DUAL- MODE MASS FLOW VERI FI CATI ON AND MASS FLOW DELI VERY SYSTEM AND METHOD
[1] BACKGROUND [2] A nmass flow verifier (MFV) nay be used to verify the
accuracy of high-precision fluid delivery systens such as nass fl ow
control | er sy Msfese@hd mass flow ratio controllers (FRGOyushyRhe&dds Y, a
mass fl ow veri fUI er may include a chanber, a pressure transducer, a
tenperature sensor and two |soI atl on vaI ves, one upstream and one
downstream The val ves nd R 47N NREY HY open when a run
is initiated, allow ANDB 2O ‘ Y S pelDMddiQldst (DUT) such
as a MFC or a FRCthrough the flow verifier. Once fluid row has
stabilized, tHEOULBACGKERAIIND ve may be closed, and as a result the
pressure nay rise in the chanber, and the raise in pressure n%y be neasured

as wel | the gd80ZbAyepst tiew veTheseNbagay BAvISES tAprbethisdduias Yl cul at e
the flowrate «gg'vd P&%@by&um&ﬁélw% ﬂ%t@ﬁéfseéma@%s@fﬂow@omlers [18Fcs) mass
e

fl ow delivery vi ce, such as a Dellver % maf¥ be used to
accuratel y delqn@éf‘a%feg?‘?‘é@lt‘%ﬁ%’l‘fﬁ?”oer%ﬁpg%@e Vpl‘ﬁaays%rﬁ’??é Y91"r ocessi ng
chanbers. Suchngpagifdeowciighb¥eryprdestire efnzaycd @Vcbd@ehatgl‘é yeris@peatiabl e and
preci se quantities of gaseous nass for manuf act uri ng

or
processes, forfwexamplier &?%’ﬁ?rcoqeavwre@é‘baggtof% O(NAE%)eaH} lé%%%"ge T4 In the
| ast few year $eCQ8ded A fam) analma@bpme&mfeﬁra ﬁﬁmsdoqutm:t @niowrr@cﬂa:sxsl ng

tool s have had _a significant desj he very
systenms, by stdf &% %Hf%‘ij‘eﬁ’%’ %?e%“%ﬁ tﬁﬁo(tDrUeraL?é’ Sfao {:& %Fy& &hgﬁéﬁt he si ze
and conpl exi t)th@fflowh@rffieldl Gbr(i@fILM@Flywsyastsemﬁli:kmweh@@el?msedmecbivet he need
for verlflcatlon cision o delivery has.incr gBoth
features, i. E% qusﬁa/ g Py ar, fi%ﬂﬁ‘%s@swe ma\’/élrsleplg tﬁ%‘?@%ﬂb%ﬂ[’ glnnecessar y
due to the i n&h@aaeé it gqewsueamm/ tfemheéiwmdascwlhmﬁ ges twetderaisire.he delivery
of critical i d into t ess e t I rsfor
owni ng both a 'If?lg@‘g HFW gféru,seﬁs regggelr%g? vrgb gﬁg?%tﬁe%o%g% Q[Wsa

tend to have a,el—;a,rg@{;@xﬁ@rmanue.oftmmﬂlm 059696PCT/ US2009/ 064948 [6]
Accordingly, there is a need for systens and net hods that woul d provide

customer s & CORha Pl Gak K SRIVELORG, W06 beaUnS BTN eryobebet trpBss 1 ow

verification
may be used to accurateiy delwer desired amounts of gases into

semiconductor processing chambers. Such mass flow delivery devices
may provide highly repeatable and precise quantities of gaseous mass for
use in semiconductor manufacturing processes, for example atomic layer

deposition (ALD) processes.

[004] In the last few years cost reduction initiatives for semiconductor
processing tools have had a significant impact on the design of the fluid
delivery systems, by streamlining the design and reducing foot print.
while the size and complexity of the fiuid delivery systems have been
reduced, the need for verification and precision of the delivery has

increased.

[005) Both features, i.e. mass flow delivery and mass flow verification,

are necessary due to the increased requirement for flow accuracy as weil
as the delivery of critical fluid(s) into the process chambers. The cost to
customers for owning both a MFV and a MDD, nowever, is expensive and

onerous. Also, MDDs tend to have a farge footprint.



[7] SUMVARY [8] A systemperforns mass flow delivery of a fluid, as well
as mass flow verification of the fluid. The systemincludes an inlet valve
configured to control flow of the fluid into a chanber, an outlet valve

configured %ﬁ'?dJ 6Q| flow of the fluid out of the cha%wsz@)mgﬁ%sure
e o

sensor confi gur measure pressure within the chanber controller.
In sone enbodi nents, the systemnmay al so include a tenperature sensor
configured to [@@@Meon%rgmrtaew'e annedd for tshyetectramirbmethd®] thahe oot r ol | er

i's configur edl pr‘é@%@ éu@to@nér’sraséq[sg%%cu\}e 509&”&4 gl th%ps%ﬂhﬂgm%ﬁﬁse hng of the

inlet and out al ves asur ement w rate of
the fluid by aﬁdm/ﬂ@\e venfestiarestd mass ﬁthMVﬁ@asurerrents of the pressure
and the tenperature change within the chanber. The controller is further
configured, whep7ikymeegend node, to control opening and closing of the
inlet and outlet valvés S0 as to deliver a desired amount of the fluid from

the chamber '”{E@B?ﬂpéﬁ@@rﬁﬁjemﬂ)rﬁ@%édst%w lelélr\%ytofﬂ@ ME@sdy eaeat snak t he
pressure and t erature cgﬁlrzge W t 10] These, as

wel | as ot her Mﬁﬁ%ﬂé‘i’ﬁt@” dBp eﬁq%?gemdﬁflég?%a“ b’@ﬁte’f% and
advant ages, deanQde@cwmroq:Iﬂ@aroffth@rﬁmw ey BeWabfbet hen bodldetowl\mg detai | ed

description of il tive in dravmngs and t he
clainms. [11] R 'Eﬁrﬁ@cﬁ”#ﬂ?% qﬁ‘?—ié“lﬂﬂ\r‘kﬁ\l@e Cﬂ?fﬁ%r’lﬁg Hrai ngs

di scl ose il | usdenabi venfrRivbet taTRiRESUreThreysuwde witiin sied cianbér, ahld 22nbodi ment s.

O her enbodi ment s e used in additiogn i nst ead V\h e sane nuner al
appears in di fcfoé‘lt@ﬂgxd ?ﬁ\?’ﬂase,mq%ﬁvgnﬁsn&%aﬁsée?ﬂom%faesro To" 9%% same or |ike
conponents or tghgRsaturé $8hsdrlconfidurichltusteadies tempbatkrediitignaheof a mass
flow verifier, &4 FIG 2 schematically illustrates a nass flow delivery
system [15] is a fI ow chart illustrating an exenplary enbodi ment

of a nethod of O@gisr flowd ueBlyrEh & a%rF%w%g@cﬂpg@{tm illustration

of a dual - e[ hFICvQ/tr\?e?q |ca{ Poncand nmass ellverél system in
y @

accor dance W tdpemirey endoldiimgnil tbé inteieant egléett valyescioaufeyer
measurement of the flow rate of the fluid by a device under test, using the
measurements of the pressure and the temperature change within the
chamber. The controller is further configured, when in a second mode, to
control opening and closing of the inlet and outlet valves so as to deliver a
desired amount of the fluid from the chamber into a processing facility,

using the measurements of the pressure and the temperature change
within the chamber.

[010] These, as well as other components, steps, features, objects,
benefits, and advantages, will now become clear from a review of the
following detailed description of illustrative embodiments, the

accompanying drawings, and the claims.

{011] BRIEF DESCRIPTION OF THE DRAWINGS

[012] The drawings disclose illustrative embodiments, They do not set
forth all embodiments. Other embodiments may be used in addition or
instead, When the same numera} appears in different drawings, it is

intended to refer to the same or like components or steps.
[013] FIG. 1 illustrates a block diagram of a mass flow verifier.

[014] FIG. 2 schematically illustrates a mass flow delivery system.



[17] FIG 5 is a flow chart illustrating an exenplary enbodi nent of a
nmet hod of performng nass flow verification and nass flow delivery, in
accordance with one enbodi ment of the present disclosure. [18] DETAI LED

DESCRI PTI ON,,, the present disclosure, systems apd,
di scl osed thaotiﬂa 4 ():)({/)\/Qa single systemto performboth mass @%’?v}a%grl fication

and mass flow delivery, resulting in cost saving for custoners and space
saving for marofl8TFUEES & a flbROhaH lustaatd e eobodirpenttsdanentneie di scussed.
Q her enbodi msntt% gar% be L%!Sﬁ?o(d |ln addition or instead. [21] FIG 1l is a
bl ock di agr am'Bf"R°HRLETI R 981F 'er 100. The MFV 100 includes an encl osed

vol ume or “charhet 130 £ haYLAG. A NG AL YEP. Yok hBE ds..cant  gured to

receive a flo UId fom a deV|ce under tes The DUT 110
shown i n the iverifisttiat edd erdase diomedd!iviesy aystdfRCin hatordeidewedtizoae desi red fl ow

rate of the fléﬁl1 dn‘%’én@’gﬁHe prjeggr'ltccﬂ%él%sa self cont ai ned devi ce t hat

i ncl udes a nmss OW Sensor, contro ves, and control and

si gnal - processiig flecs r@@*lﬁ%i(:h%?@tllﬁ%?at}ﬂ?g y%s!eﬁqg;arr@@%o%mmd@da ver

desired fluid flow rates les o i ncl ude, but are not
linited to, a m@@dqumﬁ@aﬁmgomﬁé? fl@%@)’%ﬂaﬁfepraa%w% W ¢aliviedy dBnt r ol | er

(FRC). [22] Apcbiigte \’Aﬁ’@hV&el@rg@@H{e?\t%'ﬁ tﬁé‘gr&fefmt bReobh@w of fluid from the
DUT 110 into the chanber 130. An outlet valve 150 shuts on and off the flow

of the fluid fipem Prermiempestapribf MFV 100 further includes a pressure
sensor 170 configured to neasure pressure of the fluid wi thin the chanber

]}|30 dand ﬁ tef[ﬁ@@}ilrllturltrlge pensaf d&&@smntyguﬁ%%rtdomﬁeamsraeetdmmseatthste of the
uid within the chanber 130. Typica

2010/ 059696 PCT %< B8 IE0HA54B tm&&é”ﬁé@hf%ﬁﬁ Oa*{ ée @/506'& FGVEFFSied is a
gas, although fdvoreinalgsreefitiathekostypamopforfdusictseramy daipsoe bavingrfef i ed by
the MEV 100. r£23L£r VWiile in the enbodinent illustrated in Fig. 1, the

devi ce being t'BRRYUACYYSPhe MFV 100 is illustrated as being a singl e DUT

S T RSy A AP S

may be connectregy be ushe ilVENUILOO wmaastaa@as mani fol d, for exanple.
[021) FIG. 1 is a block diagram of a mass flow verifier 100. The MFV 100
includes an enclosed volume or chamber 130 {having a known volume V.)
that is configured to receive a flow of a fluid from a device under test
(DUT) 110. The DUT 110 shown in the illustrated embodiment is an MFC
that delivers a desired flow rate of the fluid. An MFC is typically a self-
contained device that includes a mass flow sensor, control vaives, and
control and signal-processing electronics, and can be used to repeatedly
deliver desired fluid flow rates, Fxamples of the DUT 110 may include,
but are not limited to, a mass flow controller (MFC) and a rnass flow ratio

controlier {FRC).

[022] An inlet valve 120 shuts on and off the flow of fluid from the DUT
110 into the chamber 130. An outlet valve 150 shuts on and off the flow
of the fluid from the chamber 130. The MFV 100 further includes a
pressure sensor 170 configured to measure pressure of the fluid within
the chamber 130, and a temperature sensor 180 configured to measure
temperature of the fluid within the chamber 130. Typically, the fluid



[24] A controller 160 is connected to the MFV 100. The controller 160
controls the in-situ verification of the performance of the DUT 110, and
controls the operation of the inlet valve 120 and the outlet valve 150. In

one enbodi %20&%&@9 MFV 100, the controller 160 may ';JH%JL%%%G@

"rate-of-rise technique flow verification technique to per orm mass

flow verification. Wiwen the ROR technique is inplenented, the flow rate of

the fluid is d&fhﬁeﬂﬁweeﬂﬂ@y re@us baggtneiffddus d gas, faltbwdmﬂ@xvaaﬂmmﬂn vol une,

and neasuring ressure rise tha JRO(STAINAS dur i ng bven i nterval of
“hpad

tinme. [25] Thépﬁ PES SF ISP T 8F° W\Py? bal ance over the

chanber 130. Using the mass bal ance equatlons and applying the ideal gas

law to the 935[8'2@ W\%lecih%ﬁb% bofdhﬁehﬂ"ﬂuﬁétréﬂe\s!'iﬁ Fﬁd qwtﬁ@%@v%%e% obt ai ned by

measuring the sure an nper at ur e of L&r other fluid) in
the chanber 13®sisd Weﬁ@@\/é@@mﬁraw@a&e@ aawéelflelal quUAtTIohtO e T [ L, ,,

T, d (p\ 026] srﬁ'urb%é nbtellhat [PdtheWBRTER d”nbists! Qewa@tymmw @ayidehi n t he
chanber; T is t as tenperature;
connected to and tested by the MRV 100. The plurality of DUTs may be

connected to the MFV 100 via a gas manifold, for example.

[024] A controller 160 is connected to the MFV 100. The controller 160
controls the in-situ verification of the performance of the DUT 110, and
controls the operation of the inlet valve 120 and the outiet valve 150. In
one embodiment of the MFV 100, the controller 160 may implement a
“rate-of-rise” (ROR) technique flow verification technique to perform mass
flow verification. When the ROR technigue is implemented, the flow rate
of the fluid is determined by causing the fluid to flow into a known
volume, and measuring the pressure rise that occurs during & given

interval of time.

[025] The basic principle of @ ROR MFV is a mass balance over the
chamber 130. Using the mass balance equations, and applying the ideal
gas law to the gas in the chamber, the inlet fluid flow rate can be obtained
by measuring the pressure and the temperature of the gas (or other fluid)
in the chamber 130 of MFV 100 according to the following equation:

_koTy, eV d(ﬁ]
{026] Ql’n - ]) df T (1)

sip
[027] where P is the gas pressure within the chamber;

T is the gas temperature;

V. is the volume of the chamber vesse!;

kg is a conversion constant, 6 X 107 in sccm (standard cubic centimeters
per minute) units and 6 X 10* in sim (standard liters per minute) units;
P, is the standard pressure (= 1.01325e5 Pa); and

Tstp is the standard temperature (= 273.15 K).

[028] The controller 160 receives the output signals from the pressure



V, is the volunme of the chanber vessel; ko is a conversion constant, 6 x 10
in sccm (standard cubic centineters per mnute) units and 6 x 104 in slm
(standard liters per minute) units; PSt p is the standard pressure (=

1. 01325e5 P§)' 0 [g%'g(?tp is the standard tenperature (_=PC21‘?I?S'2(;U§/0@)48 [ 28] The
controller éjozr cer'ves the output signals fromthe pressuré "sensor 170

and tenperature sensor 180, and controls the operation of the inlet valve
120 and t he outehetr V&l wed GHpedasedeasot hen, regeionetd OtHpstersiignal e The

controller 16 I arate of, rise in pressure of the fluid within the
chanber 130 a??ig?g%ﬁge%gﬁnéﬁ \‘?aqL\FlgE Y%b’eilgoclb%ee on Lhe "EEE iRV Treasur ed
rate of rise cigrEiestiur comvaler tiichemeard réeapetcadiise hpresdcaloatie: fihie f | ow
rate Qn of the fluid f i t he nber 130 according to Eq.
(D ° Toop 10 b haRbATETHTecd ol el S0 Aiee Srf ERg RS, e ey
be connected troeasheed/RYe bOBise Ripresyuicdbesr tirhewndftetriperdthice th tatiometche MFC
110 to the M i ut ! [ j.on.ru f 1 MFV 100 is
Ynd 08wl S8 gf%é%ﬂamg@rﬁghéﬁ:ﬁi 1581480k WHadbel Bgq

initiated, the inlet va val've are opéned, so that
fluid flows fragpendig AEA10 to the MFV 100. The MFC 110 nmay be provi ded
with a flow set point. During an initialization period, the fluid flowrate
fromthe MFC 110 and the pressure of the fluid within the chanber 130 are
al l oned to realphitee&d§retasy smbodyperioise MGt BhHiA 4t aeiaditestedached, the

outlet valve 158, bs ceh@aest tSthe MaY ibbe mrassune v bhdefdlid dobeeids to
build up within the cha The controller 160 determ nes the rate of

nber_ 130. . el
rise of the prasstt® ithg MihE0G s ey ofendfrfe aretlimtiogerndtthg ot t ne
pressure) duriipg igiditisRdperd atht VY e EQPhNG Bige PLESSIH @ IBASH epEiddsS from the
pressure sens in the chanhe

or 170 with r. 130, and tenperatyr asurenent s
Prom the t empaPatth lRUG TorBshe Trary e e IQ0. « BitpFacdPandiha
pressure neaseairentisd Withhd Aot ebrrberurhdlsmmytidiRaties peded, ke fluid
predeterm ned_tine interyval rQughout the ti eriod.. l.n pne exenplary
Brbodi ment |+ ARvRetBPB! e A6 A e e AT v B UEaHEND BBo2s ceconds
each, and thechambepeBd ace ywedngeach enstabopistdlel second to about 30
seconds. O course, different tine intervals and tinme periods nmay be used

out 1 et val ve. 180 2TspeAber s Paur el SHeta e aoh T BoPE k2 anber
130 onto an exfiEube prsische abthe wid reginsuopmuildyupaaithof thexdwpiey 180. ot her
type of outputkaghibidt 160 determines the rate of rise of the pressure (i.e. the rate

of change or time derivative of the pressure) during a time period, by

receiving pressure measurements from the pressure sensor 170 within the

chamber 130, and temperature measurements from the temperature

sensor 180.

[031] For example, temperature and pressure measurements within the
¢hamber 130 may be recorded at predetermined time intervals throughout
the time period. In one exemplary embodiment, the predetermined time
intervals may be about 0.00025 seconds each, and the time period may
range from about 0.1 second to about 30 seconds. Of course, different
time intervals and time periods may be used in other embodiments of the
MFV 100. At the end of the time period, the outlet vaive 150 is opened,
to allow flow of the fluid out of the chamber 130 onto an exhaust (such as

a vacuum pump, by way of example) or other type of output facility.



WO 2010/ 059696PCT/ US2009/ 064948 [032] The rate of rise or tine derivative
of the fluid pressure (divided by the fluid tenperature T), nanely
A(P/T)/ At, may be cal cul ated based on the neasurenents of tenperature and

pressure W Liy fdifiggknown vol ume V of the chamber 130.
calcul ated rate otP rise L(P/T)/At, the flowrate produclgﬁﬁgg%tgﬂgb%ﬁc 110

can then be determned and verified, so that the M-C 110 can be properly
cal i brated. TH@3P] otve rateeofQidesorcdrhe uleaitredvdyf tHedGopresube(ditiged by ng

equat o (1) 3hYeye LT oAy LYB!Gal st Ha ey LLIGRLL A0, BRYeprpcced as

follows: 1. _ e up am the downstream val ve 150;
2. Gve a fl owhsetegsorernefisroftthmpBidTyre3andiaiassurt withinHee dvamberolpnéssure i s

at steady statpyeud o SUAL 10 e fie CHATNEN SRS MBS ARdyiche

chanber gas tenperat 0 ow cal cul' ation; e downstream val ve
150 so that tHevwraipeedyedsyutne MF©ado cap thygpe determangerndyefigeds | ow

verification; o 7. .O08NviBE 1$ounSid fRPeMal MBoEPH. The flow rate Q is

calculated by the controller 160 using equation (1) above.

[033] A typical mass flow verification may proceed as follows:

1. Open both the upstream valve 120 and the downstream valve 150;
2. Give a flow set point for the DUT;

3. Wait until the chamber pressure is at steady state;

4. Start to record the chamber gas pressure and the chamber gas
temperature for flow calculation;

5. Shut the downstream valve 150 so that the chamber pressure rises;
6. Wait for a period for flow verification;

7. Open the downstream valve 150;

8. Calculate and report the verified flow based on Eg. (1).

[034] By controliing the operation of the upstream valve 120 and the
downstream valve 150, based on the outputs from the pressure sensor
170 and the temperature sensor 180, and using a measured rate of rise of
pressure over time to calculate the flow rate of the fluid from the DUT 110
into the chamber 130 according to Eq. (1), the controller 160 verifies the
measurement of flow rate performed by the DUT 110,

[035] FIG. 2 is a schematic illustration of an exemplary embodiment of a
mass flow delivery system 200 in accordance with one embodirment of the
present disclosure. The mass flow delivery system 200 includes a
chamber 230, an inlet valve 220 that controls mass flow into the chamber
230, and a outlet valve 250 that controls mass flow out of the chamber
230. According to one exemplary embodiment of the present disclosure,
the inlet valve 220 and the outlet valves 250 comprise on/off type valves,
and at least the outlet valve 250 has a very fast response time, for

exampie about 1 to 5 milliseconds.

[036] The mass flow delivery system 200 also has a pressure transducer

6



8. Calculate and report the verified flow based on Eq. (1). [034] By
controlling the operation of the upstream valve 120 and t he downstream
val ve 150, based on the outputs fromthe pressure sensor 170 and the

tenperature 180, and using a neasured rate of ri BhESsUre over
time to calcu a?ogeﬂs%ﬁhe flowrate of the fluid fromthe ﬂ%%% iOnto t he

chanber 130 according to Eq. (1), the controller 160 verifies the
measur enent of2701 fowpratidnperdaaumnadedity df peeddie ¥it0in {N@3FanttcG.232 418 a

schematic ill ratli f | ary .enbodi nent of a_nmass flow delivery
System 200 | n aEEoiancs Stk 2 e R Re s P nPeted $Eur e, The
mass fl ow del ioverithins st em 200 231c| lide sressclrairbesd 28027 @nlsordata vatwe 220

that controls i nggr , . et _val. 50 t hat
control s mass fﬁg\%sé)dun?’ \nglfnq%’ﬁrgp gﬁ%’ﬁgger %213%(:2(:65‘& g‘ih%eg(:%ﬁ gg'o%%cog%éﬁﬁgary
enbodi nent of onAexpreseEntetbhstnmesupkthet freséml dsclemlreeth228manmdatiuhe out | et

val ves 250 COURRLSOBNLG! LohBewkA! 458 prfbheb St fieonitid et val ve 250

has a very fast response tine, exanpl e abou i seconds. [036]
The mass f | owl@@peradune &y stveaih dobeaheontien38. pressure transducer 270 for
provi di ng neasurenents of pressure within the chanber 230 and a tenperature
sensor 280 fol0pfbbramplgs wéaswtahientresoiretteansdrer d’® on Use Wikt Hien t he

chamber 230. ‘HR@d&§Stehe 206 ARS BULRTordd Brah & Brdiasreryddlckasivdigsronse
time, for exanple about 1 to 20 mlliseconds. According to one exenplary

embodi ment of foRe thet Bsditeedi SER FEeTd!t HHEOSHEPEF AL B TBRHSH ABIEVES i n

contact w th, vard, tgaéyﬁﬂ@w.rm@ﬁwt%ﬁﬂt ss@fatid1@al espes a2 86 erobisoa wal | of
t he chanber 230. 37] Exanpl es of a suitable pressure transducer 270 for

use with the A¥piape {FogyEdieetasHGeare Baratron() brand pressure transducers
available fro e_assi gne f the present disclo e, MKS Instrunents of
Andover, Mass! %%ﬂtpbe F?Wﬁ%&%%ﬁ ﬁf‘.m%‘hg%%%Ité‘ﬁgé?%%”'ﬁﬁcﬁ”d25o are al so
avai | abl e frogidsing @86 gneevaive 38p ahdecheanitieovbier 2560 sb sisppagliaemed t o
control the openi d closing o he inlet valve 22 nd the outlet valve
250, SO as toPr(?QT H%ESQTVFBHTWBQW;?@E'EQ tﬁ?\ﬁH{PéJ? pﬁ%%?s?g?@r’}tyhae%%fsﬁm process
facility a preabeenukiemof mstbenf gas.nol es of gas. [39] In one enbodi ment,
the delivery system 200 may be a pul sed delivery systemconfigured to

deliver the g 4N a i S n, Yi&Weqt he delivery
system 200 def?%/ée]rlsn ?ieggﬁgggﬁ\é%l gr%'lr !é%('g%h? égﬁa‘?&%dor gg/\r/\tgétg tﬁe fol |l ow ng
cycle: [40] d%eldtay gestem configured to deliver the gas in a sequence of delivery

pulses. In overview, the delivery system 200 delivers the gas in discrete

puises according to the following cycle:
[040] 1. Charge:

f041] Open the inlet valve 220, ailowing flow of the gas into the delivery
chamber 230, and charge the chamber to a target pressure or a target

amount of gas moles.
[042] 2. Wait for the pressure to be stabilized.
[043] 3. Deliver:

[044] Open the outlet valve 250, which is connected to the process facility,
measure the amount of gas delivered, and close the outlet vaive 250

when the correct amount of gas has left the delivery chamber 230.

[045] 4. Proceed to the next cycle, in which steps 1, 2, and 3 above



[41] Open the inlet valve 220, allowing flow of the gas into the delivery
chanber 230, and charge the chanber to a target pressure or a target anopunt
of gas noles. [42] 2.Wait for the pressure to be stabilized. [43]

3. Deliver: Il eh the outlet valve 250, which is conasbadni@sst he
process facility, neasure the anmobunt of gas delivered, and close the outlet
val ve 250 when the correct amount of gas has left the delivery chanber 230.
[ 45] 4. Proceedreoepdaeedhext cycle, in which steps 1, 2, and 3 above are
repeated. [46] FIG 3 is a flowchart illustrating an exenplary enbodi nent

of a method ofy O%Fﬁzcﬁ':%’\’é! éjﬁbxlvvc%%?t'illﬁ‘&?ﬁqr@ é}gei&n%ﬁ SHRRAI MR o t he

di scl osure, the controller mass flow delivery system 200 of FIG
2 may be conf i"geihed of snasarflop 6@tVefheAﬁéftﬂdM Bomeotmppdiment oRkéferring to

FIGS. 2 and 3@5&&5%9@%%%’1@5 1@59?(! 8f We%'é?s”ﬁ@ﬂ deBvd§CKishen g Htes6red mass

flow delivery setpoint, for exa hrough an input_device, as shown at
302 of FIG 3,2 tryde GBS eRd 1 care %t t@@dﬂé@@ds}%ﬁ RE- oaReErMade 3, and

open the inl etFIGQ' y%na%O th® cBHﬁo@é}aimﬁfs #3&randBed ROV e GROIGrelll G 3.

[47] The control | 260 is further progranmed to recei ve neasurenent

signals from trﬁ@ssg}%g@,i,&\@ry ﬁﬁ%ﬂi}c@r PO PR H TOHB" CENPRY R e S¥nsor 280,
whi ch neasur e shBanRitepowre1and tide tieapenatl e 060t fiesignen v B bf Fiw

TR o RN TR e e

chanber 230 regaches a predeterm ned | evel, as shown at 310 of FIG 3. The
predeterm ned | evel of pressure may be user defined, in which case it may

be provided thr t he i nput i.C AIt r ul at ed
by F he contronpg%g% CB%@%‘EEro%ﬁt‘ﬁgugeg rgn%éﬂse\éﬁ yfeCéc:i&Flr@ée(argég%{gtgﬂﬁtg nt .

[48] After a pigdét eom trmeobmmarertgarmelnc@w7wamltﬁgevmmswattlbf@ gfasor a8d.de t he
chamber 230 o41;A0RIA2G1 A3 ALe, 8T RUNLILIGEHIL d B SO phbiffn 260 opens

the outl et val eamaso omt edelverg(hcha er
230 to an out mharrmleoeé@s'esr@ctlaelwl B$ phows asB@ﬁ/erﬂGBQQ Toke gongoligr 2

predet er m ”Edd%’ﬂ”% ’}% ﬁg{?'tn%geﬁé’ c%%&%ﬁgﬁnigtevél{??‘izo vﬂné’r‘f“br‘é s@@SGichih may be

provided thro eévi ce ative redeterm ned waiting
period may be tdetcbamrbaem(byeadﬁes@mﬁatﬁrmn%i@vb‘a%éhéwnt%é”1@q‘lﬁ ifSbri um

state of the gasylnslgedig,deldeyer b’re%?%ﬁxab@h%e?@@ﬁﬁéﬂ liRWIAGD i s

further progranme Ive measurenment si fromthe pressure
transducer 27@aamé mhe bterpedad mfﬂ@ugéﬁé@ﬁn%@qvﬁeor/ﬁéﬂm?%v%rr "M P§ he

amount of massg fl k LorPERCESSIRINERCH b tlia&yshown at
313 of FIG 3. C?Lupa\e,e?ﬁgttxt\g/a ﬁjtrB d)yg%ﬁeon be cl oged when theI m\a/ss of gas

di schar ged equatmitthe user def| ned

[048] After a predetermined waiting period, during which the gas inside
the chamber 230 can approach a state of equilibrium, the controller 260
opens the outlet valve 250, to discharge a mass of gas from the delivery
chamber 230 to an output processing facility, as shown at 312 of FIG. 3.
The predetermined waiting period may be user defined, in which case it
may be provided through the input device. Alternatively, the
predetermined waiting period may be determined by the controlfer 260
based on the equilibrium state of the gas inside the delievery chamber.
The controller 260 is further programmed to receive measurement signals
from the pressure transducer 270 and the temperature sensor 280 in
order to mornitor the amount of mass flow delivered to an output
processing facility as shown at 313 of FIG.3. The outlet valve 250 may

then be closed, when the mass of gas discharged equals the user defined



desired mass fl ow setpoint, as shown at 314 of FIG 3. Typically, the
outl et valve 250 nmay only be opened for only a very short period (e.g., 100
to 1000 mlliseconds). The controller 260 rmay then indi cates the nmass of

gas that ha obﬁﬁﬂ) %gchar ged to the output device. q;l%bl;gz@%mggbodl ment ,

the delivery sys ém 200 may be a nole delivery device ( configured to
accurately neasure and control the nunber of noles of gas (or other fluid)
it delivers tcleamedutgzatiiopr otpsist, g fraein att 34,4 sUElE. &5 aymsentiycOmduct or waf er

h hi troll
Drocessing, ShAReT B 45t Al EATRL SrerkP ARSI TRLIRR aolEEgne ol o
del i very chantiéo tﬁa@ammlfi&eaiosmﬂiar@er@ntmlIerhéG(p)mmetﬂ’emgdrtamSIth@y [ 50]
The controller gs% fOJas tngt 9@55?9&(;1 Bi}éﬁ{eégﬁg%g%?{gog%pgév%gpl ement nodel - based

algorithns to Teasurs and con gas that flows
into the holdi ng volume of the delivery chanber 230. The al gorlthms
i mpl ement ed bylOf Akl one eaIEIMEBO thtrgeMerb v ITRE AUy #f 21BPl8s of gas that

flows into an%eﬂ%ry@evtc’@(hﬂi@ﬁ&ﬁfﬂg@% E&a&@r&@%@%urh%ﬁdﬂ%n@%tt@' ivery

system 200 above, therefore nmol e nunber of gas | eavi nget he delivery

chamber 230 winumMss of ARieS ﬁf@?ﬁ fcﬁeotﬁ%'l flyigr § Qﬁ*l‘éﬁ‘ﬁetro PBBUEHUE EFEGEE%i nt o t he

processing fa%&lhtry%sud‘[ &dh skhianguerth aeirgefioceidiey ERhbet beiwaned may
i npl enent a nodel -based al gorithmthat caugcgwgéggzcont oI I ﬁéoZGO to nonitor

the pressure M¥agWenEhitds BboRENfMe g Fent 7GORMH AL 8 Yer at ur e

measur ement s Bye heHeRBP IR LB Ry S£LIMOT=a280 thaditpy dBembhe 2Bdedlilegas | aw to
derive the desired nunber of m)?J [[(52] In this enbodi nent, the

control | er 26@%HarENg FFé”ienP'é’tCE%”Q/Eacﬁﬁ‘O so as to introduce the gas into
the delivery chanber 230. The gas is then charged to a target pressure. The

control | er 26Qoshpmheeastisies tdteofam s delivedyesygesm 28t mgpaspiemantt he
when -t arget MUIBEACE o5l DL are Btk aan A e RIS e The”
nunber of gas gaeltest thves ged thaholdifgevdeievasithe dhhvﬂfemhzgﬂled@ﬁpngTﬁ%l s st age
I's given by: aY\%r%\Qr%%/rr%) e6r?§rf’%’b9§%%0c%’n%ﬂe?r4§6%l%f:ﬂf%% dhe number of

moles of gas that flows into and out of the chamber 230 to be counted,

In the gas delivery system 200 above, therefore, the mole number of gas

leaving the delivery chamber 230 will be known when the delivery

chamber 230 discharges into the processing facility,

[051] In cne embodiment, the controlier 260 may implement a model-
based algorithm that causes the controller 260 to monitor the pressure
measurements by the pressure sensor 270 and the temperature

measurements by the temperature sensor 280, and to use the ideal gas

law to derive the desired number of moles,

[052] In this embodiment, the controller 260 opens the inlet vaive 220 so
as to introduce the gas into the delivery chamber 230. The gas is then
charged to a target pressure, The controiler 260 then measures the
amount of the gas that goes into the holding volume of the delivery
chamber 230, and closes the intet valve 220 when a target number of
moles are obtained in the holding volume, The number of gas moles
charged into the delivery chamber 230 during this stage is given by:
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RT (2 [53] In Eq. (2) above, 8n denotes the nunber of noles delivered
into the delivery chanber 230, V, denotes the volune of the delivery
chanber 230, R denotes the universal gas constant (having a value of 8.3144

Joul es/ nol / o P/ T) is the change in gas pressur g dinhd68:48)% das
t enper at ur e@q‘zrog}ﬂmgféﬁge begi nning of the step 306 to the end}%f the step 310.

Eq. (2) shows that, by nonitoring the values of P and T, as neasured by the
pressure sensor 270 and the tenperature sgnsqP 280 at desired points in
tinme, the nunber of noles being charged 7 nrél del i very chanber(2230
during any given tinme period can be nonitored” [54] After the target
anount of gas noles is reached within the delivery chanber 230 during the
charge stage, [0$E] DoB4 I @)labove60n canstes thhauspet @R teliveagd itor a whil e

for the pressure . and the t t.ur t i he

Syst em 200t nOHE ABUES SHeTEoT Redatt Soary STt T R slmper of
mol es of the @as, Rsicpooss hel yidebigasedns@nathadtpatvaproeedsitag facility.
The controller,_ 26 S e | A i out put
processi ng faé?\%fa%ﬁ&%é abgn%{%f)l lg%h%gkyﬁégagraé’%ﬁ%r%u §$& g?(tgrr%gl es of the
gas that | eavésmphetae, ifven he hagibeing280hastser Wngottbe _gd(F)hasiary t he

Teasur ement sigRales, 9b, LAS,DLEISHY S ATRAPRHURENRE] GHichide, demper at ur e

sensor 280. ThHeé ton oses the outlet valve 250 when the correct
desi red nunbemarfsum by thof prrssuieasenser 279 pad det t/Bpy aEHENEE02380 3hd
delivered to the ! r SHAQLHBS b h¥tes HeR] ciA¥gEd droaAki re delivery
cycl e has beer?gg'(r)%ﬁjgwésd& tﬁ)@g’ ?ontrolstﬁer Zagscauses the system 200 to
return to the defivaryahagtiege30aminoepyagivemEmMmmpened el P& &et-e, for the
next mass flow delivery setpoint. For each delivery cycle, the system 200

directly neasypes; aRdr Bledr§& ¥meORt 6f0das holeded ratehea vepecithe delivemper of
nol es of the gas 1 nto the out

. Rut rocessi ntﬁ fac% I gtry (#Jsitps% ttﬁg t echni que
descri bed abowBambpsap0 HuENI4NE $hardecHiasmt e PPTaLeT 231 53 FF "a° dual - mode
mass flow verificat bon andicml e wald roetye pisters #0Dthd rerapoetdamt e t h one

WO 2010/ 059696PCT/ US2009/ 064948 enbodi of the pres [ 0 . The
syst em 400 i n@eadedesehtattr TA86YSER ?ﬁ@g&ier\/g‘o\yss P?Egogghfcggﬁr%d&?%écont rol

flow of a fl Uio@rshgtv@wa&mm@h@mmr bf Atksadt thutdaetis pedoiselviBaieoed tyared to
control flow of t

e fluid out of Feca er, 430 LAQG sfhur t her

i ncl udes a pr @$ERHPTEETSHII %‘76‘%60% F§u? égpﬁrcgsfrbeo set?;ggﬁteﬁ%ﬁ%?esgur € W thin
the chamber 43hicH e ds s teenonut fusddseingifadiiyd etz tenpeleatlePeneainsey 480
configured to tgg%%lr{wrbeerto %ngiggg%h%t éjarseth\éw Felyvgs &Q@d&W%Ba%@r 230

according to Eq.(2) using the measurement signals of the pressure

transducer 270 and the temperature sensor 280. The controlier 260

closes the outlet valve 250 when the correct desired number of moles of

gas has left the delivery chamber 230 and delivered to the output

processing facility.

[055] Once an entire delivery cycle has been completed, the controller
260 causes the system 200 to return to the initial stage, and repeat the
entire delivery cycle, for the next mass flow delivery setpoint, For each
delivery cycle, the system 200 directly measures and precisely controis to
deliver a specific number of moles of the gas into the output processing

facility, using the technique described above.

[056] FIG. 4 is a schematic iliustration of a duai-mode mass flow

verification and mole delivery system 400, in accordance with one
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[57] The system 400 further includes a controller 460. The controller 460
is configured, when in a first node, to control opening and cl osing of the
inlet valve and the outlet valve so as to verify a neasurenent of the flow
rate of the_ fl by a device 410. In other words, whe el ler 460
is in the flék%”ﬁgﬁ%? the system 400 operates as a nasgwhﬁgﬁﬁgﬁéygier for
verifying the flow rate of the unit under test (UDT) 410. The device 410 is
shown in FIG &meodameNREth@phesend elscloesrd orhe/\/gn}sm@mrmﬁs;nfcm\é/s\éeri fication

may be perfor n ed The controller
460 is furthe?ecodrwi?é:]J édarp\'ﬁhetﬁ/raﬁvne %%8%'6 %E%CO&GOIJE}‘C“ PoP flpeiRthg and
cl osi ng of thethwf@tmbmd aodtanetutictlvabe €50 asifigaraetd xatra frdesséamd amount  of
the fluid fronyg; cessing facilit for
exanmpl e a seni cogg)%ngp%?aéﬁgglr?)%(gsiﬁﬁgv%tﬁ n%@é g erdf‘ﬂ@ije%rpﬁ SUthen t he
control | er 4605%%0r A70 heorfigoorditarodesyieehs pseesuwr4 0 hoperatiesnas soass flow
delivery systefp Qb b res to | ut froma
user, for sel ecte] ﬁ%&%lq b f&qﬁy ?lklrug% aﬁ%&'@ ?eﬁ%nssogcgﬁaco%
controller 460mﬁé§url§éh@c§ﬁmpgtﬁted? Wdhmet@elc‘henm@rl4ﬁﬁut si gnal (for exarrpl e,
directly froma user, or indirectly froma conputer systemat the output
processing faCEd5‘7tJyﬂﬂe'&ﬂf@té?ﬁwm)&u%eﬁn%ﬂd%ta'&'&tr%%?"’@@@ tT*H@ dohfrahend second
in

nodes, and toﬁg erate at either the first nbde or the and second node
h

response to theG Ec@nfiadrachpiitendn gnfiist mpsie, 5‘3/5‘?’@?1@'4@@”%3“(11@'%6@ o4n i nput

devi ce (not shmen)iet ba%ﬁ«etdn@rt%@ldtﬁlet bervkRpULs t%l@aﬁy alrﬂgéﬁﬁt&h\éﬁt 8# thtehe
sel ecti on between the f ? second nodes, and the controller 460 nay be
“Feterseche b -

configured to TEEENE sqedf?ﬁl“ltohr]dh%efW@rij%pmerd‘é\ﬁ%troﬂ'%% The

control |l er 46046‘(&?;; idi)eh@ﬂr’e‘tlrgu&eecthe\@b%m Ao B@erfdtéﬂas B'qugss( 1'=<3\/§3vehf‘?elI he mass
flowverlflcat ecn(jl for mass flow

verificati on. Ev%rtj %rrg%w n%)tl'?eoqggﬁf“'f‘ﬁlqr@ferﬂ &0 (&Y e Oc oftTel SRHEd t o

geasure a ratml@flsrsgs@fnnn Ft[atle4parseﬁrSMF@ Qﬁthéh@e\flfé«u ﬂr\MHx&H Haa%gﬂoﬁrha”’lﬂerl
uring a time period after_a closin out | et and_to cal cul ate

the flow rate Jg 'F%téor} MY PG P eé]g'(TEWdEE ﬂ%?rﬁd"?tH@mﬁ%gg%raé‘d:ﬁ‘%t &gt rise,

as descri bed |cmntron¢mm isofiurshiet Roffigared, @boven a sk6&d Hwepaﬂ&drmdler 460 may

be configured, when in, the se t he nass delivery node),
to measure a rggsgmgfar{dngo? "&i% 3?{?‘?‘15}@%?‘@\% tl?eﬁt"@i‘qufes ‘g‘F V%38 during a
tinme period, awedrediemdotdétiheauiddreashe etambes 486 nﬁﬂoearf buipdt i nt o an out put
processi ng fa i \ trollin Qneni n and cl osj] of the inlet valve
420 and the out {)eetsgmg faép 500" e’faéﬁﬁ)!elansedﬂgo S W@tﬁr%r%‘?sg\?stem may be
configured to Cbpmbatelragttaerl\md(snwhen tled coerylicdedsiocie)in thdescankbencant r ol | er
460 is in the -t he e5|red mass of the
fluid may be é@glg?&g (?152 PL%FE% 82%)%%%8%' sy expl ained earlier in
conjunction with FIG 2 and FIG 3, the controller may be configured, when
in the second Rp¥lelNe somwakar4stamayfissiespensivd esinght treen fluged fohat f1 ows
into the chan@@:rec% basméé?ﬁtmsgﬁo%kaﬂﬁ t%%ew#&'n%daecomé Qnpfoigpner. of

nol es of the fluid that delivers into e out put processing r}am ity during
the delivery §P8de2nyersnfigewicdriy rﬁ?%é%@ﬁéﬂ%a%@ﬂaé@ﬂt%(amDIQ hérgstlgssur e
transducer 47@.and JS@W!%EH&@LIW@@;%U& @%EE&r%@sLtehr‘? at %@Su%wf e sensor 480
and controlllng openi ng and cl osi ng e inlet valve 420 and the outl et
val ve 450. TherfGreiee f%‘?'“%l”éﬁcﬁffvet?fea frlectignabetiesndbs firsfrand srsosflanber and

the nunber of \gdeesad td bse@%é aE BRke 0@l HHef %d%rﬁrQhE%d@&Gﬁ@%{d& faci ity
may be cal cul ated usin above. [62] is a flow chart

illustrating HitPEREIHL g?%/"%%@ﬂl'ﬂ%‘l*ﬁs*@?alaTﬁét%é%?%ﬂ@odﬁabéw%ﬁ%%g nass

flow verifi camipop dapide r(ragé;srﬂdv@rvy what tﬁéﬂél’x‘utsltﬂeW@G’g’ﬂb@%d’ﬁ&éﬂife%ﬁhgnbom ment
of the present disclosure. The method 500 may include receiving an input

si gnal i ndi cat$'ee BF CEVEENOEITBH Bt $RORT ANP9% PNAGHR CAREOKsEbLARYnDde of

operation of pe sysi®mredas rebovertial inpQ2siohaMineoudh thd B3l Wbepe t he i nput
signal indicates selection of the first node, as shown at 504 of FIG 5,

the system 40&5%8%1’1%[ go%*ntrorhe"?‘ 4%Sr§aq; Ee configured, when in the first mode (i.e.

in the mass flow verification mode), to implement the ROR technigue for
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verification node to verify a neasurenent of the flowrate of the fluid by
a device. In this node, the nethod 500 may i nclude an act 520 of neasuring
arate of rise in the pressure of the fluid within the vessel during a tine
period, and‘,,;ilpﬁ £2 of using the measure rate of risgQfs:bdIRsdlESSUre to
calculate th F[g[\&v rate of the fluid. The nethod 500 may further include an
act 524 of conparing the conputed flowrate with a fl ow set point of the
DUT to verify mas fidvoweriitaion. [MthW\afmdshehé apet-olsirgrtdl mepdiecat es

sel ection of té&%ﬁ ‘a“t@ rﬂ@?ﬁ!re%sra%]gm‘s rQESLﬁ‘!e%f tée ﬂhgi w‘%%ﬁt Qﬂ 400
operates in a mas Iow River-'a “desi of t he
fluid froma chanter d¢309|antlmheae$!ngtaétmrzwﬂosm of &re outdq;tmal\p?r,@@dszgl ng
facility, such AcPLO | ¢t t.he 500 may

i nclude an act ag%é SQ oggﬁﬁjﬁg‘g?ﬁg@mﬁgm\ﬁtv(gh%'g@qgm hte s"%sgsr)néhmo to

al | ow the fl uirdta of fiscp\esiduseriperbincteamyeation3wth dHe habest: 510 of measuring
an anount of the fluid that flows into the chanber 430 through the inlet

val ve 420. Thgg m}]l‘mé céﬁgoﬁ@ryzzéwrxawe ¢mbu9@j theraatinbk3cofd 6loasi ng the

inlet val ve 420 en a desired amount of the fluid has ent ered the chanber,

the act 514 of(i-8pElfi H§St Hewdslav et Dafce ta50easy /P JeEs Y NERRIGHEE of fluid

from the chamygfivs43& traNchahos 48D amgwttdna@ p&ﬁfbd/%rﬁ‘i@lememetih@’ amass of gas
di scharged eq

he desi Ss set nt of th
met hods and sy‘gisgﬁ% %&flté‘ég'“i inf¢an pi rﬂmﬁ‘?%s&go@ﬁ%\/ BY&O'LF(S‘P‘ 'H%scrl bed
wi th referencepeinghdabtingWrake piegranang shanpgdageet Valvakbb. be
appreciated that a variety of programri ng | anguages may be used to

i npl enent the gs of S r e y

consi st of, orEbgzﬁFuaee N nbeoagmeﬁ%%gg %tglensg}agso% gor}fgn?eocgjhége%pr%cger;| ng
systenms may bevB3el(ette deile\;ergcﬂremcgw»eideraﬂté/ mntaﬂ:iter vab egirbyheaseconput er
program st or ed her L y

conput er readarB{)e 'S op};{Se (r:ro\te?) ?mgwﬁéﬁéﬁpéaorg] g?b?rﬁ%’ fﬂﬁ%‘%%ﬁgge&g% type of
di sk i ncl udi ngwirhimgoEyf rdvfsksf ti@ptiw:dalASd&@kane@BaR@VBn camgnadgheithdlept i cal

di sks, read-o [ asabl e
programrabl e Pie%/t 5 9% m{ﬂ?ﬁﬁ@w@%’?ﬁeﬁn ca r!e?%s% | e )n?%&{ anmabl e
read-only rrenﬁpynféEEPR@mmbemUneollee obthe detMOﬂO\S%'%FbCEHCUBZ@@QI 064948
opti cal Cards’duF1 %ﬂ¥c¥\xpn€e %fa g%%ghém& e&kﬁozf%u%@F bF‘Qwo‘?ésechtt'h@rﬂLﬁd

i nstructions 68 h thods cand Syst ens presented herein are not

i nherently reltae‘edelt\/@rsarliyo plae pu‘mmt@m@&sﬁmtfé@l typd GEEsEer dlivept Hege

appar at us. Varj Ug, 9ens c%gl'e HFeO%Ssir)éﬁ] ® of B ;br%ssﬁ%ctrémstdt!c@ﬁ@éﬁ@t

conput er prograns In ac ance wt e teachi ngs herein. é t he
met hods and sysvgmseties ordasedments 96 s EasepRaBIre HeASUr B hEYd b “ﬁr%‘i‘%rrent ed

In hard-w red (Hohe éﬁd/c:og}ﬁgwf%é%H@B\%@49§%%eaehemmosav@r4%em a
gr aphi cs processor, any conbi nation of hardware and software. [67]

I'n sum met hodwiraes @y@@léﬁ@f Har eapEEh Hassi BEdtherde "9 0P H8th mass f1ow

verification 19?5@5&? %b:@wo@'%é Y8¥ Yh Qich@ereaPhiRNRE cjﬁ‘gcé%)éln@ Btingl eagual - node
device. A cost effective solution is thereby provided to custoners for both

mass flow ver i%e @HFS U DB (% 12RVBel i very requirenents, in a conpact
design. [0613] While the specification describes particular enbodi nents of

the present ingepsiFos, SHdﬂ@ZIQWO«fhaW mhftaﬁtyn@ﬁh lelxe spiargevhiseiimant at dons of the
present invention 0 arting fromt ventive_ co e
conponent s, str@%tg?mgggt%%,%e%”% S ERNETT {C§Pgﬂgngd§g it Q&Z?e Y‘l%p’ have
been di scussedn ateraghed thhldn&sémacbdhmnt MO thee prfesEheduscInaﬁret hé&heli scussi ons
relating to the enddtol mt _the scope t ANy way.
Nuner ous ot herm‘g%ﬁgdﬁ%ﬁerﬂﬁg '%?‘édedf%cg'vé%?eﬁ%ﬁ Segﬁjaiﬁ)nndé?gtg;en(g éeg & rrent s
that have fewsyetwasdatfirsnalode amd/0se@intifresdnt§ cparptioent s, Svsteem}sas f eat ures,

obj ects, benefits an dv. es. The conponents and steps may al so be
arranged and &Pawea& ‘3’5? '

[063] When the input signal indicates selection of the first mode, as

shown at 504 of FIG. 5, the system 400 operates in a mass flow
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[69] The phrase "means for" when used in a claimenbraces the corresponding
structures and materials that have been descri bed and their equival ents.
Simlarly, the phrase "step for" when used in a claimenbraces the

correspondi pg, AGhs.dbat have been described and their eqyiyahghisss The
absence of these p%rases means that the claimis not limted to any of the

correspondi ng structures, materials, or acts or to their equivalents. [70]
Not hi ng that hasifibetén swdedd verifi b Inestsuetreeht of thatfemdede o6 toafisie by

dedicati on of AMG0TRONENodB! &R meBHAEG Ol RELueRRNEL ISho gdvant age, or

equi valent to the pu regaf dl ess I's recited in the
clains. [071] Mmepsshiopts ratbef seopetiof pesatrectfitbe fiugd withinttbd webdl y by t he

claims that noy{.@ld Qi r;reﬁ%td 3AORA dcB shhlgnded &Q rhga‘ﬁﬁebﬁ%a&fr%% dS
reasonably consistent with the I'anguage that 1”s used in the clains and to
enconpass al | B piRgsUralo emeuidtenite iomarate giitheleigt sThe DEMIAMSE00 MavA syst em

for mass {1 oW tighbVRENAscad|ssachaBth f0f g TS M e Bb I bEAKIAR Of the

fluid, the systemconprising: a er; an inlet valve configured to

control flow dPv $d Foinfi of thattY T everHafbeflow rate.
[064] When the input signal indicates selection of the second mode, as
shown at 506 of FIG. 5, the system 400 operates in a mass flow delivery
mode, to deliver a desired amount of the fluid from a chamber 430 in the
system 400 into an output processing facility, such as a processing
chamber. In this mode, the method 500 may include an act 508 of
opening the inlet valve 420 in the systern 400 to allow the fluid to flow
into the chamber 430, and an act 510 of measuring an amount of the fluid
that flows into the chamber 430 through the inlet valve 420. The method
500 may further include the act 512 of closing the inlet valve 420 when a
desired amount of the fiuid has entered the chamber, the act 514 of
opening the outlet valve 450 to discharge the mass of fluid from the
chamber 430, and closing the outlet valve 450 when the mass of gas
discharged equals the desired mass set point of the fluid.

[0651 The methods and systems described in the present disclosure are
not described with reference to any particular programming language. It
will be appreciated that a variety of programming languages may be used
to implement the teachings of the present disclosure, The controller may
consist of, or include, one or more processing systems. These processing
systems may be selectively configured and/or activated by a computer
program stored therein. Such a computer program may be stored in any
computer readable storage medium, including but not limited to, any type
of disk including floppy disks, optical disks, CD-ROMs, and magnetic-
optical disks, read-only memories (ROMs}, random access memories
(RAMs), erasable programmable read-only memory (EPROMs), electrically
erasable programmable read-only memory (EEPROMS), magnetic or
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an outl et valve configured to control flow of the fluid out of the chanber;
a pressure sensor configured to neasure pressure within the chanber; and a
controller; wherein the controller is configured, when in a first

mode, to cogtgRlyRRehi ng and cl osing of the inlet val vep@ingkbddBs4044t | et
valve so as to verify a neasurenent of the flowrate of the fluid by a
devi ce; and wherein the controller is further configured, when in a second
node, to cont r SPUEPERT Iy camdy dhos phipedfa stimbinfoetstamdy eletireticval ves so as
to deliver a desitredopsount of the fluid fromthe chanber into an out put
processing facility, and wherein the controller is responsive to an input

for selecting n the first node and the second node. 2. The system of
claimi1, furt hg&’m Fbei%ﬁ%dsaﬁ’f‘q WEtE e @G seatdbhetemamgniaettinherente i nput

si gnal i ndi cat ralsteaftotdrg ;saetseme'r@@np@ttewe@%cé&%rfoirro%ﬁe@é}fba§&%9.ana%ﬂ§51 and
wherein the conérol er is configured to receive the Input signal through
the input devi &6 € 23PUPREC SYLEEIN 'BFY LR AISRT VIt differwitt conmmpitespiograms

tenperat ure semsarcocdumickgutethd Raamagy herde My alrWhe ntftnbdieatd W dest hin
emof claim1, wherein the controller 1s

the chanmber. 4, The sAé%t . . , _
configured, whERGHEEHETHT PseRbdisclorye fRay or dmR'gaeegfin Predswingdt he
plressure ?f Lheﬁrddiunvnbw\btd@jrammgg @Wﬂﬂéfﬁl ;:deld;ﬁc'bs’&g;?]r@cé%s@, @@Hﬂﬁkﬁafherf? g
cl osing of the e, and to ca ate the ow rate of the ui
from the devi c%'%gé%sﬁ)tgr‘ g’ﬁ@ﬁ@é%?‘@ﬁ‘@‘&?@%‘?" W€ anGsofwresy st em of ¢l ai m 4,
wherein the controller is further configured, when in the first node, to
cal cul ate a fliBR7 dnesu@ ohethves fangi sy sferenhafebeev tles:rivet ngataalfoor Batha gi ven

by: Q ko T pma¥CrgwReriebition and mass flow delivery to be implemented by a
single dual-mode device. A cost effective solution is thereby provided to
customers for both mass flow verification and mass flow delivery
requirements, in a compact design.

[068] While the specification describes particular embodiments of the
present invention, those of ordinary skill can devise variations of the
present invention without departing from the inventive concept. The
components, steps, features, objects, benefits and advantages that have
been discussed are merely illustrative. None of them, nor the discussions
relating to them, are intended to limit the scope of protection in any way.
Numerous other embodiments are also contemplated, including
embodiments that have fewer, additional, and/or different components,
steps, features, objects, benefits and advantages. The components and
steps may also be arranged and ordered differently.

[069] The phrase "means for” when used in a ¢laim embraces the
corresponding structures and materials that have been described and their
equivaients. Similarly, the phrase “step for” when used in a claim
embraces the corresponding acts that have been described and their
equivalents. The absence of these phrases means that the claim is not
limited to any of the corresponding structures, materials, or acts or to

their equivalents.

[070] Nothing that has been stated or ilfustrated is intended to cause a
dedication of any component, step, feature, object, benefit, advantage, or
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where P is the gas pressure within the chanber; T is the gas tenperature,;
Vs is the volune of the chanber vessel; 1(0 is a conversion constant, 6x107
in sccm (standard cubic centineters per mnute) units and 6x104 in slm
(standard | kihsRsdos M nute) units; Pstp is the standarg{piQssMEOs
(=1.01325e5 Pa); and Tstp is the standard tenperature (=273.15 K). 6. The
systemof claim1, wherein the device conprises at |east one of: a nass
f1ow control | F9URIEH ol 1B RuRlit.oegarties| Aferhether it Theedgstifhoflagnai m 1,
wherein the co[rb%?lll er i.s confi %ur ed, when in the second node,
n short, the scope of protection is limited solely by the claims that
now follow. That scope is intended to be as broad as is reasonably
consistent with the language that is used in the claims and to encompass

all structural and functiona!l equivaients.
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to neasure a mass of the fluid that flows into the chanber during a tine
period, and then to deliver a desired mass of the fluid into an out put
processing facility by controlling opening and cl osing of the inlet valve
and the outlet valve. 8. The systemof claim?7, wherein the desired nass
of the Qﬁg#ﬂ conprises a desired nunber of noles of the fluid, and wherein
the conttalMer is configured, when in the second node, to nmeasure a nunber
of noles of the fluid that flows into the chanber during the tinme period by
nonitoring pressure neasurenents of the pressure trgnsducer and, t{enperature
measur erfent s “o$YS{H fRrdngRsy fiﬁ%ﬁ%""?é}h%fo‘% ﬁu'dﬁndfﬂkm§‘§% %%V&f*g%aﬂav o é’,e rein

t he nuniaes sy@terBb@grigdig:a precursor gas delivered into the chanber during
the tine perio% and occupying a volune Vs of the chanber is given by: V (P
- R T where AP'8B¥%8tes the nunber of noles of the gas delivered into the

chanber duri g iﬁl&@a‘de%nﬂ%i@@o chhtenad 86tha fluiiivernsakhgaserconst ant t hat has

a value of 8.3144 (Joul es)(nol- 1%)(%;{- 1@P denotes pressure of the gas
occupyi ng t h@"OHERpEVeronligeed o ot kv eidhp dridiayt 8F 19f CPRBPEas occupyi ng

the chanber wQrésBRire 8dtdoAbRUfiGLredan alcRsuR HEXGLWIthinahd atdntbdvedraeen P and T
bet ween begi réncioggol erg;d end of the tine period.
wherein the controller is configured, when in a first mode, to control opening and
closing of the inlet valve and the outlet valve so as to verify a measurement of the flow rate
of the fluid by a device; and wherein the controller is further configured, when in a second
mode, o control opening and closing of the inlet and outlet valves so as to deliver a desired
amount of the fluid from the chamber into an output processing facility, and wherein the
controller is responsive to an input for selecting between the first mode and the second

mode,

2. The system of claim 1, further comprising an input device for transmitting the input
signal indicative of the selection between the first and second modes, and wherein the

controller is configured to receive the input signal through the input device.

3. The system of claim 1, further comprising a temperature sensor configured to

measure temperature of the fluid within the chamber.

4, The system of claim 1, wherein the controller is configured, when in the first mode, to
measure a rate of rise in the pressure of the fluid within the chamber during a time period
after a closing of the outlet valve, and to calculate the flow rate of the fluid from the device

using the measured rate of rise.

5. The system of claim 4, wherein the controller is further configured, when in the first

mode, 1o calculate a flow rate Q of the fluid from the device using a formula given by:

& P i\ T

kO ¢ Tﬂp . V(' d (P)
stp r

where P is the gas pressure within the chamber;
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10. The system of claim9, wherein the controller is further configured,

when in the second node, to open the inlet valve to allow the gas to flow
into the chanber; neasure a nunber of noles of the gas that flows into the
chanber through the inlet valve by nonitoring pressure nmeasurenents of the

pressure trans e ﬁ' rature nmeasurenents of the tenperature sensor;
and cl ose thgstlgﬁeeéas\?g &E%&hﬁgn a desired nunber of noles of the gas have

ent ered t he dglsthenylucieanitier chariter vildsel;syst em of cl ai m 10, wherein the
troll [ fi d ' . : .
control ler i g Ur LASI-SNCLAUL A0S bl LEa 55 A MIEml: por minujc)OPe"

the outlet vafve 0 (f’lrscharge the ma om
out put pr ocessithgnd &e1dint sim (standard liteapearminatsiunier of nol es of the gas

t hat di schar Sis!tlﬁ'é &Swaerd%%esg%a@ﬂ&gﬁé%@g@; S‘uﬁ]l ity through the outl et

val ve by noni tbring pressdr e pressure transducer and

t enper at ur e MeasuhesNtaddémperatire (FBatSUf)e sensor; and cl ose the
outl et valve when the nmass of gas discharged equals the desired nmass fl ow
setpoint. 12. The systemof claim 10, wherein the desired nunber of noles
of the @as i Shasystegpetileimed, wha@in Teedeyvicst emppises lahilaasl Ope wher gians flne

controll i [ i d to repeat, during each of a plurality of
del i verfg}étyé%éé%’ﬁ%ﬁgwar%?dgédor%%g%ht rolling the opening and closing of the

inlet valve and the outlet valve so as to i ntroduce a desired nunber of

. moles °f7.the*rr9@§'s¥é?% Qr %lﬁr?n ?,*19@85%&@?&&0?&;”!3 %8mfb%¥éa‘”€\fheﬁ.ir¢ﬁ1%isre‘é&wd‘MBQ&r of .
nol es of "the gas from the chanbér Thio an output” processing facility.’ 14.
The systemeaturelaainassl of thatleidethat ftdve ideshe ebdamberbdrringfa tiroe esried, antiéheyalo i s

cal cul at by, 0SSOI FE BASRE QN ol FERbESH FRRR £) QUAARRIHACIEhing

and closing of the inlet valve and the outlet valve.

8. The system of claim 7, wherein the desired mass of the fluid comprises a desired
number of moles of the fluid, and wherein the controller is configured, when in the second
mode, to measure a number of moles of the fluid that flows into the chamber during the time
period by monitoring pressure measurements of the pressure transducer and temperature

measurements of the temperature sensor,

9. The system of claim 8, wherein the number of moles of a precursor gas delivered into

the chamber during the time period and occupying a volume V. of the chamber is given by:

An = KQA(—{E) ,
R T

where An denotes the number of moles of the gas delivered into the chamber during
the time period,

R denotes a universal gas constant that has a value of 8.3144 (Joules)(mol ' }(K™),

P denotes pressure of the gas occupying the chamber volume,

T denotes temperature of the gas occupying the chamber volume, and

A(P/T) denotes a change in a ratio between P and T between beginning and end of

the time period.

10. The system of claim 9, wherein the controller is further configured, when in the
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second mode, to: open the inlet valve to allow the gas to flow into the chamber, measure a
number of moles of the gas that flows into the chamber through the inlet valve by monitoring
pressure measurements of the pressure transducer and temperature measurements of the
temperature sensor; and close the inlet valve when a desired number of moles of the gas

have entered the delivery chamber.

11. The system of claim 10, wherein the controller is further configured, when in the
second mode, to:

open the outlet valve to discharge the mass of fluid from the chamber fo the output
processing facility;

measure a number of moles of the gas that discharges into the output processing
facility through the outlet valve by monitoring pressure measurements of the pressure
transducer and temperature measurements of the temperature sensor; and

close the outlet valve when the mass of gas discharged equals the desired mass flow

setpoint.

12. The system of claim 10, wherein the desired number of moles of the gas is user-

specified.

13. The system of claim 10, wherein the controller is further configured to repeat, during
each of a plurality of delivery cycles, the acts of controlling the opening and closing of the
inlet valve and the outlet valve so as to introduce a desired number of moles of the gas into
the chamber, and then to deliver a desired number of moles of the gas from the chamber

into an output processing facility.

14. The system of claim 10, wherein the desired number of moles of the gas is calculated

by the controller based on the desired mass flow setpoint.
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