DUAL- MOPE MASS FLOW VERI FI CATI ON AND MASS FLOW DELI VERY SYSTEM AND METHOD
[ 001] BACKGROUND %002] A mass flow verifier (MV) may be used to verify the

accur acy BP 2A1%R29%eci sion fluid delivery systems such ASTHSIWPOPHHP
controllers (MCs) and nass flow ratio controllers (FRCs). Typically, a
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preci se qua]l:ﬂWIOtlEelSithﬁ \gﬁa\sm)mermsstremm argkonf doeynsgorrinct lgre vielNes aeayr i ng
processes, for exa ayer depos an e I
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These measurements may be used to calculate the flow rate and thereby

verify the performance of the DUT,

[003] A mass flow delivery device, such as a Mole Delivery Device (MDD),
may be used to accurately deliver 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 fluid 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 well
as the delivery of critical fluid(s) into the process chambers. The cost to
customers for owning both a MFV and a MDD, however, is expensive and

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



as the delivery of critical fluid(s) into the process chanbers. The cost to
custoners for owning both a MV and a MDD, however, is exE\enswe and

oner ous. KPZBIVKPMBE tend to have a I arge footprint. [ 006FCALSHEMHHS, there

is a need for systens and net hods that woul d provide custoners a cost

effective sqhyk} %cBFHIF@I‘% KREH (SEITRBES fOf sPAEMITBSS nﬁétﬂ%’dg%éi WE)%'id on and

mass fl ow deliver SUMMARY [ 008] A system perfornms mass
del i very of paowdm@stfmevwalcoag effasgve lsowtipey tiof theataqmremmemtrseofquihd. The

system i ncl Lf;YqI&SS +1W v%l gfca\é%co%}l guregw"\?ge ont rol flow of the fluid into

a chanber, an outftet valv 0 “Eont flow of the fluid out of
t he chanber, a pressure sensor configured to rreasure pressure within the
chanmber, andoa7¢@UMMARY. | n sone enbodi ments, the system may al so
include a tenperature sensor configured to neasure tenperature within the
chanber. [0Q9p8Thesgsiaht pbffermssmasnfloguidiverywoén finidaasiwet asrotkess t o

control ope g and cl osi of t nlet and qutlet valves so as to verify
a rreasurene V‘bf’e'f'ﬂ%atl"?rbﬁ}]ﬂé‘?guﬁ? Fh%sf‘/ﬁﬁrﬁ "B UQ%@WEL?\{ O test, using
the measur er@pkigurid theoRiresab e fand AdE ihPehahb®, ehangrtwdllé n the
chanber. The controller is further configured, when in a second node, to

control operfion§oarri £¢ eentig! Bewtafeherlug Oéﬁd?féﬂﬁlcé‘ta”mrv@sp"@és‘é%e to deliver
a desired amuual, obabd\cell il dhebL QM bARSGRANNRN kAL eranirCaRglng factlity,

usi ng the neas the pressure and e tenperature change within
t he chanber co[n@rliDl]erThewmasw@dlmswt@ttlh\ersycsmmornemtaéso graypde af eat ur es,

obj ects, benefits, K and advanta now._bec 8 revi ew of
the fol | ow G“EPeetrﬁHrécFe&‘égEFPﬁﬁ fﬁd\l\%o PGSt g‘?’ﬁggra%nﬁ%g\f %eﬁ&g t he
acconpanyi ngndhaydmgs, and the clains. [011] BRI EF DESCRI PTI ON OF THE
DRAW NGS [012] The drawi ngs disclose illustrative enbodi nents. They do not

set [009] The controller is configured, when in a first mode, to control
opening and closing of the inlet and outlet valves so as to verify a
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 numeral 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.



forth all enmbodi ments. Qther enbodi ments may be used in addition or
i nstead. When the sanme nuneral appears in different drawin i

i nt ended V8 2P¥fBP% 0 the sane or |ike conponents or steBg.Tﬂ{SSiéTjg’j[%‘i;I‘ﬁ 1

illustrates a bl ock diagramof a nmass flow verifier. [014] FIG 2

schemati cal l[?ﬁﬂéllﬁét Esalg %Sflc?w%%?li ﬁllquanglgiOavneEX?%ﬁ?&rﬁ%gﬁgﬁn%t fa'3 Is a

flow chart i trating an exenplary € I men Ss flow
delivery. [@i&hoBld&s mdss slow delherptic illustration of a dual -node mass flow
verification and mass flow delivery system in accordance with one

enbodi nent ¢016h&EIQr asent schededtos Wetraf@b7df FGal-ndde mdskdwwehart

illustrating an exenpl ary enmhodi nent of a nethod of performng nmass flow
verificatio E&E‘Ha%’%@‘%l %’W%E’P?’K/g“;’y\{erb’ﬁvé%r HhﬁE‘"é)rﬂgf‘ﬁe &H@ Bﬁ%odi ment of
the present ohisediRfter thek3bsERTALEEELEESCRI PTION [019] In the present

di scl osure, systens and nethods are disclosed that allow a single systemto

per form bot hoiBs§1&! @Ws efibli Fakt m@s%@iﬂ@%ﬁfe%ﬁwmﬁlémgbmmé@@gﬁz% i ng in

cost savi _ng for custoners _and space savl ng or manufacturers.
| || ustrati venelfiodddeerferraing moegs diovcvuediechtiant aed reatsodowedttlyempyinbe used

in addition _or inst | 1 j b i f a mass flow
verifier 10€.CC%%§W§®QIE%%%%n%TEé§§n %rhf gfn@]eoé%géogldﬁsﬁé&?rr 8'(:hanber 130
(having a kzg\fg M@WH gured to receive a flowof a fluid
L;ﬁgmda de;n_ J]NF e il ; deDUTllO shown in the illustrated
odi nent i at delivers a desired flow rate of t fl,ul An MF
i s typicall ;ﬂaéggé[‘ftg&ﬁrﬁﬁﬂ%tdd'c‘i&\?ﬂ!6e't%¥a??eﬁ‘“ﬁcalﬂj’d%'§t‘a035&§Ee PISE\E‘V)SES#E%F, ¢
control val wisw @RthfleRYERIM a8 besf@Rabofi atrsidw vetiéchtioniang, massl can be
used to repeat edl eliver desired fluid flow rates. Exanples of the DUT

110 may i nclflededebyryaresyBng|in meskaaYiag far cHEOMPSPRGAPLH FRYPENRD) and a
mass flow rahihQ cenifpt! er (FRO).

[020] IMustrative embodiments are now discussed. Other embodiments

may be used in addition or instead.

[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 valves, and
control and signal-processing electronics, and can be used to repeatedly
deliver desired fluid flow rates. Examples of the DUT 110 may include,

but are not limited to, a mass flow controller (MFC) and a mass flow ratio

controller (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



[022] An inlet valve 120 shuts on and off the flow of fluid fromthe DUT
110 into the chanmber 130. An outlet valve 150 shuts on and off the fl ow of

the flui VPrRBHBREOchanber 130. The MFV 100 further incPGEES2YIRPEEEure

sensor 170 configured to neasure pressure of the fluid within the chanber

130, and at r r. gy r tuwe of the
flurd within the c%ggnggr%\?g%g.ls%%g?iggf'b,gb‘t'%g 4*&%% 5 fEr%)a‘%’g}ggtlf'ei%o(\%v‘:rrat eis
bei ng veri f ictder sypesgatsfjuids trhayglsof bewerifiteé HyoftheoMREr1ad.pes of fl ui ds may
al so be verified by the MFV 100. [023] Wiile in the enbodinent illustrated
in Fig. 1, the device being tested by the MV 100 is illustrated as being a

si ngl e DUT ([PEG) WhDe in the ko adlitvenhdtuesdrdthdtinifig.ot hgre eevdoeibeerg s, a
plurality of DUTs ected t nd .t ested by t 00, . The
plurality oft© sbme gﬁt\égﬁﬁéﬂl_@ﬁt@gesﬁé e foﬁn&eaBQTnggi/F(g}aﬁjrq'dFd, f or
exanmpl e. [ 024bufy 6eMHJItEl ltREL HOOHS GAPS@Riads! 8 pilhe iM-¥r BA0rs g wontrol | er
160 controls the in-situ verification of the performance of the DUT 110,

and cont r ol SOPRECESEIRENGReTRdtHetheMEY P vd heRuEdY LIt May Bal ve 150.
| nbodi ; | 1 i npl t
h one € Qddqfﬁ%%&% toz %WU%&?VIO%VQ a%.qﬁéﬁ%l_d?rfor 80 BYe.| npl ement a

"rate-of-rise eriftication technique to perform nmass
flow verification. \Wen the ROR technique is inplenmented, the flow rate of
the fluid i 4026 ex mpniedlieylediscagnededitodhg MoV fi0dw The 60atRASMWASY ol unre,

and neasurin h [ es ' hat 91,15' Y i r of
time. [025] %&rogsagri]e?%#l&ﬁc\{éﬁﬁgagp ﬁao%tt?ﬁ?f iséi&gs@%gp;n@@o%ﬁ t he
chanber 130.cddsidlg tihd@epeestorbaf gne anlequalye drid), amadhappithet vgIend5@ ddal gas
law to the gas in the cha r inlet flyid, fl rate. can _be obtai ned by
neasuri ng tr%‘ep?‘é‘é@ﬁifr@e%gp%”{’%ﬁnﬁg&aﬁ\ﬁ %org:(&{q{ef)%%gwa(yopngeh % uid) in
the chamber 3@ af--NeY (ROR)aceRRidUBTIIP vERECAGbHh C¥dHIGq @8 t@tpeoforn] @28k wher e
Pis the gas pressure within the chanber; T is the gas tSnPﬁé ture; Vc is

t he vol une dtow Nerifiealidper Weegéhe ROR technigue is implemente OW rate
of the fluid is determined by causing the fluid to flow into a known

volume, and measuring the pressure rise that occurs during a given

interval of time.

[025] The basic principle of a 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:

(1)

[026] i :Wk().T”P'VCEZ_(P)

P, dir\T
[027] where P is the gas pressure within the chamber;

T is the gas temperature;

V. is the volume of the chamber vessel;

ko is a conversion constant, 6 x 107 in sccm (standard cubic centimeters
per minute) units and 6 x 10* in s/m (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



k o is a conversion constant, 6 x 107 in seem (standard cubic centi rret ers
per mnute) units and 6 X 104 in slm(standard liters per_mnute) uni

Pstp is tWE21U4RYFd pressure (= 1.01325e5 Pa); and TstBCF@SFWQ/Og‘Pé%dard
tenperature (= 273.15 K). [028] The controller 160 receives the output

signals fro r ﬁﬁg@% 7 ra 180, a

controls thgbhgtzrr g{t}(?%ﬁluo t'he Ii%r%e%er\?)sglﬁj\}tg%z’%gnd ég{tf%g%ﬂg qufaR/%T \9gg|1%0,
based on t héleereiveetk®atguhesiglelvalverh80cbatedbhahelteiveasautpst a rat e of
risein pre re o i d thin the chanber 130 after the outlet valve
150 is cl osgF indfrﬂ&cﬁatt‘)ﬁ‘s%gg "UFaaUTRt 2D fr'%%e Hprerséé‘é%Pgtfb‘?/QP'C{i e
and t enper alwiﬂﬂnttbefcabmﬁe&tm(l Beef tiowolaee vele 050 tdhelokbyl dnd LRM

110 into the chanb 130 according to Eq. (1). [029] | n an exenp

enbodi nent , MY ritfbofiﬁé% Of SreTHURG AVEE LERe Ry q@@%ﬁﬁ@r@t@dcql@ulat@ MVFV
100. Duri ngchakgy fdrow,C Bf%fﬁl@ﬂbld#r@n{ Erﬁ'-’éTbU“ﬁ%%t%l@w dérHB%P"fyolOO I's shut

of f. Wien a verification run of the V100|S|n|t|ate I'nlet valve
120 and t he ageRNdég vaFde (150 are opened, so that fluid flows fromthe MFC
110 to the MFV 100. The MFC 110 may be provided with a flow set point.
During an initialization period, the fluid flowrate fromthe MC 110 and
t he pressuré%)?] {manfexgraplairy mnﬁqum&ﬂﬁaﬁthFﬂSm@maiaﬂslhﬁmgi tegtedeach a

ot cady-stal o] D900 BRI A LERRL Hhy RS ST kRl 10 1o

cl osed, so that ressure ins
chanber 130MF[he100m thal MéV 16D idehet mﬁhewrtelmea rvahecatﬁomlreﬂ dffthtaheF\pr essure

(i.e. ther of change or. tinme der ative of the ressure during a tine
ber tod. by H00dR g EE delnle T 1 el e pul ehedlsF el fte SBFRER, 170

Wi thin the @baﬁb@ﬂu@@owgmmﬁwmqn@ RSN S VEIT(S frh@rmf@qlberﬁe?r ature
sensor 180. [031] For exa nperature and pressure neasurenents wthin

t he chanber PeFToMRdpeith e ng@‘de"’cftaﬁo”ﬁﬁ' eBetiagramidtizlizagionperiedl Wet iwidughout
the time peppQdrarh HrHARNEHFERH1AYa A PRL bPE Y re R EHRFRASUAIHTY RRD LI Me

chamber 130 are allowed to reach a steady-state.

[030] Once a steady-state is reached, the outlet valve 150 is closed, so
that the pressure of the fluid begins to build up within the chamber 130.
The controller 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
chamber 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 valve 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.



intervals may be about 0.00025 seconds each, and the time period may range
fromabout 0.1 second to about 30 seconds. O course, different tine

i nt erval sSYAHY45¥%peri ods may be used in ot her embodi mERTSAHPVKEHREY 100.
At the end of the tinme period, the outlet valve 150 is opened, to allow

fllowof the (bhy} draukrolortile Ghamhesc A nbouanaKiaust, oushaan @ vacuum

punp, by wa exanpl e)” or "ot her type of out put rate of
rise or timehdéuid admperatdure g, hbhonely p(RAS)iIAE rhdiy \nedealcbiptedbatédiod

tenperature T), nanel P/ T/ Dt may be cal cul ated based on the

rombur enent ShGIMEENBEIAs o kpansr audR Aa e ERP T ALTRN SR K0GOS ¢ he
chanber 130.v BpgedceambBe 168l criaiean tat @ariuldteaa k¥ Bf Tise A¥p/T)/hetHd ow
rate produce y the MFC 110 can then be determ ned and verified, so that

d b
the MFC 110 floanT®e pogperd pychre Bratldd camenen 8¢ qa&?@“@ﬁdsa%%l‘/édhéged by
the control lgr 160, kg RY 1?@‘!%‘8: ?é;&é&aelrﬂbQéﬂ?oraE&ﬁﬁ]T% HYRI GRé gpss flow

verification nmay proceed as Open both the upstream val ve 120
and the dowtstaudstedviay thee ta05roler. 16D weing ehvatieel{1pabavefor the DUT; 3.
Wait until the chanber pressure is at steady state; 4. Start to record the
chanber gas [pB8%Futywicaldnbbe flohanddficagms meygerated esffodowsow cal cul ati on;
5 . Shut the do tream,val ve 150 so that, the chambe re, Ll . 6.
Wit for a periodR%t ?W%%%EP#F%%Y%H? 17.,_t0 @%ﬁﬁ? ﬁ&“&%&%@?‘fég%evg?@e 150;
8. Cal cul at & and gigpas flowhet yintf fopdhtlmyw pased on Eq. (1). [034] By
controlling the operation of the upstreamyvalve 120 and the downstream

val ve 150, Based WaltiHei G0 shes Be Reed s stiFad%eldsr 170 and the

tenperature gens ﬁtﬂ& A YEE RBamIBRaRY §idsEaieald the $Raffbdr@EsuUr e over
tinme to cal c4;sjl atgjtta e fTow rate ofa t he Iu‘?r(c% fromthe DUT 110 igﬁla?o t he

chanber 130 taoumrdiurg foo fiey. cgleylatiohe control ler 160 verifies the

TR e ) BRSSO R e e s

schematic il1ust an exenplary enb nent
Wait for a period for flow verification;

7. Open the downstream valve 150;
8. Calculate and report the verified flow based on Eqg. (1).

[034] By controlling 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 @ 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 embodiment 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

example about 1 to 5 milliseconds.

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



mass flow delivery system 200 i n accordance with one enbodi nent of the
present disclosure. The mass flow delivery system 200 includes a chanber

230, an i WPSPINIPe?& 220 that controls nmass fiow into thgcgﬂ%?ﬁ‘fi)g/t“‘?é’b, and a

outlet valve 250 that controls mass flow out of the chanber 230. According

to one exe r i f..diLsclos i nl val ve 220
and the_out PLe og Pl agByTEMestLrotentt FERRs LRI Ty i chifled Fiondfe he
out | et val ve t2bfpdratura sarspr 2886t for espoidsy triemurémenexafidrapakmute dnto 5

mlliseconds. [.036], Th SS w_delivery system 20 | so has a pressure
transducerz’?f)v\[l 'n;SPS\ﬁ%&ﬁbern&(gurTgﬁeq{%s%ﬁ %?B%%‘tﬁeé id AiSA Na%e® ¥RRfber 230
and a tenperfagstiieepsedts e §8r ERENIPIO¥bILNG tTERS wiiRiRBRS SdNfAdcBRPAGabUr e on
or within the chanber 230. The pressure transducer 270 al so has a very fast

response ti RBS PEMRIRBABMPOAIBENT £f the PoesRNt disdesids thademnsraigreo one
exerpl ary ebAdiES (O 1Bt RRANrfl ST AR Seat DR ERSg A  sensor 280

is in contact wth, ancT provi des neasurenents of the tenperature of, a wall
of the chanbemp2siiur¢ ©87¢ vexbofpthesclifmbesdBfabl e pressure transducer 270
for use with the delivery system 200 are Baratron(r) brand pressure

t ransducer s [@%3] Eabhw!é¢s ofitshitabss prpsserofransduperdedifoduse vosutlee MKS

| nst runment s ,of. Andover s. (http:// . nksinst. c . Suitabl e | ves
220, 250 arSeL\Y%réf %K?S‘?'i“a%{?@af‘? %r%r?ﬁ8”@2@?’vﬁ8feﬁsﬂé%?%ﬁguﬁ%ﬁt?Voq"lag’fe 260 is
progranmed fne@hé aekighke ofperiprgsamddistiosiifg MK StIRetrium @its okl Areior20, and

the outl et valve 250, so as to deliver fromthe delivery chamber 230 into
the output PlaSEeERIPHAMNW yNESIDFeeqrae, SITGRIE Matvserl20r 8< 80gas. [039]

I'n one embodi,gRsMIe tdIR tHeld¢fineeSystem 200 may be a pul sed delivery system
configured to deliver the gas in a sequence of delivery pulses. | n

overvi ew, thgs@eih¥&ihtiet 9Fp4e HMUEH1 tEoARS! tHe GpSHRGlPUl ses
accordi ng t@ tﬁgl.rpolec{ ow ng cycl e?Dr g40r}4 1. Cha? ge: &5 §
closing of the inlet valve 220 and the outlet valve 250, so as to deliver
from the delivery chamber 230 into the output process facility a precise,

known number of moles of gas.

[039] In one embodiment, the delivery system 200 may be a pulsed
delivery system configured to deliver the gas in a sequence of delivery
pulses. In overview, the delivery system 200 delivers the gas in discrete

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

[041] Open the inlet valve 220, allowing 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 valve 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



[041] Open the inlet valve 220, allowng flow of the gas into the delivery
chanber 230, and charge the chanber to a target pressure or a target anount
of gas noV82MYBAPP 2° wait for the pressure to be stabPFTZSA0P06H4F 3.

Del iver: [044] Open the outlet valve 250, which is connected to the process
facility, n%egg%seé q amount of gas delivered, and close the outlet valve
250 when the corfect anount of gas has left the delivery chanmber 230. [045]
4. Proceed to the next cycle, in which steps 1, 2, and 3 aboveare repeated.
[046] FI G 30#6] &16l dvis ehBew dharuslustiaking amersmppd rgrgmbeobiodemeoft a of a

hod of 1 ow deljvery, ing 1 i
i scl osur e, SRSt Parr EPYae G : et oo e g es) o B 200 of FiG

2 may be conrfiscuyied, the cemtirbNeroRb0 ofiehaehisdf 30 Uil eFd 6/stdm Rebesfriag to
FIGS. 2 and 3, the controller 260 is programmed. t o_receive the desired

mass flow defl MAYrSR setidined, tor e pafphe MeneggP QAT MHpus: REPEENI & shown
at 302 of Fleggs3) &kd)g;etﬁé;goﬂ%l@ﬁh za@hyg{)@gﬁ%mﬁéd%m@ee% BQ4g&firdd G_ 3,

and open the inlet valve 220 to the chanber 230, as shown at 306 of FIG 3.
[047] The conesofldwrdetigery sefnpinthder prxampaiveugher yaitvievikasasr emrent

i anal's 11 OW LR B 95945157 a030MESH AR A1 Do shedRatal i & 86A%01280

whi ch neasure the pressure and erature O Inthe
chanber 230 3, esywleapdrvehy inlasvsihevz?ato 808ciodmBe6238, ashenosontt 8Dbarf 260 i s
further pro%rénged to close the inlet valve 220 when pressure within the
chanber 230 t8aches 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 provi ded [paypugle dditrdirputedRViuctherArograratiatety reddivermedsaremeaul at ed
by the controller 260 based on the desired mass flow delivery setpqint.
[048] After SPpHedore it megssietirags el od O aﬂé ithg tRMRSH2 T8 5§§§0F§§Bde

which measure the pressure and the temperature of the gas within the
chamber 230 respectively, as shown at 308 of FIG. 3. The controller 260
is further programmed to close the inlet valve 220 when pressure within
the chamber 230 reaches a predetermined level, as shown at 310 of FIG.
3. The predetermined level of pressure may be user defined, in which
case it may be provided through the input device. Alternatively, it may be
calculated by the controller 260 based on the desired mass flow delivery

setpoint.

[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



t he chanber 230 can approach a state of equilibrium the controller 260
opens the outlet valve 250, t o discharge a nmass of gas fromthe delivery

chamber 28 20H/G¥%ut put processing facility, as shown ZCTAP00806424% 3,
The predeterm ned waiting period may be user defined, in which case it may

be provi ded I Vi ter I , ot e m ned
wai ting per idtgg{rgggh %%Q“g%\}[vgb‘r% lr#)?]@g %%C/g?%@hcagnjff%wgirdz%oH&Q@%ggb%ﬁ% he
equi | i bri umositlat eabfe 5@ ngas ontysbelepehed def belyes yechahberperidie(eagnt rol | er

260 is further, pr ed t o,.recejive asur nt _signals fromthe pressure
t ransducer g?@ @nﬁ@é(ﬁgﬂﬁgﬁﬁ%@%ﬁ)m h%éﬂgﬁpﬁﬁ%gg&ﬁ“w&%nf”%cﬁﬁ?ﬁrﬁtnteor t he
amount of nmesssd boyasleddtueiLledn aisaRabgiPLy L eagsai dgidaci ity as shown at
313 of FIG 3. The outlet valve 250 nay then be cl osed, when the mass of

gas di scharged ual s the user defineddesired nass fl ow setpoint, as shown
at 314 of Fﬁ@f’gggnﬂfﬁ%@ﬁpwm?we to6t ’ﬁ’e(/%ls\//%eﬁ?séof;?ﬁ?aﬁrﬁeyaB’éO]Spened for

only a very qaho&ty 88Vit@dMED Peonilteli@olRR0rdtely hiRGORdahd chRerdt@REr ol | er
260 may then indicates the nass of gas that has been discharged to the

out put devi cembeye mples eheasodinesituid) Relalwers ke pnEpEhPPOESERN be a
nol e del i very . .@devi (aM:p ' ; ORASH ntrol the
nunber of ng%!%g&dfsgggs (o%egﬁ er{rcﬂ#ﬁr?\g;a?’?r?ﬁ@g%?%}@)séhto an tf;yu'gvégt(938rocessi ng
facility, swshnasea Isdhiscemdocinoenwyahercqntodles iatgisctrantigeredyo waynbf

exanple. | n_this enbodinent, the caontroller 260 is configu t o, count the
nunber of mAlESUGRD agfd@ﬂﬁiqs pféggl%ghe?tﬁgaﬁ%sf veeﬁfl '%Wn%@mg%oﬁgﬂiwrgle

di schar gi ng cﬁ&h%h%in@rt@cﬁ%sﬁﬁb@eéﬁﬁb|fia&thy.[050] The controller 260 of the gas
delivery system 200 may i npl ement nodel - based al gorithns to neasure and

trol the nunber of noles of that f|lows into the hol di | f
The. del i vor yOR R comBeR ST b ars SREC HAYCHERELER) he BRIRTBI or 260

may al | ow t hgo HM0RRLe 05 gBRLEHsAb Bassirieadnd toMEol HonanbepWr mblethg chanber
230 to be counted. In the gas deli veri/ syst em 200 above, therefore, the

nol e nunber gafs thas flowsviniy thé8oling veryme Idrbe delizerinendmBer R38wn ' hen t he

del i very algorithms implemented by the controller 260 may allow the 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 one embodiment, the controller 260 may implement a model-
based algorithm that causes the controfler 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 valve 220 so
as to introduce the gas into the delivery chamber 230. The gas is then
charged to a target pressure. The controfler 260 then measures the
amount of the gas that goes into the holding volume of the delivery
chamber 230, and closes the inlet 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:



chanmber 230 di scharges into the processing facility. [051] In one

enbodi nent, the controller 260 may i nplenent a nodel based al gorithm
causes t h¥O2BHYS&er 260 to noni %/orn{)he pressure neasuPE%ﬁ?@”ﬂ?”f‘%éhat
pressure sensor 270 and the tenperature neasurenents by the tenperature
sensor 280, and to use the ideal gas |law {0 desive the desired nunber of
nol es. [052] | n this enbodinent, thego g\l( Y 260 opens the inl ] val ve
220 so as to introduce the gas into the d@livgry chanber 230. The ga)s is
then charged to a target pressure. The controller 260 then neasures the
anount of the gas that goes into the hol ding volune of the delivery chanber

230, and cl b3%&] ImET; AP BbQue VRN HENOfRE H & NHEMGECf MO RIS A0t ere E¥0ar e
obt ai ned i nyf @eh\g%rg'cg%rﬁ%ruﬁﬁﬂ, VheeRsRERQfolgR% SIRSIENRTJ.akil& t he
y f VPD=-R-D-

del i very chanber ring I's Stage Is given by: = D(-] )> (2
)J [053] | @3BgR {&)otaboke unbrerdehgaesontienhindengcr vaokeed &dllitdered into

the delivery chapbe 30 not i
230, R denoﬁ%%‘efﬁgogﬁﬁva?(%%%Pgﬁ)sgc%%s{hta%ﬁlg\é?h I ngrfeasgg%i ggl%‘%’&gy%%inber
gg;ﬂ)gs;r' / @Tp@mtﬁﬁﬂﬂr@m tree bé@ingh&;ﬁththsmnsB[pﬁ eisstirecend wif ded sbyp gas

ure, from egi nni ng, of the step 306, t0 t f th t 310.
Eq. (2) showdOt h%‘ﬂ-,(ZSySWgYﬁ ’g'barti RY rf‘ﬂ%'%\)/réq‘%gged@'%sa?ﬂﬁf%gggo?ﬁeasﬁrZdegy t he
pressure sensois 249 bnthet fe sk GRS IoH £ (586 Bhe 28MpiratdesigedopBotas in
time, the nunber of noles being charged into the delivery chapber 230

during a][\y giieﬁ'@ﬂfﬂohﬁsﬁ@ﬁirﬁal mnpebeswiftoeles bang 4P argackinte f8et ar get
amount of gas,; eshdSb 14 hin At j : oG rayring the
char ge stage, '?%é/ %%énrﬁr%fégp%g‘ggq%gm té t gﬁ'lséyes@gér{r? ggg%%\ai t rfg%r agvvhi | e
for the pressure and the tenperature of the gas to be stabilized. The
system 200 fbBa] Mfteeshertatget imodet ot gpy neelggds reached within the delivery

chamber 230 during the charge stage, the controller 260 causes the
system 200 to wait for a while for the pressure and the temperature of the
gas to be stabilized. The system 200 then moves on to the delivery stage,
during which the number of moles of the gas is precisely delivered to an
output processing facility. The controller 260 opens the outlet valve 250,
which leads to the output processing facility. The controller 260 measures
the number of moles of the gas that leaves the delivery chamber 230
according to Eq.(2) using the measurement signals of the pressure
transducer 270 and the temperature sensor 280. The controller 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 controls 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 iflustration of a dual-mode mass flow

verification and mole delivery system 400, in accordance with one

10



during which the nunber of noles of the gas is precisely delivered to an

out put processing facility. The controller 260 opens the outlet valve 250,
whi ch | ea¥¥® ZPH)/qSﬁ@Gout put processing facility. The cont P6H{UER 28644 basur es
t he nunber of noles of the gas that | eaves the delivery chanber 230

; . ! £ an
accor di ng t oefbod(rAknt!SF Bt bR JRRARUSIRAL 2@5&9%@&4@@:1}3@?%%6%l oses

transducer 270 and the tenperature sensor € COo

the outlet vEPYBDLEEE3GhaER Nt \wive 420 abesigueed muﬁbetrooﬂowod;fe@ flefd gas has

| eft the delj . 0 | i ed tot out put processing
facility. [ o%ﬁséfé%w'ﬁ’g@gﬁg@%t%ﬁroe&%gl‘%\?‘é‘? ;‘[ﬁ@yc&”bgHé%‘? B%&HR_EFS_ Pét &dthet he
control | er Zimidc@ﬂs@sﬁel*@asybére%@?@ﬂ@sryﬁém410(1) f@rth?ﬁidd?%&éi_@é ﬁrééélf‘rf andt
repeat the entjre ivery c e, for the next mass flow delivery setpoint.
FOIF‘) each deI%ﬂl‘%/Aésw clcg,nhéHregcg%&fréErﬂSE‘O%t’a‘? PERIIWE YERYOrtbe dinbrre¢dlel v
control s to Ted systens nspeairthér MenRRY a 0&mpRle$rofsehb LRk out put
processi ng facil in using the lte(;hr)ia(]quemggscrirgesg a@oggg éf@@@f;%f@ 4is a
schematic i IW@FF%#%tWP@EﬂHéﬂ wiithdre thersbafbew 438x.i fi cati on and nol e
delivery system 400, in accordance wth oneenbodi ment of the present

di scl osure. (O swsd ey 4bB%, l%?iﬁclﬁ@@?%ﬁ}og‘&é]ﬂer%%oi.njr %c‘éﬁtr\éﬁfzo

configured to control flow of a fluid into anber; an fet valve
450 confi gurdkl iocedfinured, Whew iofa fitet mbdedtoubntodl dpeniohameee0489. ofThe

system 400 f.urt. i ure sensqr. 470 confiqured to neasure the
p)r/essure Wi t%ienlht tedacmﬁ%atgﬂgfﬁh%ﬁt%ﬁ@Ns%@?@ﬁotﬁa\ﬁ?r?fﬁﬁ A& HRETGaE oA the
t enper at ur e fensete d8thenld gynetbvice Areas Uheothee vieHaBEe e @ eWdrtid)d-he

chanber 430. 57] The.system 400 further includes a controller 460. The
control ler 4 lss'lqc%ﬁffi'r ér”%%‘,je' EreYiShE® 194 Peraige asta masstiioy VepEarng and

closing of tfoeveAhahg\thk R vaRsket drecHRULhieTnKal Y&stSQ 3F) & 9o V& YeAce
measur enment of the f?ow rate of the fluid by a device 410. | n other words,
when the corft¥bis grows o FEGi f ashen MRGst Otfbeledevines &yrswbich4®ssflerat es as a

mass 1 ow verdrriciohGhay ¥l S8t AT LAY BR &Phof RFitdd &, Wndeict a3t (WD)
410. The device

controller 460 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 430 into an output
processing facility, for example a semiconductor wafer processing
chamber. In other words, when the controller 460 is in the second mode

the system 400 operates as a mass flow delivery system.

[058] The controller 460 may be responsive to input from a user, for
selecting between the first mode and the second mode. The controller
460 may be configured to receive an input signal (for example, directly
from a user, or indirectly from a computer system at the output
processing facility) indicative of a selection between the first and second
modes, and to operate at either the first mode or the and second mode, in
response to the received input signal. The system 400 may include an
input device (not shown) that transmits the input signal indicative of the
selection between the first and second modes, and the controller 460 may

be configured to receive the input signal through the input device.

[059] The controller 460 may be configured, when in the first mode (i.e.

in the mass flow verification mode), to implement the ROR technique for
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410 is shown in FIG 4 as an MFC. Qther devices for V\/nich mass flow
verification qugbe performed include, but are not limte The

cont ro eVO28H/45¢% yrt her configured, when in a second ﬁﬁ@@sz‘f%/oé‘g’ﬁ?rol
opening and closing of the inlet and outlet valves so as to deliver a

des red amoupte ofol eIk dn! MRS FIBEORT: 430 b1l 048 44 But pr ocessi ng

facility, for exanp em conduct rocessing c n ot her
wor ds, when cbhégu(mi ta)M&arsumSG fiage iofi rlshens:beqrrdssmtéeofttthe f$1ylsltve|rcrm|4a(x®1e

operates as ow del i ver S e cont er 460 may be
responsi ve tg Frﬁ) rPn&?glrngé)réﬁopg@é%re?gqsw% EE@%\BBH V1e|' As¢ tr?od)é and

t he second @Q@Iat@hﬁem rotd 6f tHEbAuideroRetroaévigs iethd thd BRgisViged@n i nput
signal (for exarr%) directly froma user, or indi rect y froma conputer
system at t Heteof &k %Géﬁﬁ%ﬂ%wﬂﬁwnl‘/‘ﬁm EHei L@bevea sel ect/on between
the first and second nodes, and to operate at either the first node or the

and second rpdey Th@ é&ﬁl&ﬂ@@é@n{é}%é %Gﬁlﬁ%@r‘éd' WHEn § gHabecoHiempYet em 400
may include an input device (not shown) at transmts the input signal

i ndi cati ve df-etHee swssdtavedebeeivedwdehels Messuehd @é&%ﬁﬁl“ﬂ@ﬂégﬂ thitd t he

control | er %QTs”gg? ?%%RQHb%Wﬁ‘b Hég%eﬂl%% bd¥od Nl tt?édgE‘c\S';\‘h :Dér'gh the

i nput deV| ce € contro be  corf1 gure inthe first
node (i.e. idesirhd massof trm/vﬂuefrunfta)(aaltmtmpumd@c)esstr@ famltemtomﬂnelhﬁg]?

t ech f fl f
my e 1 kit eod sty e 47t weBi €10 Bho MR st S RO he T Ui

within the chanber during a tine period after a cI05| ng of the outlet

val ve, and t[oswlmuin@t@mtbbeirﬁéowthatsfysoémtrheyfdeu&cdwf’fgwadttbea;ﬂaew'ecas @si ng
the neasured rate of rise, as de crkbed i n conjunction FI G 1 above.

[060] The cdMPPdmele dedigehagericedon F@GF’%&O”\V\W@W4ﬁ0t‘ﬁé”§éﬁc§'ﬁﬂ°%de (i.e

the mass flouhdel TNQRY dPREBNIMERL, rfﬁé%érsﬁrea rﬂa§§ oPfhd haid Haydod Batkiréd ons
into the chanber 430 during a tine gerlo and then to deliver a desired

mass of the runtber ehmelemobihefivider eexplanged arliartiy wyiwaitarovithidGepeni ng
and cl osing Zogn& I??G'.Srfltﬁte c%%ltyﬁiez}%gag%g éohﬁ’ng%‘l’éé,eJthﬁllP(‘%hé%gcond mode,

to measure a number of moles of the fluid that flows into the chamber
during the charge stage and then to control a number of moles of the fluid
that delivers into the output processing facility during the delivery stage
by monitoring pressure measurements of the pressure transducer 470 and
temperature measurements of the temperature sensor 480 and controlling
opening and closing of the inlet valve 420 and the outlet valve 450. The
number of moles of the gas that charges into the chamber and the
number of moles of the gas that deliveres into the processing facility may

be calculated using Eqg. (2) above.

[062] FIG. 5 is a flow chart illustrating an exemplary embodiment of a
method 500 of performing mass flow verification and mass flow delivery,
in accordance with one embodiment of the present disclosure. The
method 500 may include receiving an input signal indicative of a selection
between a first mode and a second mode of operation of a system, as
shown at 502 of FIG. 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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[061] | n one enbodinent, the systemnmay be configured to operate as a IVDD

(nol e dellverﬁydeV|ce) mhen the controller 460 is in the second node n
this enbodPHHPhe desired mass of the fluid may be dBSTHEAWUAIE of
nol es of the fluid. As explained earlier in conjunction with FIG 2 and

FIG 3, the e

nmeasure a nl)/n@ﬁkéﬁ%% dé%Y%P@rlﬁg rrg?gdﬁgWa Oﬂ\rﬂ\g fwn r§€eh§f1&h"ﬁg§rb\,au“ ng
t he charge @t@aceancﬂn tthermt)de;:dm nadthad rﬁﬂﬂ)maydhcimﬂee& att 6he dfl ui d t hat
delivers int outp acessing faci uring the iver stage by
moni toring Pre 'ﬂ? Teasy &H‘E‘?ﬂ%“&f?pf?ﬁéuﬁ? ﬁ%g f“f‘?&’ﬁ&ﬂﬁ?@? VE78¢land

t enper at ur ednmagwr erRnberioll, bhe anesnes el uf @sivRNG@r m@80urNehte AFtHdY bf ng
openi ng and cI o?_%?ns%vof the inlet valve 420 and the outlet valve 450. The

number of mbe® RO FRCUHE thenfryaate At B¢ Aridhifberethng PR nmfrber of
mol es of the,gas, Fr‘l&ﬁﬁd&dgh'a‘égrﬁa éﬁﬁd?ﬁwbmragrt%%ﬁm&eé% i Nﬁfﬁ
art | ustrati ng

cal cul at ed usmg Eq. (2) above. |safIOW(¥¥1
an exenpl ar yloengidrarenol dte BUletheeariGodcoflogertor i ng mass flow
verification and nmass flow delivery, in accordance with one enbodi msnt of

the present égééﬁe Bhe lrfb%ct : %ﬁ‘mn?%té@éfet E't%rpg?tfgj%gg& d'\&g'\oqﬁs '

put
signal indicati a se ween a and a seco ag node of
operation ofshawsyditmﬁ oéﬁI@ththeaSyﬁ@ﬁw éﬂOI%Ip@raEas in0b 8jasélfeow tdeéivemput

signal indicates  se ct aon, of. sho at 504_of FIG 5,
Tho"2 st om Fote BT B SmouR e IR Fuud ol et St 438y thé
nmeasur enent sgéteiheobl iavy batautplt bhecdskinigdralyit®, sleaH §€a ;iroaegshhg node, the
met hod 500 nay include an act 520 of neasuring a rate of rise 1n the

pressure of CPRBLEruile it Maser hee veeded mﬁj’ AAdYq4Rapact 848 ¢nd an act
522 of uSi NgRERRTASHIA [E 426 36 QiiReRy ESBUEE e Babalhe the flow

rate of the flui The method 500 may further 1nclude an act 524
conpari ng t Fgodorpintagabe @)B\Q;ramcé awi ady =l O bbmwessuripeiatt aU’fOLtnhe)beHfttm verify

the Tlow f e AORSInHNER LfifnbEPYS0 ShaRn HIHRA FSvERE! TRE ket

second node,
SOO may further include the act 512 of closing the inlet valve 420 when a

desired amount of the fluid 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.

[065] 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 memaories
(RAMs), erasable programmable read-only memory (EPROMs), electrically

erasable programmable read-only memory (EEPROMs), magnetic or
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shown at 506 of FIG 5, the system 400 operates in a nmass flow delivery
node, to deliver a desired anpbunt of the fluid froma chanber 430 in the

system 40%02A1ES5AH0 out put processing facility, such as ECEWE@Q/Q?‘W@S_
chanmber. In this node, the nethod 500 may i nclude an act 508 of opening the

inlet valve 43fcd I e.fluid to flowinto the
chanber 430, gﬁéél;tr?trg%té%%?g?é%gggﬁ?cﬁ%\g&gﬁbg Jr#oﬂf’gterlu%th‘P'UFd that flows
into the chalfiséfici®ost hrough the inlet val ve 420. The method 500 may

further include the act 512 of closing the inlet valve 420 when a desired

amount of th Ui e he chanber he act 514 of opening the

out :Jet val ve@l%é(; f[rgeEﬁ%ﬁg%g%ngf%%stﬁg&prgﬁemqﬂ[ Be'fer’%ﬁf? Ret dMenseEly430, and
closing the wiateet tovahy padbdilaheomplieeryarsc@dsogas dtheehspsefusaualishe
desired mass_set point of the fluid. [06% The net hods and systens

descri bed i nggrll\ [AHPHERME WXBIMGsTRY R BSefbivitdedidier gridcainphtereprogeams t o any

particul ar pirogrmang hangwdeachingdidrehe ARD'EGHALE t ald.ety of
progranm ng | anguages may be used t((j; i rrprl enent'QtCﬁeht@eagﬁJr%sargq gY#& esent
di scl osure. SEETOSRtIPdNERERRYE EisakIsEte Biay be Hinnndaémdetecb'meha)rrdl-meei y |
rocessing s . : i may_be sel ectively configure
gnd/or acti v%’féel‘gﬁzﬂ/bi%ﬁ{)ﬂ?&ﬁ%%@%ﬁ%ﬁ#gﬁo S %ré)rcgﬁqr, SueRPd' Conput er
program may R@csssredriby amy combmatern oehdabhl#resiod sgRwaREi um i ncl udi ng
but not limted to, any type of disk including floppy disks, optical disks,

CD- ROMVs, d t] i cal di sk ead-only nenmories ( ), random
access meﬁgrEdég?q?%A%\}Erﬁ?trﬂé%g\ggg:aid;yc%?ré‘ﬁ'rﬂfd’lé/eb‘?%gg%?ﬂ'Rﬁcﬁ%r@'%bﬁmﬁ),
el ectrical | ymessaslabl eemfiagtanand ntagselslv ey e AEEObY | FERERONE)d by‘r%gnet' c

oroptical cards, or any type of nedia suitable for storing elec ni c
i nsltor uct i onss.m?lﬁ’égia"fﬁgdﬁéfel){éﬁfs Arf @Sk pHestke spedion isdhreety aravidedide

inherently relseé@erd GorabdthPaks Flehale SOERNELE nd PhAGERSR 9Ok oAl her
apparatus. Various general purpose systens may be used wth different

conput er pr dGARTEMENtackEo? dantachidelignhe t eachi ngs herein. Any of the

met hods and systens _
[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 claim embraces the
corresponding structures and materials that have been described and their
equivalents. 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 illustrated is intended to cause a

dedication of any component, step, feature, object, benefit, advantage, or
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described in the present disclosure may be inplenented in hard-wred
circuitry, b rogramm ng a general purpose processor, a graphics
processoﬁyoﬁﬁuﬁymgﬁy conbi nati on of hardware and softmapggnﬁg%ﬁf&Pﬁssunl
met hods and systens have been described that allow both mass fl ow

verificat i orqunbienets thopudRL] ARfaydlbgs BE WHBRhEMRIL #cibyy h BldGkfdual - mode

device. A cost effective solution is thereby provided to custoners for both
mass flow veipifhgatdiyr and S & W deld VeI Wi [ M S e 4(0; act
desi gn. [063] wRiIe t he speci ica“?§% eébgﬂﬁ8§sg§PF$ uﬂéieéﬂg@ﬁfﬁﬁﬁfs of
t he present nawé&iltdvenlhatresopeds intedidedrty ks Ibroadh adévireasoratilyat i ons of t he

present inventi ] rii fromthe inventive concept. The
conponent s, és%’é%@?wf%gﬁﬁbggng%%%ég?g?t 'Beur'?gpi 'Psthﬁn%a'%aﬂaéﬁ “PRA®SHave
been di scussgidstanetunsiraid furdtioslat aukalerlone of them nor the discussions
relating to them are intended to limt the scope of protection in any way.
Numer ous ot her enbodi nents are al so contenpl ated, including enbodi nents
that have fewer, additional, and/or different conponents, steps, features,
obj ects, benefits and advantages. The conponents and steps may al so be
arranged and ordered differently. [069] The phrase "neans for" when used in
a claimenbraces the corresponding structures and materials that have been
described and their equivalents. Simlarly, the phrase "step for" when used
in a claimenbraces the corresponding acts that have been descri bed and

t heir equival ents. The absence of these phrases neans that the claimis not
limted to any of the corresponding structures, nmaterials, or acts or to
their equivalents. [070] Nothing that has been stated or illustrated is
intended to cause a dedication of any conponent, step, feature, object,
benefit, advantage, orequivalent to the public, regardless of whether it is
recited in the clains. [071] | n short, the scope of protectionis |limted
solely by the clains that now foll ow That scope is intended to be as broad
as is reasonably
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consistent wwth the | anguage that is used in the clains and to encorrpass
all structural and functional equivalents.Wat is clainedis: tem

for mass VP3P ery of a fluid and for mass flow verlpfj?r@%‘?o&‘?@g’f‘sthe

fluid, the systemconprising: a chanber; an inlet valve configured to
cont r ol f 1 ovyeft l%@alﬁéﬂ .into the chanber; an outlet valve confi gured to
control flow of the out of the chanber; a pressure sensor configured

to measure gr essgg{gy s edfor?v\r;hggs ﬁBW@Ner?%‘f‘ aaﬂ&grgr{d)lﬂ Wﬁlgwel n the

controller is con t0 cont'rer openi ng and

cl osing of NhaﬁcamemcﬁahaéMahdmmnyﬂmmﬂ@mnnatmg so as to verify a
nmeasurenment of the flowrate of the fluid by a device; and wherein the
controll er iascfambdérer configured, when in a second node, to control opening
and closing of the inlet and outlet valves so as to deliver a desired

amount of t ke ihlativhi¥e confiercchianbeitro/nicw aif thefRud ifbatesangbdaci lity. 2.
The system of claim1l, wherein the controller is responsive to user input

for sel ecti ng hetoweenve h@nfiirqlnﬁetd fdentrodid e rspe Fndd MReef the chBttwyst em of
claim1l1, wherein the controller is further configured to receive an input

signal indi gagdeseurf sensrl @FFigaReded WeRI B rEbdiFt \amlins@eosthrABges, and to
operate at a selected one of the first and second npdes in response to the

received i ngd signal. 4 . The system of claim3, further conprising an
input device for transmtting the input signal indicative of the selection
bet ween t he af ¢ar¥tollgnd second nodes, and wherein the controller is
configured to receive the input S|gnal t hrough the input device. 5 . The
system of clveiarein tffajmrhteqall@omomﬁlgngecb weampér atfinse megssde @ovifd/gured to

measure t e”%% el nLg &n8'c gsmi:"g bE Wittt Db etdy G1ABREE: 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, 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 an output processing

facility.

2. The system of claim 1, wherein the controller is responsive to user

input for selecting between the first mode and the second mode.

3. The system of claim 1, wherein the controller is further configured
to receive an input signal indicative of a selection between the first and
second modes, and to operate at a selected one of the first and second

modes in response to the received input signal.

4, The system of claim 3, 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.

5. The system of claim 1, further comprising a temperature sensor

configured to measure temperature of the fluid within the chamber.

6. 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
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6 . The systemof claim1, wherein the controller is configured, V\/nen in
the first node, to neasure a rate of rise in the pressure of the f

within t NNOCAUMSA S during a time period after a cl osi ngPSF/[{Sﬁ@W(%‘Pf"et

val ve, andto calculate the flowrate of the fluid fromthe device using the
measured ratg g t8&he Flow F ysiem, f I Iler is
further confi éurcgdd ann Qlw Q%eé ﬁsmﬁo%g%aﬁ;e ge I%ﬁgﬁe&tﬁ%]ﬁoe\%%pgcg Q of
the fluid fre ohdselevice using a fornula given by : oJ Tf ' Ve d (P) "~
PY dt{ t ) where P is the gas pressure within the chanber; T is the gas

t enper at ur e7 | / c The gylstemodfuri@ino®, M‘r@reimatmmeconteslwl is flufkthies canfiganeat, si on

const ant, 107 | ndar,d centl t nut ) units and
6 x 104 in §\f E&%ﬁdiﬁﬁg Wﬁg‘?%agc i?é?“’ ‘?18 @W ﬂ‘?ﬁtietr@ Oengz"Fﬁ“f'ng% Fandard
pressure (= dvaéazﬁe@aH@}mm@lv@ipyi s the standard tenperature ( 273. 15
K). 8. The systemof claim1, wherein the devi ce corrprl ses at |east one of:

a mass flow controller andk@'ffngau ntroller. 9. The systemof claim
1, wherein the control % en in the second node, to
nmeasure a mass of the f|UId thatr f)o o the chanber during a tine

period, and then to deliver a desired nmass of the fluid into an out put

processing fatdreitt i by goNpraslLiragitpenhaghanbes! osing of the inlet valve
and the outlet valve. 10. The systemof claim9, wherein the desired nass

of the flui J'édﬁﬁﬂ@é@”ép%fé@l”reed number of noles of the fluid, and wherein
the controllerg H?e nHﬁlél{:%ﬁi? cWQﬁ-{be'rrl/etsEQ! second node, to neasure a nunber
d that f

of nol es of the ows I nto the'chanber during the tine period by
moni t ori ng mesemoevmernucenem, 6fx 1Beipsess (s@ndead sdbiecerdindeters

per minute) units and 6 x 10% in s/m (standard liters per minute) units;
P, is the standard pressure (= 1.01325e5 Pa); and
Tstp is the standard temperature (= 273.15 K).

8. The system of claim 1, wherein the device comprises at least one
of:

a mass flow controller and a flow ratio controller.
9. The system of claim 1, wherein the controller is configured, when in
the second mode, to measure a mass of the fluid that flows into the
chamber during a time period, and then to deliver a desired mass of the
fluid into an output processing facility by controlling opening and closing

of the inlet valve and the outlet valve.

10.  The system of claim 9, 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.

11. The system of claim 10, wherein the number of moles of the precursor
gas delivered into the chamber during the time period and occupying a volume

V. of the chamber is given by:
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tenperature neasurenents of the tenperature sensor. 11. The system of claim
10, wherein the nunber of noles of the precursor gas delivered into th

chamber JPIZAY/ SRt i e period and occupying a vol une V@CHUSFWQ/OE‘Wé%er

given by. VP D= - D(-) RT"' where n denotes the nunber of noles of the
gas delivered into th chqpber during the tinme period, R denotes a
uni versal gas con§haﬂLwynaL)has a val ue of 8.3144 (Joul es) (nor
T denotes

denotes pressure of the gak occupyl ng the chanber vol une,
tenperature of the gas occupying the chamber volune, and

change in a rati¢'HEEwden ePARyTe BERSEPTHBE s ATHE cars @%‘ﬁ/%ﬁdt‘ﬂ@ theare

1)(K 1),

P

P/ T) denotes a

period. 12. -FhemrsdEiA Ehé:h dérhvﬁodeerel n the controller is further

configured, when In th secon

flows into ttjglflggﬁgp&n (tg][ough the inlet valve by nonitoring pressure

rreasurerrent e pr

tenperat ure sensorderstedsgressuriehsf thel gﬁs yedups ivd e ahahemierewblmuaber of

nol es of the gas_have entered the delivery chanber.

12, wherein the JoREPYEPEFMREPITEHIIT @ Si%ﬁué’d‘n%%di‘?l

SYysS

REVS

em of
fde

to: open the inlet valve to allow the
gas to flow intoR deneteanthenivensd gasecanshamtbdratdfasniebiecodf 8l3d4gas t hat

sure transducer and tenperature neasurenents of the

Iaim

to: open the out |[§{TP/VPH¥ﬁottesoa BhscdRl08 rbhs YEGReAlp bhaidpétvasard B@glﬁhmaoer

to the output processing facility;” measure a nunber of noles of the gas

that di scharagesenhpbthedmrippliodpr ocessing facility through the outl et

val ve by nonitoring pressure

12. The system of claim 11, wherein the controller is further configured,

when in the 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.

13. The system of claim 12, 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 to 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.

14. The system of claim 12, wherein the desired number of moles of
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measurenents of the pressure transducer and tenperature neasurenents of the
tenperature sensor; and close the outlet valve when the _nass of

as
di schar geO24W4¢% he desired mass flow setpoint. 14. THETQ%QOQWE‘QFS claim
12, wherein the desired nunber of noles ofthe gas is user-specified. 15.

The system fi ¢l 12, iejn the controller is further configured to
repeat, duri ngggaéﬂho% gw%ﬁﬁr@al ity of delivery cycles, the acts of

controlling the ogeni ng and closing of the inlet valve and the outlet valve
so as to intlbedudéesydeenrddlaiomdeér of noles of the gas into the chanber,

and then to deli - i T, I of the gas.fromthe chanber
"hto o ourput proes iR (o RSy Eh R B a0ted Rt e 43R
dual - rode ne$s flLosity exfidelioaty oyclandhwesas fdf @wndelllingethe opbeingeidod

conpri sing: receivi an input signal indicative of a selection between a
first node 5[?_&'%9 QL%H‘?%HQVS@%%Q}%W%‘F{ 15?%\’8 S LHBHEC Yt 26PSHREN the
i nput  si gnahuitskrcert @5 csed et §45 Rhtotthe chibherMadae theAtbr @ihiepg openi ng and
closing of an inlet valve and an outlet valve in the dual -nbde system so as

to verify adfeisgdnemehfr of Moles of B 9ot Eoot thashpmbied inte an @eNwele; and when
t he i nput sipg ssIipfcates selection of the second node, controlling
opening and closing of the inlet valve and the outlet valve so as to
deliver a desired anount of the fluid froma chanber in the dual node system
into an out pot pAomeskongf fraplanenting 3. duRempge moasoflow| \arifice6ionvdrer ei n t he

act of cont rnpgésif;&g?/%%ﬂ% tﬁg%g{{ehgsd %?mﬁﬁg't e inlet valve and the outl et

valve so as to verify a asure 'ow rate of the fluid by a
devi ce conprises: causing the fluid to flow fromthe device into the
chanber; and neaserdiviggan atpatcigmalsedicativhef predsctian bbtwéen blfustd wit hin

the mode and a second mode of operation of a dual-mode system;

when the input signal indicates selection of the first mode,
controlling opening and closing of an inlet valve and an outlet valve in the
dual-mode system so as to verify a measurement of the flow rate of the

fluid by a device; and

when the input signal indicates selection of the second mode,
controlling opening and closing of the inlet valve and the outlet valve so
as to deliver a desired amount of the fluid from a chamber in the dual-

mode system into an output processing facility.

17. The method of claim 16, wherein the act of controlling 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 comprises:

causing the fluid to flow from the device into the chamber; and
measuring a rate of rise in the pressure of the fluid within the
chamber when the outlet valve is closed and using the measure rate of

rise of the pressure to calculate the flow rate of the fluid.

18. The method of claim 16, wherein the act of computing the flow rate

of the fluid comprises using a formula given by:
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chanber when the outlet valve is closed and using the neasure rate of rise
of the pressure to calculate the flowrate of the fluid. 18. The nethod of

cl ai m 16, WRHEHAPH% he act of conputing the flow rate of PFW@SF?WO&‘%%WH ses

using a formula given by: mhere 0 denotes a conversion constant, 6 x 107 in
seem (standard cyb;p Q@n ters per mnute) units and 6 x 104 in sl m
(standard |ipers-‘pertm-n unlts Pstp denotes the standard pressure ( =
1 atm; Tstp denote&wthecﬁ dard tenperature (= 273. 15 K); Pdenotes the
pressure of the gas within the chanber as neasured by a pressure sensor; Vc
denotes the volume of the chanber; and T denotes.,the tenperature of the gas

within the cHaFASEfo SRNGHERUFXY BH§0R aewpRita U d03dmsesm (Eendad Gbiciod of
cl ai m 16, V"‘E"eh%"rﬁbt%h@p@ﬂnlﬁﬁté)ou%&%:l\ﬁ 0 Qe M %‘%?{@ga aqalsﬂersogyeft he inl et

val ve and the outlet valve soas to deliver a desired amount of the fluid
from t he chantverte) Hpdst he out put processing facility conprises: open the

inlet val Vedéi"hat 'o?&o%es{ ntgag%teoge%u%/e g h{}e chanbgar; nmeasure an anount

of the flui We T At gh the inlet valve; close the
i nl et val ve Mlienleactesthestannaudtembetdters (e 275has kentered t he chamber ;

it d f th d the t t f th ith_ th
chamber to BOETaSE EBIESaEe L e Sk DT TS ENPGLGT SSAFge TR ilss. of

fluid from thesshandgisorimeasur e an am)unt of the fluid that di scharges from
t he chanber into the out put proceSS| ng facility through the outlet val ve;
and cl ose t Hé danates t%l"?é“%@rﬁ thachaaerofngas di scharged equal s the

T denotes the temperature of the gas within the chamber as measured by

a temperature sensor.

19. The method of claim 16, wherein the act of controlling opening and
closing of the inlet valve and the outlet valve so as to deliver a desired
amount of the fluid from the chamber into the output processing facility

comprises:

open the inlet valve to allow the fluid to flow into the chamber;

measure an amount of the fluid that flows into the chamber through
the inlet valve;

close the inlet valve when a desired amount of the fluid has entered

the chamber;

wait a period for the pressure and the temperature of the gas with
the chamber to be stabilized;

open the outlet valve to discharge the mass of fluid from the
chamber;

measure an amount of the fluid that discharges from the chamber
into the output processing facility through the outlet valve; and

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

desired mass setpoint of the fluid.

20. The method of claim 19, wherein the acts of measuring the amount
of the fluid flowing into the chamber and measuring the amount of the

fluid discharging from the chamber into the output processing facility
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desired mass setpoint of the fluid. 20. The nmethod of claim 19, wherein the
acts of neasuring the anount of the fluid flowng into the chanber and
measur i ngwohelozseasat of the fluid discharging fromthe ebardsesoviontsast he

out put processing facilityconprise neasuring the nunbers of noles the fluid
flows into and out of the chanber b nitori I ure neasuremnents of
the pr essur80&05'%({083?“331%@?%%5?#652 ’H%‘&é&ﬂgrfﬁﬂﬁ%&s bR af‘gn‘ﬂttr ture
sensor; andtiwhernsmbet by Mesitobadgaressireohehberdrhehtd ¢rommer preesu desired
nunber of nples of the fluid. 21. The system of claim 12, wherein the

desi red nunB@NSBHCeORRE LN PEFRIUGRENFISEBMENTarEShdjeREr2bie S6NF@T based on
the desiredaABSShdre@MSEHBFEE amount of the fluid comprises a desired number

of moles of the fluid.

21. The system of claim 12, 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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