibration volume 203. Mass flow rate out of the calibration volume 203,
called “actual flow rate”, is computed according to Equation 3, below, based on the

5 Ideal Gas Law:

Q=K \dP
T dt

[2]

where: Q = mass flow rate
! 10 K, = a constant (with a negative value)
V = volume of calibration voiume 203
T = temperature in calibration volume 203

dP =time rate of change of pressure at calibration volume 203
dt

15 The time rate of change of pressure at the calibration volume 203 is found
by taking the difference of successive measurements of the transducer 204 and
dividing by the time interval between the successive measurement points in time
as determined by a clock or other time reference component (not shown)
accessible by the electronics module 213. Optionally, several measurements may

! 20 be averaged. The temperature of the gas in the calibration volume 203 is
determined by reading the measurement from temperature sensor 210, or by using
a predetermined or assumed temperature such as ambient temperature.
After step 736, step 738 determines whether there is any discrepancy
between (1) the measurement of “actual” mass flow rate out of the calibration
25 volume (step 736), and (2) the *‘measured” mass flow rate through the flow

restrictor 206, as indicated by the absolute pressure sensor and differentiai
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a "discrepancy” may occur when the actual and measured gas flow differ by any
amount whatsoever, a percentage of actual flow, a fixed number such as 0.01
sccm, etc. If there is no discrepancy, step 738 returns to step 712.

5 If there is a discrepancy, step 740 calculates an update to the flow
correction values. This is achieved using Equation 2 in the reverse or alternatively
reversing whatever equation or equations are used in step 716 to correct the
measured mass flow. Following step 740, step 742 assesses the performance of
the system 200, and takes any action deemed appropriate. In one embodiment,

10 the assessment of step 742 ewvaluates current flow calibration against past data to
predictively detect impending reliability problems due to contamination, transducer
drift, impurities found in the process gas, needed maintenance, etc. For example,
arequirement for higher and higher downstream differential pressure may indicate
a clogged flow restrictor 206, or widely varying flow correction values may indicate

15 a pressure measurement or other systemic problem. The assessment may also
determine whether any actior is due under a user selected maintenance schedule.
If the assessment of step 742 reveals problems, appropriate action is taken which
may include, for example, temporarily shutting down the system 200, sending an
alarm or warning to an operator or control system via the interface 260, performing

20 schedule or unscheduled maintenance, ending the routine 700 if the supply of gas
from the process gas inlet 256 is too low to maintain the desired mass flow, etc.

IF step 742 does not reveal any problems, control returns to step 712, discussed

above.
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OTHER EMBODIMENTS
While the foregoing disclosure shows a number of illustrative embodiments
of the invention, it will be apparent to those skilled in the art that various changes
and modifications can be made herein without departing from the scope of the
5 invention as defined by the appended claims Furthermore, although elements of
the invention may be described or claimed in the singular, the plural is

contemplated unless limitation to the singular is explicitly stated.
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readable instructions executable by a dagnal processing apparatus fo perform
operations for operating a gas delivery system 1o measure mass flow, the
operations comprising:

J charging a calibration volume with a process gas;
starting a flow of the process gas from the calibration volume into a flow
path;
during gas flow,
repeatedly utilizing one or more sensors downstream of the calibration

volume to take pressure measurements and performing a computational process

using data including the pressure measurements to compute of 3 measured mass
flow rate through a flow restrictor in the path;

repeatedly performing operations comprising. measuring pressure and
determining the temperature of the gas in the calibration volume, using a time rate
of change of the measured pressure and the determined temperature to compute
an actual mass flow rate of gas flowing from the calibration volume, and
determining whether there is any discrepancy between the actual mass flow rate
and the measured mass flow rate; and

whenever a discrepancy is found, correcting the computational process
such that the measured mass flow rate matches the actual mass flow rate thereby

eliminating the discrepancy.
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2 The medium of claim 1 , the operation of utilizing one or more
sensors downstream of the calibration volume to take pressure measurements
comprising:

using one or more pressure sensors mounted about the flow restrictor to

measure differential pressure,

3 The medium of ¢claim 1, the operation utilizing one or more sensors
downstream of the calibration volume to take pressure measurements comprising:

using one or more pressure sensors mounted about the flow restrictor to
measure differential pressure and additionally measuring average absolute
pressure at the flow restnictor.

4 The medium of claim 1 , the operation of ulilizing one or more
sensors downstream of the calibration volume to take pressure measurements
comprising:

using an absolute pressure sensor mounted upstream of the flow restrictor
in the path to measure absolute pressure and computing mass flow using data

including the measured absclute pressure.

5 The medium of claim 1, the operation utilizing one or more sensors
» downstream of the calibration volume to take pressure measurements being
performed with a mass flow sensor comprising a capillary thermal mass flow

sensor,
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104 & ()-10% & rgze_iving a back side reference pressure from a reference conduit, the operations
further comprising:

before initiating gas flew, calibrating the differential pressure sensor by

applying sufficient pressure to the transducers via the reference conduit so that

each transducer provides a pressure output of approximately zero.

7 The medium cf claim 1 ., the operations further comprising:
repeatedly adjusting 3as flow until the measured mass flow rate matches

the prescribed target mass ilow rate.

8 . The medium of claim 1 ]where the operation of adjusting gas flow
until the measured mass flow rate matches the target mass flow rate comprises:
using an analog servo loop to adjust gas flow until the measured gas flow

rate arrives at the target mass flow rate.

9.  The medium of claim 1 ) where the operation of adjusting gas flow
until the measured mass flow rate matches the target mass flow rate comprises:
repeating operations comprising: incrementally adjusting gas flow and then

re-computing the measured mass flow rate until the target gas flow rate is

reached.
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LY #PUR () * flow rate, and if the difference surpasses prescribed threshold, deeming a

discrepancy to exist.

11..  The medium of claim 1 where.

the sensors include one or more pressure sensors downstream of the
calibration volume; and

the computational process comprises applying a prescribed mathematical

equation to the pressure measurements to compute measured mass flow rate.

12..  The medium of claim 11, the operation of correcling the

computational process being performed by changing the mathematical equation.



