-1- 1 1 SEP 2003 W DE RANGE GAS FLOW SYSTEM W TH REAL TIME F OW
MEASUREMENT NT AND CORRECTI ON TECHNI CAL FI ELD The present invention rel ates
to manufacturing processes that require delivery of highly accurate
anounts of gas to a processing chanber. More particularly, the invention
concerns an inproved gas flow systemthat accurately 5 neasure il ow
during the delivery of gas to a processing chanber. Added opkt 5%?3@

be perforned to regulate gas flow in accordance with these rreasurenents
BACKGROUND ART Many industrial processes, such as sem conduct or

manufacturing, rely on M@Etm@,ewareowsmu WwIT ssi ng
chanbers, which are also called M@M& chanbers operate
at various pressures, ranging f rREA sortie cases to

very |l ow pressure in others. The accuracy and stability of the gas
delivery systemis critical to the overall manufacturing process. The
chief goal of these systens is to accurately deliver a prescribed 15 mass

of gas. Since the f@ﬁﬁi%shié{[})et ween mass and volunme is not constant,
p

and depends on ot urely volunetric flow control
not particul arly usef dihe piesedrineedipy relaigs We@PEUf%EWB"%%%cetsﬁg ﬁ!geﬁ r?rg{“?e
flow controllers tcﬁelwg&t fohlﬂay?cfgnla?é/"aﬁfouﬁfsoéfeéﬁ #2 8 S6cessihgacitoniperet Mogas

delivery system these mass flow controll e S ar restent .JaFE
conj unction wth vgariicuarly, the ipventioprcenerpeap F&W@tﬁﬂ:@i“% O PP ?’Bﬁ'ﬁ VR Es .
These conponents are t%g%%%gﬂ?ﬂw%'ﬁﬂ ‘ﬁjiee&'ei%vkrbf g%EQ@b ﬁrb@samgajhdmrl sdded

nmechani cal coép||d3§ I""Cconnettion schenmés include weldin g,
and various reusabbmgeréidrisi mag. beSpeﬂfownedttpNQQU@WpQ@%/ﬂc"él"&sqcﬁﬂ@?f'ﬁgd?"?'n@?%?
seals held in corrpr ESSI on tF forma vacuumtight nechanical 25 seal. FIGURE
1 shows an exenpl a§ mass flow controller 100. Gas first

BACKGROUND ART
Many industrial processes, such as semiconductor manufacturing, rely on

i0 the accurate delivery of gasses fo processing chambers, which are also called
“reaction vessels.” These chambers operate at various pressures, ranging from
very high pressures in some cases to very low pressure in others. The accuracy
and stability of the gas delivery system is critical to the overall manufacturing
process. The chief goal of these systems is to accurately deliver a prescribed
15 mass of gas. Since the relationship between mass and volume is not constant,
and depends on other factors, purely volumetric flow control devices are not
particularly useful.
Historically, engineers have used thermal mass fiow controllers to control
the flow of process gasses. In a complete gas delivery system, these thermal
20 mass flow controllers are present in conjunction with various filters, pressure
transducers, and control valves. These components are typically connected with
steel tubing and various mechanical couplings. Typical connection schemes
include welding, brazing, and various reusable fittings. Such fittings employ
elastomeric or metal seals held in compression to form a vacuum-tight mechanical
25 seal.
FIGURE 1 shows an exemplary thermal mass flow controller 100. Gas first
enters a gas intet 102, and thereafter takes a flow path 103. After the inlet 102,



enters a gas inlet 102, and thereafter takes a flow path 103. After the
inlet 102, -2- 1 1 S E P 2003 gas flows around a bypass restrictor 104. Due
to the pressure drop devel oped across the bypass restrictor 104, a fixed
percentage of gas is diverted through a capillary tube 106, in a flow path
107.- A nul ti-stage heater winding 105 is weapped around the tpf Hlary tube
106. The winding 105 includes nultiple 5 term nals 105a-105c, which nunber
three in this exanple. As the gas exits the capillary tube 106, it rejoins
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The mass flow controller 100 works on the following principle. The mass

of fluid flowing through the capillary tube 106 (flow 107) is directly proportional to
the amount of flow around the bypass restrictor 104 (flow 108), and therefore
provides a representative measure of the total flow through the device. Thus, the

20 mass of gas in the flow 107 muttiplied by a fixed number equals the mass of the
gas in the flow 108. The sum of gas flows 107 and 108 equais the gas flow 103.
The mass flow controller 100 may be manufactured for a specific fiow range,
taking into account relative size and configurations of the capillary tube, bypass
flow path and control vaive.

25 According to one method of mass flow measurement, electrical current is
passed through the heater windings 105 from terminal 105a to terminal 105c. The
resistance of the heater windings 105 changes in a known way with temperature.
Thus, when the winding 105 is operated in a Wheatstone bridge, the terminal 105b
can be used as a measurement point. As gas flows through the capillary tube 108,

30 the thermal mass of the gas transfers heat from the first part of the winding
(between terminals 105a-105b) to the second part of the winding (between
terminals 105b-105¢c). The amount of mass flow determines the amount of



Thus, when the winding 105 is operated in a Weatstone bridge, the term nal
105b can be used as a neasurenent point. As gas flowsthrough the capillary
tube 106. 30 the thermal mass of the gas transfers heat fromthe first part
of the winding (between term nals 105a-105b) to the secondmagEthmgg t he

-wi nding (between term nals 105b-105c). The,anount of mass flow determ nes
the anobunt of |I 1 SEP 2003 -3 thermal transfer, which results in a directly
proportional voltage inbal ance between the w nding 105a-105b and the
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gas delivery systens. Unfortunately, known mass can al so
one of the |easttofi®¥jable parts of such a system Mass flow controllers

have been manuf act ur e b cHRPY el - L, gurat i of ' y
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15 input). Then, based on this comparison, the electronics 122 responsively narrows
or opens the plunger 116 position.

Mass flow controllers are one of the most important parts of gas delivery
systems. Unfortunately, known mass flow controllers can also one of the least
reliable parts of such a system. Mass flow controllers have been manufactured

20 with many different configurations of capillary tubes, windings, bypass restrictors,
and control vaives. Nonethzless, several different factors cause undesirable
variations in mass flow calibration and performance. If any liquid or other
contamination forms in the area around the bypass restrictor, the relationship
between the flow 107 and the flow 103 varies, and the overall calibration of the

25 device changes. Condensation forming in the bypass flow path or elséwhere n
the flow path is another source of calibration error. Aging of the windings and the
nature of the thermal contact between the windings and the outside of the tube
cause long term calibration drift. Changes in chemical composition of the process
gas as it is subjected to the winding heat can alsc affect the integrity of the

30 process.

Another flow rate regulation system appears in U.S. Patent No. 4,285,245

to Kennedy. Kennedy measures the pressure decrease in a measurement



contam nation fornms in the area around the bypass restrictor, the

rel ati onship between the flow 107 and the flow 103 varies, and the overall
calibration of the 25 device changes. Condensation form ng in the bypass
flow path or elsewhere in the flow path is another source| pfgr )l bration

. error. Aging of the wi ndings and the naturg of the thermal contact between
the w ndings and the outside of the tube cause long termcalibration
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fl ow contraqkler étﬁdoﬁ'@pmiartth@owmg larger and larger silicon lngots these large silicon
wafers are more costly to scrap if damaged. Furthermore, in the event of such an
error, its is expensive to repa:r or replace the mass flow controller and repeat the
manufacturing run. In many cases, manufacturing downtime can result in lost
revenues exceeding $125,000 per hour.
20 In view of these limitations, known mass fiow controllers are not completely

adequate for some applications due to certain unsolved problems.

DISCLOSURE QF INVENTION

Broadly, the present invention concerns an improved gas flow system that

accurately measures gas flow during delivery of gas to a processing chamber.

25 Added steps may be performed to precisely regulate gas flow in accordance with
the flow measurements. The rnass flow system includes a fluid conduit connecting

an inlet valve, calibration volume, flow restrictor, and flow control valve in series.
Pressure and temperature sensing devices are coupled to the calibration volume.

Mass flow sensors are also located downstream of the calibration volume. Inone

30 example, the downstream rnass flow sensors include a floating reference

differential pressure sensor that includes two pressure transducers. A first



manuf acturing run. In many cases, nanufacturing downtine can result in |ost
revenues exceedi ng $125, 000 per hour. 20 In view of these |limtations,

known mass flow controllers are not conpletely adequate for sone
applications due to certain unsol ved problens. D SCLOSURE F | NVENTI ON

., Broadly, the present invention concerns an ingroved gas flldv§EPyMllem t hat
accurately neasures gas flow during delivery of gas to a processing
chanber. 25 Added steps nay be perforned to precisely regulate gas flow in
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restrictor. Each apppagieqiits'sGeR] ference pressure froma reference
source, and neasures chressurg re gtglléogarpguﬁ'ﬁg?"?rg BIAR BVipte soame. Atler| or

operation, the ma88°F [bWesqiingnthecseli paist, chis tcanbratisd 96iuhie al E9£}tc;83 ghd the
"target mass flowdfélefice Pressifb iPY { . specifying a desired rafe of nass
flowin app{oopri ate units such as dg s&%difaalaﬁ%‘ﬁct%éeﬂﬁﬁ“ﬁﬁtf@iesemrdifférﬂmiial
(sccn). After’, orPressyrgr trapsducecei vNex, tdae S@é i 0hRktedt hgg&mgi Prfeafgiagn o
volume is chargedmgagt,rgh,%ntsrgjeergﬁgacle Igr%sﬁsurcﬁ s adjusted to~calibr t% Whe
floating reference differential ‘5? LgPndyding abrolifte praseute, meamurémentsi s
initiated. Duri ngattth@czgj@gaﬁdrmn,lumeaasdiffe@mblspré‘és%ré ﬁ\@ﬁ?ﬁr‘éme}‘tst%gﬁ the flow
i ncl udi ng absol ut RsPicRPSHEe TR léréarrerl%s at the calibration vol ure UL
differential pressure measurencht s actose Y958 19 dethrmingdbe ireanured maseflow
measurement s ar e ‘aed Hogaretflewntomtrdl e deaRed used niBRSS iiérQWer adjusted using
15 appropriate control valves until the measured flow rate reaches the target mass
flow rate. Using the temperature/pressure sensing devices at the calibration
volume, repeated calculations of actual mass flow rate are made to uncover any
discrepancy between actual and measured mass flow rates. Whenever a
discrepancy is found, the manner of calculating measured flow rate is corrected
20 “on the fly” to account for the discrepancy. If gas flow control is sought, gas flow
rate is then adjusted until the measured mass flow rate (as corrected) matches the
target mass flow rate.

Other embodiments of downstream mass flow sensor are also disclosed,
such as a thermal mass flow sensor, 2 single diaphragm type pressure transducer

25 mounted in parallel with the flow restrictor, or a single pressure sensing device
mounted upstream of the flow restrictor,

Accordingly, in one embodiment the invention may be implemented to
provide a method of operating a gas delivery mass flow measurement system. In
another embodiment, the invention may be implemented to provide an apparatus,

30 such as a gas delivery mass flow measurement system. in still another
embodiment, the invention may be implemented to provide a signal-bearing

medivm tangibly embodying a program of machine-readable instructions




rate." If gas flow control is desired, gas flowis iteratively adjusted
using 15 appropriate control valves until the neasured flow rate reaches
the target mass flow rate. Using the tenperature/pressure sensing devices
at the calibration volune, repeated calcul ations of actual nass flow rate
.are made to uncover any discrepancy between actual and nmedsuggpdympss flow
rates. \Wenever a di screpancy I s found, t hd manner of cal cul ati ng neasured
flowrate is corrected 20 "on the fly" to account for the discrepancy. I|f
gas flow control is souP gas flow rate is then adjusted until the
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agreate rang of measurementand higher resolution. As another advantage, the
15 floating reference pressure transducers may be used with corrosive process
gasses, since transducers’ delicate back sides are isolated through coupling to a

reference conduit containing a safe gas at a carefully controlled pressure.
The invention is alse beneficial in its broad application. In addition to
applications in semiconductor manufacturing, the invention may also be used to
20 accurately deliver gas for coating windows, metals, and other materials. The
invention also provides a number of other advantages and benefits, which should

be apparent from the following description of the invention.

BRIEF DESCRIPTION OF DRAWING

The objects, advantages and features of this invention will be more readily
25 appreciated from the following detailed description, when read in conjunction with
the accompanying drawing, in which:
FIGURE 1 is a block diagram of a known mass fiow controiler.
FIGURE 2 is a block diagram showing the hardware components and
interconnections of a wide range gas delivery mass flow control systermn with real
30 time flow measurement, regulation, and correction using floating-reference

differential pressure transducers, in accordance with the invention.



present invention is nore accurate because the invention repeatedly
nmeasures 10 gas flow and corrects these neasurenents, during "real tine"
actual gas delivery. The invention nay be inplenented in one enbodi nent to
nore accurately measure gas flow rate using floating referepi$ P
.differential pressure transducers. |In contrast to the prior g Wese
floating reference pressure transducers provide a greater range of

measur enent and hi gher _resol ution. As anot her advantage, the 15 floating
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f1 ow controll er. aFtdBBicewitis tia ihbé}-ﬁﬂéndi agram show ng t Ar dundr @achine in
conponents ghd inter'(_:'ghnr\?étions of a w de range gas delivery mass flow

e

control systemwth r QSPPmaﬂbwmp’aa,edag,fgmgg- | at.i on nd
correction usi ngthelisadritieg-r ef erence differenti al p[')n e@gﬁlp 'p ?8‘?@8%@!“ in
accordance with the invention. -7 11 S E P 2003 FIGURE 3 is a bl ock diagram

showi ng the har dwar e FdGMERER A 7BNdepitnbengamRacti gps. of a different
?yéﬂ( %ﬁq ORFaYnaL sgaperges fari al

enbodi ment of gagpedgligh fl ow_control
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15 BEST MODE FOR CARRYING OUT THE INVENTION

Th jecti
€ nature, objectives, and advantages of the invention will become more

a . .
Pparent to those skilled in the art after considering the following detailed

description i i i
cription in connection with the accompanying drawings. As mentioned above

. ::: :;:::::;n:zms animproved gas delivery mass flow System that accurately
e w corrects such measurements, and optionally adjusts gas

ng the delivery of frocess gas to the processing chamber. Such
measurements are cooperatively made by one or more sensors at 5 downstream

flow restrictor along with upstream sensors at the calibration volume

ANALYSIS OF TWO STEP GAS FLOW TECHNIQUE

In contrast to thermai gas flow controllers, which use capillary tubes as

discussed above, another type: of delivery system is shown in U.S. Patent No

5 , .
.?65.205 to Wilmer, issued February 2, 1999 Wilmer uses a reservoir of known
volume, which is filled with gas upon the initiation of a process ‘recipe” step. The

temper i
perature and pressure of the gas in the reservoir are Mmeasured to determine

10 _— -
an initial mass of the gas restding within the reservoir, The flow of gas from the



5 FIGURE 4 is a block diagram show ng the hardware conponents and

I nterconnections of a gas flow controller with multiple paths and shared
reference volune to carry different process gasses, in accordance with the
invention. FIGURE 5 is a block: diagramof a digital data pr?jﬁs@ig

. machine in accordance with the invention. 10 FI GURE 6 shows x2 [ﬂpl ary
signal -bearing nediumin accordance with tWe invention. FIGJRES 7A-7B
depict a flowhart of an operational sequence for operating a gas delivery

mass flow control system by managi ng downstream nmass  flow, in accordance
with the inventi 6SENgr BHETPIOEEE ghebeniRRISIRISIOY R varibleipmepntf vale re,

obj ecti ves, and t ic il difRUR B4l 0 biskl-cABFAIR. HREP theXRMBGTRJYS t O
t hose skilled i n%?ﬁg&g?%gp?@;&f@gﬂ%?gg?ilng t he fgl I ovviﬁ%g detail ed Yo

description in cémnemndess ohambet iscteanipatashute ignerralire @8d pessHsnof Yk gos
above, the i “Ve%éiar;.gg‘%r?ﬂ?eelfé%&%ﬂ i]L, ggvéiﬂ‘fﬁé’aaﬁéd tiehdiRhihe RS inkl ﬁ‘é(s§&5$gﬁ§1

that accurately sures nass f corrects such neasurenents, an
optional | y aflj ustresigiag in ftheweskivéing Thadnitlal mass yangs final qoesssolygas valugpare
processi ng chanber,. C ! g rat.l

o e sensore at . SomBAHELp JHRHHHEE Abafin g BRERTBERYR) HolfHhe EnRR aulhg
at the calibrati die seaiperstep. At WBl&Ss eDFeSTAAGRIBTIER tGASalibratigmeeTyploopio padate
contrast to thermnal ﬁﬁi flov¥. %ontnrga:nkers, whi ch use capillary tubes as

di scussed above, = WEEREFIRAPN G TEY very systemis shown in U S. Patent
No. 5,865,205 to W | peimeritiseraiote fsdsratanistéh gd<aR@very\bloness, wdese H) gasisifivadi r
of known vql une I s, fi

"reci pe" steép. TﬁgwéfgarﬂB r%‘?ué’rlgggsrﬁ\ljm"‘é%@gara F’E’Prg?"%t E%elég‘g}' : %H @ Bésst%re\%l =%
are neasured to dehpérshite a8 prbsufd dfigak imhesesdrviiharegasasueed diterghegasiflowt he
Chamber | s mot er dUAIINAGL (THBIRSS AEIEDCRERSH TP RS g to el CAitaR RES
system “off-line,” i.e., not in “real time.”
Despite Wilmer's successful omission of capillary tubes and the associated

15 limitations, the present inventors have nonetheless analyzed Wilmer's approach
with an eye toward any possible improvements. In this endeavor, the inventors
have considered the otherwise unrecognized limitation that Wilmer's approach,
which corrects the setpoint and not the flow measurement itself, does not enable
secondary monitoring devices or systems to receive an actual flow signal or value.

20 As another limitation, Wilmer's method of flow control requires that gas flow
at sonic velocities through ar: orifice, thus eliminating the possibility of application
for the delivery of process mazterials that suffer adverse effects from this exposure
due to such factors as solution alteration, chemical dissociation, or other
undesirable effects to the characteristics of the material.

25 As another limitation of the Wilmer's approach, gas flow controller
catibration is performed infrequently, since Wilmer's gas flow controller calibration
can only performed off-line, after the process run. Namely, Wilmer measures
pressure and temperature of the gas remaining in the reservoir after the
processing run to determine how much total gas actually flowed during the process

30 run. Although useful in checking the accuracy of the flow measurements of the
last run, this technique effectively limits recalibration to one time per process run.

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



control of a dynamic flowcircuit said to be self-calibrating. After the
flow of gas to the process chanber is termnated, the tenperature and

pressure of the gas residing in the reservoir is again maas'u#ﬁgjﬁm
determne the final mass of gas 5 residing in the reservoir. N tial

. mass, and final mass of gas values are conpared to determ ne the actual
mass of gas released fromthe reservoir during the recipe step. This val ue
serves as an input to a calibration servo |l oop to update a system

cal i bration const &Rero2agh | may béenafeaiaiels g, - St as delivery
process, where (Llna@aguds ]toirgssi;. o 10 del | ve(éﬁemgrtehﬁg?’gﬁseﬁpmﬁb@r whplm
the reservoir, and (2) post-deldvely) 93%dgtiveny recesnes, pwhersus PosBaSivER
the reservoir areC¥®miongd nafdter the gas flow is term nat ed.ﬁ}%'he
post-delivery neasurenents are used to help calibrate the system
"off-line," i.e., not in "real tinme." Despite WIlnmer's successful on ssion

of capillary tubedARPYVARE COMPONENTS sURTERAA G he present

i nventors have n tté}ﬁl ess, a al yzed W mﬁﬁ%@%@?@“&th an eye toward
any possible i np?%mmﬂ%gﬁi@hi s endeavor, the inventors have considered
the ot herw se unrecogmtreilictibfri t ati on that Wl ner's approach, which
corrects the setpoint E)and not the flow neasurenent itself, does not enable

secondary nonitoring 48V TPECHP hednntion conesras Wega%rﬂoﬁﬂ‘»#?émfhﬁ?@@ﬁ%{]?%sor

val ue. 20 As anotehtodiddByhatib@8hardivkPEloms,dIEL0d of flow contto
that gas flow at sonic vgel c;citiaery‘]t-'f?f%otﬁﬁonﬁHgﬁpfjfﬂt@é,"”'ﬂ?ﬁtjgnéﬂmqmtﬁyngethe

possibility of appPFEAGef FIGSIRE Pe Thelsystem)200finiaes fowBh 2 E‘eén&f‘j?ﬁ
0 on

suffer adverse ehigiles?{ | S due to such factors as
al teration, chemical di s:{ég i%%53Hﬁé’ﬁ&%ﬁe?f‘#%a@eem@m@ 252f Bcvaziiyt, thet floay

characteristics BPt3I& pracieelyalirectas pocasidicnt b LEbAalid @iy fhsl ﬂg‘ﬁ}/\%l ner s

approach, gas fl g &8RL cald pration is performed I nfréqu tﬁ',"" nce
Wl nmer's gas flow c%f%t r%ﬁo{:r#ea?ﬁ%gl ?ﬁrp USh N S8R CoRPYCctrempoviactlrioff eddting, or

rrac b prpcesgthguﬂ(ocRMI%cumﬁmthemﬁﬁw&%&pﬁ?ﬁﬁlﬁfﬁn@@qhs%ﬁ&ger (e of
the gas remai ni ngiddy égg.nﬁgﬁﬁré«ﬁgr tafiler he processing run to BEErni%ne
how much total gas actually t1ouwedEYIetRP RPUGLgasEOBAhe gompheriio blihe
useful in Clﬁeckipﬁjhtzné. accuracy of the flow neasurenents of the
The electronics module 213 controls various electrically operated
Components in the flow path 214, and receives electrically represented
measurements from other components. In the following description, the
electronics module 213 is coupled to these components by electrically conductive
20 wires or busses. However, other suitable connection means may be used, such

as fiber optic lines, wireless transmission using light, radio waves, sound etc

Process Chamber & Fffluent Qutlet

During a process run, the process chamber 215 is the destination for

process gas from the flow path 214. In the process chamber 215, the process gas

23 interacts with materials that have been placed in the process chamber 215 for this
purpose. Such interaction may involve coating, reacting, etching, deposition,
chemical bonding, and the like. As an example, process gas from the path 214

may be applied to semiconductor materials in the chamber during the process of

manufacturing integrated circuits, flat panel displays, and the like. As another



| ast run, this technique effectively Iimts recalibration to one tine per
process run. For those applications that would benefit fromnore frequent
calibration, Wlner's 11 SEP Z003 -9 approach may be i nadequate.

Furthernore. Wlner's approach is wholly inadequate for si q%gprmﬁp\gas
. delivery processes, where any post-delivery,,calibration is : RDWARE
One

COVPONENTS & | NTERCONNECTIONS 5 System Arcm't ecture Introduction
aspect of the invention concerns a gas flow system which nay be enbodied

by various hardware conmponents and inpterco ction S . stem
200"of Fi CURE. 2. ExiaDis, Biaie as e Haeroe 1 oy BRened 1S ot haloksimoialty
low path 214" pee e e a5 a1 & USor aol 6L oo ke
Set- S
flow rate, into the BhoBESSSEHImEM 2385oMbReche e TSR SEs o noB The
nmanufacturing, cotbRds t@be gl PHOEAHHRBLATOUIbEES ¢hamibees, chughtasrth@ds.
At other tines, the now path 214 directs gas into the _efLI uent tl eft re252
to purge gasSfronsetdn semisondueter mRNYIRtUNng, g welblpwnrind %Iaétc?'?éo)ﬁ]eé%o

modul e 213 contrg@gd%rfhﬁHédﬁésgﬁﬁgohpalIy operated conponents in the flow
path 214, and receives electrically represented rreasurerrenfts ff.%WgOth r

conponents. In the folfhewfiugnyeyuteti35eirsavidena plagede Sirsr 925 frmd w4
coupl ed to these Qq@MRNQRALSeRnphl, 8hd phftb1¥ nidynek pligea ROfWdhigE aoutilipgass.

However, other suitable connection neans may be used. s%h ﬁs Efl be{%@%il c
lines, wireless thanghthapath2i4pnduitmgiely oytihs effiugnl eutlet<gan dheeliluep s
Chanber & Effl ue ' PI%fSa hahufAddGrinRl RHE SSutfi €imadlbei s
t he desti nat]{)on ?%F?%%)é E‘tgg?yozgﬂaég l%(r:"'om t he_?l owupat h r914. In t %ggr oc%s
chanber 215. the direcleddbroygb a “gderencecenduit, andnitimately joat theraiByernt sytiet i

placed in the pr YriS & \?srlqulbuqrrina ]tglilgr%oﬁ Qh& use of certain floating reference pressure
transducers, discussed below.
in some cases, and if gasses from the path 214 are nontoxic, the effluent
15 outlet 252 may be a vent or exhaust port leading into the ambient air. In other
cases, the effluent outiet 252 may include a suitable storage facility, a vacuum
pump or other plumbing to suitable evacuation and discharge means. The
construction of effluent cutlets, such as those used in semiconductor
manufacturing, are well known in the art, and no further description is required.
20 Although, the flow patnh 214 and electronics module 213 impiement various
features of the invention, other components, such as process chamber 215, are

depicted only for the purposes of demonstrating use of the invention.

Fiow Path
The flow path 214 conducts a process gas as well as a utility gas, and
25 includes a process gas path 214a and a utility gas path 214b. The process gas
is directed to the process chamber 215, where 1 is applied to materials located
there. To provide some examples, the process gas may be nitrogen, oxygen,
ozone, silane, argon, chlorinated fluorocarbons, etc. The utility gas is used for
purposes other than application to materiais in the process chamber 215. For
30 example, the utility gas may te routed through the flow path 214a into the effluent
outlet 252, thereby purging the flow path 214a.




[ [ [ [ ting, etching,
ose. Such interaction may involve coating, reac
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' ' ntion FlowP
demonstrating Us%smm&r%j lE]P\é" ream of reference conduit 261. These components and their

15 operation are discussed in greater detail below.

In addition to the inlet 258 and flow path 214b, the flow path 214 includes
a process gas inlet 256 coupled to a "process gas" flow path 214a. The inlets
256, 258 constitute an “upstream” end of the flow path 214, whereas the process
chamber 215 and effluent outlet 252 constitute the “downstream” end. A three-
20 way valve 201 selectively admits gas from the utility gas inlet 258 or the process
gas inlet 256 into the process gas flow path 214a. The valve 201 switches
between the inlet 256, the inlet 258, or neither inlet (*off") in response to electrical
signals received from the electronics module 213 over aline 201a. Commercially
available examples of suitable three-way valves include the Ultraseal Valves of

25 Parker Corporation, and vaives of Veriflo Corporation's Quantum line.
Continuing downstream from the vaive 201 in the flow path 214a, there are
various subcomponents, such as gauges, vaives, and the like, interconnected in
serial fashion by sealed conduits, such as meta! tubes or other suitable plumbing.
More particularly, the valve 201 is coupled to an optional filter 202, to filter out
50 target contaminants such as moisture or particulates. A commercially available

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



The flow path 214 conducts a process gas as well as a utility gas, and 25
I ncl udes a process gas path 214a and a utility gas path 214b. The process
gas is directed to the process chanber 215, where it is applied to
materials |ocated there. To provide sone exanples, the prodes$fgil may be
ni trogen, oxygen, ozone, silane, argon, chhprinated fluorocarbons, etc.
The utility gas is used for purposes other than application to materials
in the process chanber 215. For 30 exanple, the utility gas may be routed
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path 214b, the flow path 214 includes a grocess gas..inl ehfg% ﬁou d It 0 a
"process gas" fl citefrativetha temperature penser 236 giay ps P pipd from e sysie r8ant

end of the flow pgisiadd n 2REBRBESH MY bE IR ISat tehpEaRITe &ldbcansthnevdlleisuich
outl et 252 constitute the "downstreant end. A three
15 as ambient temperature.

An absolute pressure: sensor 204 is operatively coupled to the calibration
volumne 203, or to conduit teading from the volume 203 (as illustrated), or another
suitably proximate location o measure absolute pressure of gasses inside the
volume 203. The sensor 204 sends an electrical representation of its pressure

20 reading to the electronics module 213 over a fine 204a. The absolute pressure
sensor 204 measures “absolute” pressufe because it operates by measuring
pressure relative to absolute vacuum. Accordingly, the sensor 204 may comprise
a diaphragm type device. Another purpose for this device is to measure the
absolute pressure in accordance with flow restrictor 206 such that an average

25 pressure may be determined for applications involving laminar flow. Therefore, in
the illustrated embodiment, the absolute pressure sensor 204 is placed in
proximate location to both calibration volume 203 and flow restrictor 206, so as to
be operationally coupled to both, generally accomplished by maintaining conduit
optimized for high fluid concuctance and of relatively short length for this path

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

Setra Corporation.



val ve 201 selectively admts gas fromthe utility gas inlet 258 or
Egemgyocess gas inlet 256 ?nto the process gas flow path 214a. The valve
201 switches between the inlet 256, the inlet 258. or neither inlet
("off") in response to electrical signals received fromtheielSgeggeni cs
nodul e 213 over a line 201 a. Commercially @&h\ailable exanples of suitable
three-way val ves include the Utraseal Valves of 25 Parker Corporation,
and val ves of Veriflo rporation's Quantumline. Continuing downstream

fromthe valve 201 in tHRIUSAMRithe calitwation helu®e@08, thE Brdc¥ds Pg#ﬁ?gggﬁ%%;
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solid netal block assenbly, as ¢ ussed bel ow. Optionally, a tenperature
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t erature of gagnlifs Libration vol ume 203. _ .
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i i fa isecemt Ryati fdrb ||y connected to
measuro i ts 10 tommpratUs  Toner o ome s salcer o BBWhYE & dh fow
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BESp%yLE oni tted&??és FHIESLYE PENIRIN the refervince caseyit 261 mhie MBiviffh B9 be

mede that téhper dt thierespeat, Behahadicer@bt 208 Udkoubedis thaenritjeifeergﬁcet conduit %ts?r ©
by conduits 205a, 207a. The transducers 205, 207 are also coupled to the
electronics module 213 by electrical lines 205b, 207b, for the purpose of sending
an electrical representation of their respective pressure readings to the electronics
moduie 213,

20 Each transducer comprises a diaphragm type manometer, such as a
tapacitance manometer. Diaphragm manometers use a diaphragm with two
opposing sides, encased in a housing with one port coupled to each side of the
diaphragm. One half of the housing {(a "back” side) vents to the reference conduit
261 and the other half (a “front" side) vents to the flow path 214a. Each differential

25 pressure transducer therefore measures the difference between the reference
conduit pressure and the pressure at the flow path 214a. At a transducer’s back
side, a sensing device such as an electrode is coupled to the diaphragm to sense
the diaphragm’s position (and nence the relative difference in pressure upon the
two sides). The sensing device may detect changes in capacitance, strain, light,

30 magnetic input, or another property. Because of the electrode's sensitivity to
contaminants, corrosive chemicals, and moisture, the back side of eachtransducer

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



An absol ute pressure sensor 204 is operatively coupled to the calibration
vol ume 203, or to conduit |eading fromthe volune 203 (as illustrated), or
anot her suitably proxinmate |ocation to neasure absol ute pressure of gasses
inside the volune 203. The sensor 204 sends an el ectrical ppgfpﬁ@ ation

- of As pressure 20 reading to the electron|c§ nodul e 213 over 204a.
The absol ute pressure sensor 204 neasures 4bsol ut e pressure because 4
operates by neasuring pressure relative to absolute vacuum Accordingly,
the sensor 204 may _conprise a diaphragmtype device. Another purpose for
this device is t#nas¥dPéakhe absolute pressure in accordance with flow
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15 which permits a pressure difference to exist between the reference conduit 261

(higher pressure) and the effluent 252 (lower pressure). Alternatively, the flow
restrictor 212 may be placed upstream of the reference conduit 261 to permit a
pressure difference to exist between the gas inlet 258 and the reference conduit
261, while the flow control valve 211, placed downstream of the reference conduit
20 261, controls the pressure in the reference conduit 261 in response to electrical
signals received by the electronics module 213 over the line 211a.
The process gas flow path 214a also includes an adjustable flow control
valve 208, whose setting determines the mass of gas flowing in the path 214a.
The setting of the control valve 208 is regulated by the electronics module 213,
25 through communications with the valve 208 over a line 208a. The flow control
valve 211, as well as the flow control valve 208 and other flow control valves
discussed herein, may comprise any suitable type of control valve, such as a
solenoid actuator control valv, piezoelectric type control valve, thermally actuated
control valve, elc. One commercially available example of flow control valve is the
30 MKS Instruments Model-248.
A three-way valve 2039 selectively exhausts gas from process flow path

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



a second floating-reference pressure transducer 207 downstream of the flow
restrictor 206. In contrast |o the absol ute pressure sensor 204, the
floating- reference pressure transducers 205,207 nmeasure pressure relative
to a controlled reference pressure provided on the referen¢qd 5@ it 261
~in the flow path 214b. 15 In this respect, the-transducers 205, 20/ are
coupled to the reference conduit 261 by conduits 205a, 207a. The
transducers 205, 207 are al so coupled to the electronics nodule 213 by

el ectrical |ines Xlshepbgtweendhe Dmepmcmmsmrdﬂ Ssemte eflueAbRIeBSES If Abither

representation of gJiet pat SEWiE eadi ngs to the electronics
nodul e 213. 20 Each trg?]g 3@5?“ e ?’Fsgee@%a C&" Rio0g resriedhemibe @lectionics

as a capacitance rﬁﬁ%ﬁ@ﬂépveﬂamﬂm manoneters use a di aphragmwith two
opposi ng sides, encased in a housing with one port coupled to each side of
the di aphragm One half of the housing (a "back"” side) vents to the
reference conduit 261Esctfonice Macwe half (a "front" side) vents to the

flow path 214a. Each i ssure transducer therefore

nmeasures the differ enc%%fe v‘\:/g@hcg%od?'@% ecr‘?E' O'S&%%FW'CQJW%@*@U&ﬁdlpph%nts

pressure at the flobuhediow Patha214t aad taisn sebenes’ athafdm ohild neﬁté@é‘;ﬁétﬂg of
mto sense

devi ce such as an .S coupl ed t t he di aph

di aphragm s positi %’lﬁﬁ% L@%ﬁ gitieg mesisuetpery P%Stmulsffﬁﬁ'@h%@“l ﬁhﬁebg‘swes ropdie

t?e twoI Si ﬂtes) Pha aelt‘n&gug ld%ﬁﬁorﬁWh?ﬁ&eﬁﬁﬁn%ﬂ?y‘éﬁsd&uﬂcESﬂ owﬁ%ia an

strain, lig ne or anot her proper ecause 0

el ectrode' s sensi f q%% dt@ Lrggﬁﬁ?rﬂ' U‘é%fﬁ%@?véeaﬁémaoalssr canieol system,

noi sture, theobac hostlddsm;imier%@rf.tbni Eaﬁﬁd}mﬁlon%t%oﬁn&%l‘@%&ér;d g@gg&l. §%ﬂ jﬁ%‘t y
- a

gas of the ref erenC@Hcon it 261 (via the conduit 1 .
or 207a). In addi t? ?'Pré”lﬁ’i th 'r@ﬁt’!’@.‘l“eﬁtﬁé’éylﬁ@pnlihaﬂoremiMMScaﬁ@enay

measures, the di frfc&fd@%ﬂo@@édfﬁﬁhénﬁe if R8s gﬂ'f Jlf yser, represeps%n%gf%mzm

consti tutes anot her ifferentia ressure rea
pressure drop acrB&< ﬁébqqfémkquaélgtquqg é?fteGJGCorEmaﬂphmﬂolf conpEec insdusg,

avai | abl e product gaékball MBIgRFRY phéCveice activation software, foot pedals, dials, knobs,

15 switches, efc. In the case of an electronic or mechanized user, the components

of the interface 260 may comprise a wire, buss, telephone modem, radio
frequency, microwave or infrared link, computer network, or other equipment.

The electronics module 213 itself may be implemented in different ways.

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

20 digital data processing apparatus. This apparatus rﬁay be embodied by various

hardware components and interconnections: one example is the digital data

processing apparatus 500 (FIGURE 5). The apparatus 500 includes a processor

502, such as a microprocessar or other processing machine, coupled to a storage

504. In the present example, the storage 504 inciudes a fast-access storage 506,

25 as well as nonvolatile storage 508. The fast-access storage 506 may comprise

random access memory (RAM), and may be used to store the programming

instructions executed by the processor 502. The nonvolatile storage 508 may

comprise, for example, read-only memory (ROM), reprogrammable ROM, compact

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

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

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



differential pressure transducers 205, 207 include: Model -228 or Mdel -230
pressure transducers of Setra Corporation, Data Instrunment's DeltaMate
line, and other manufacturers such as MKS, M I lipore, and Edwards. The
reference conduit 261 is set to a selected pressure by adjusti®f H8E 10

- flow control valve 211 to adnit a desired amdfmt of utility gas into the
reference conduit 261 fromthe inlet 258. The flow control valve 211, and

hence t he pressuroqhérn t he regerence conduit 261, is controlled by
el ectrical signal & PRCETUEIOT G Praressar 882 faorichanamdath with bthen hardvidhe ekiehel

211 a. The el evat ddthpr axsaraws &0t he reference conduit 261 is possible due
to the presence of theflow restrictor 212, 15 which permts a pressure
difference to exist bef WHRPPREOPMEUMCatiers with @nalog 2BYices i theesys{Bne 290 €e

and the effluent 2EtrohizéemoBuRSSYS &) nati vel the flow restrictor
212 may be placed URS%{ eam of the  ef e gé\’glgérc@%ftﬁ'ﬁgtg%frt'goﬁelaﬂ? gAo-digital
pressure di f ferenf8"S X8 digiahiosanalog:converters @it 8bGwaNASidhecorvbRERNSE.

conduit 261, whi hewthe, ﬁhﬁé’&eﬁ?&(}?rﬂﬁ%Vﬁl’é{seal‘?dléEnspr{qa eﬁgpegg? Sé&g@%g@hg&

reference conduit ,20 I§61, cont s the pressure’l
261 in response t J'94RUPPYs{ostPUS| gnal s received by the el ectronics nodul e

213 over the line 211 Besgift@h@&Reciin - path 214a. al so includes an
adj ustabl e flow cgntrol SF:Elll-al vgg 208, ?%E@g'gé ég%lxtnﬁﬁ%ﬁ'& Ay ﬁ%‘%dﬁﬁt@aﬂﬁé@"dﬁg
gas flowing in t hEephenef ofthis dindosuse) wilhrezbghize thamineokigial ¥sta ZB8cdsiing
regul at ed byiot he hi@ng 5 through communi cations W th™the
val ve 208 over a iﬁ':)’%g %Sgiséu‘ﬁwgggﬁbg%gégﬁ)f %’SI 'mR}%'Pg'élte@,a;{gaqnérpq of fifferent

fl ow control val veesigcligr withoet dépasting: fromrbk s¢aby 06 thedingemesed Ber &lddificmaY
as a sol enoia act uaf or

conprise any suit \ ontrol valye, suc o

control valve, pi?gg‘f%&% ‘gff‘{‘g68"‘88%'?‘8|555a15%f"awﬁ>@rﬁmm§wéwaaemre. the

control val ve. et¥orage mayrioe phdvidedven-bedrtiane xRodd I n

valve is the 30 é\gﬁngy{ortﬂg%gt S E{%@ -248. A three- vﬁggpég?'v%\l\g\%& Hoglded

sel ectively exhausts gas fro B?@ O | ow path 214a to the process

chanber 21518r to theF@ﬁhbm‘e,iﬂ%htfﬁstﬁﬁﬂedféhﬁldé?déﬁ@raé@% Parh LP%%O%@@JR
I enP 0 { et ! OF

swi t ches bet ween ss _chanber 215, or the eff u
Ceither E})ht%e%rlé)cql%mcs mocime .«_1:? may be implemented by logic circuitry, instead of

computer-executed instructions. Depending upon the particular requirements of
the application in the areas of speed, expense, tooling costs, and the like, this logic
circuitry may be implemented by constructing an application specific integrated

20 circuit (ASIC) having thousands of tiny integrated transistors. Such an ASIC may
be implemented using CMOS, TTL, VLSI, or another suitable construction. Other
alternatives include a digitat signal processing chip (DSP), discrete circuitry (such
as fesistors, capacitors, diodes, inductors, and transistors}, field programmable
gate array (FPGA), programmable logic array (PLA), and the like.

25 Exemplary Construction
In one exemplary conistruction, the flow path 214 may be constructed by
forming a unitary block assembly (not shown) with flow paths and internal cavities
that are machined into the block. Optionally, one or more of these features may
be formed by machining channels and cavities that are encased beneath a cover
30 plate, welded to the block assembly. Such Integrated flow paths may be desirable
from the standpoint of cost efficiency. If desired, the block assembly may avoid



outlet path ("off') in response to electrical signals received fromthe

el ectronics nodule 213 over a line 209a. El ectronics Mdule 5 The

el ectroni cs nodul e 213 controls the electrically activated conponents of
the flow path 214, and al so receives data from conmponents ca gbﬂ of

el ectrically reporting neasurenent and status!’ nformation. C]Tﬁ eﬁm:t ronics
nodul e 213 exchanges information with a data input/output source (not
shown) via an interface 260. The data input/output source may be a human
user, control syst®©fuseeiiiaeial senipin erdesipsaval] leabagriant atduca ToBE WITH, blGdkC .

appitcat on Che | aar i oed Sbbonay e et aBe Ml uloRel iecioy , YR

application, the interface inc e various
of a human user, tﬁé@é‘%rﬁﬁoﬁ@rﬂ!ﬁj Swipblebmateriab witb asufficidrayipmiunityl feeof6£i66N,

conput er noni tor, ' e digitizi ad, yvoice ,
ac[rip vati on softvvar%, E)Hc')?l 5{:%%5?3‘””8%%59%%%‘5“9 e.qL% ‘ ra%HBQm@f%le‘sﬁ"{CH%"-
case of an el éct r Jhf Bowpattelishand the asseciatet tompongrosmaly e costilited Spritage
or it rared | nk, Tt i bBUE SzecrF AREREY HB ol i sth BESORBE Guibe oW

or infrared link, conputer network," of
modul e 213 itsel f Redy2béa pnpitenempentritn di fferent ways. | n one enbodi nent,

t he el ectronics nodul e - Ll e ted using a 20 digital data.
processi ng apparat us. ﬁﬁ% %%%@%fhg%&e@g&a%mh’irﬂw W@S??‘Hlﬁ’é”rﬁﬁ'ﬂﬂmms
conponent s and |ntm\a@nﬂﬁtﬁgrbhﬁsﬂ.gﬂa@?ﬁaﬁﬂﬂmthé?d&@z%%ﬁﬂrﬁ@ldgstand port to the
processi ng appara ?HJE.E e, appar at us i ncl udes a processor
502, such asgg m c??@pe?'ggze 50 ?gso%"ﬂigfgpﬁoo@'@sélpﬁ'@ aFBRAPNeMayolfhl @xarmrie g be
storage 504. |In tchmpatiblesvith sexaand metal deal s a@te&tidhs kAGKHESScSmmonly used

fast-access stora e, 5066#35 as well as nonvolatile storage 508. The
fast-access storag% h§d8 V'corrprise random access nenory (RAM, and may

be used to store the prrbgbmiaﬁgamlblylﬁtdy%tdré\ﬂéecﬁ%méﬁﬁgprﬁﬁfeH’tﬁmﬂﬁ&ﬁﬁ re
502. The nonvol atil e storﬁ_l%e 508 maé comprise, for exanple, read-only
mermory (ROM), repfUgPRmreBIPonel thabamadq begretechabie, osuchons rfar semiasnentlior

dat a storagelsredi sepsdné®. For itshed! pdfisiont FOPRYURM d&rﬁviﬂ?neoér LIPRSmEG s
or any other sui t%l 92 §t orage devi ce. The apparatus 500 "al so
1- may be made to allow replacement of these devices for service. The
calibration volume 203 in this embodiment comprises a machined cavity within the -
block assembly or canister removably mounted. The flow restrictor 206 may be
machined, permanently mounted within the block assembly, or removably

20 mounted, depending upon the particular application.

Different Embodiment
FIGURE 3 shows one alternative to the system 200, where a single sensor
316 is used instead of the dual transducers 205, 207. Depending upon the needs
of the application, this implementation may be preferred over the system 200
25 because it reduces costs and simplifies the design by omitting the reference
conduit 261 and using a less complicated pressure transducer.
As with the system 200 (FIGURE 2), the sensor 316 of the system 300
(FIGURE 3) is connected across a flow restrictor 306. However, the sensor 316
does not utilize any reference pressure. Accordingly, much of the utility gas flow
30 path of FIGURE 2 is absent. As one example, the transducer 316 may comprise
a single differential pressure transducer such as a diaphragm type device.




I ncl udes an input/output 510, such as a line, bus, cable, electromagnetic
link, or - 1 511 SEP 2003 other neans for the processor 502 to exchange
data with other hardware external to the apparatus 500. To support

communi cations with anal og devices in the system 200, the ellec§fPoliixs
modul e 213 may further include one or nore ggal og-to-digital 5 converters
and digital -to-anal og converters (not shown). Such converters are, however,
unnecessary if the valves and sensing devices in the system 200 have

diigital 1nput s/ oUt UL S, RESPLAR S (PR AL HOf S9AL PRAIFRRL FrbOlay vaive

ordinarily skilled artisans ving I'sclosure
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?pparat us 500 ( FldaEth o@)letf;bétﬁs,el ectronics nodule 213 may be inplemented by
Upon the parti oul ar - r S ARANG STSOTHES AT} S T, IERo eI 216 Sded.
_explense, ttgolbi ng rﬁ@féi.ﬁets_éﬁ%rtm MY Be r?bﬂaaed wgh_caf t_ne'rrm?hassyftm?sggsor, whic_ht

i mpl enent e y constructing an app)ication specific in ra Ci rcui
(ASI C) having thd&?&ﬁo&apd‘fagﬁw\?ﬁ aﬁﬂ%ﬁ?%ﬁ%@qvgaﬁ%ﬁhﬁw@ﬁfgﬁ%ﬁ%%ﬁ’a §
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QO her alternatives include a digital signal processing chip (DSP),

di screte circuitrathesnatmassfiowsprifddes capacitors, diodes, inductors, and
transistors), field programmable gate array (FPGA), progranmmable |ogic
array (PLA), and the like. 25 Exenplary Construction In one exenplary
construction, thetlli-Rath&as Flow Sysierpwith Sgpeiate-ta Volumes

As an alternative design, each of the systems 200, 300 (FIGURES 2-3) may

it B B8I8IE

15 be constructed with multiple process gas flow paths in parallel. In the case of the
system 200, for example, duplicates of the components 201-210 and the
interconnecting conduit may be constructed to create duplicate process gas flow
paths. These duplicate paths (not shown) may share utility gas inlet 258, process
chamber outlet 254 and efiuent outlet 252, with each having its own unique

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

Multi-Path Gas Flow System With Shared Calibration Volume
25 As an altemative to the systems of FIGURES 2-3, FIGURE 4 shows a

system 400 that shares one calibration volume among two process gasses.

Although this example uses two process gasses, ordinarily skilled artisans (having
the benefit of this disclosure) will recognize that the invention also includes
adaptations of the system 400 to include a greater number of process gasses or
30 even a single process gas supplied to muiltiple locations such as more than one

process chamber.



formng a unitary bl ock assenbly (not shown) with flow paths and interna
cavities that are nmachined into the block. Optionally, one or nore of
these features may be fornmed by machi ning channels and cavities that are
encased beneath a cover 30 plate, welded to the bl ock assenp1¥EP§@fh
integrated flow paths may be desirable fromjhe standpoint of~co
efficiency. |If desired, the bl ock assenbly nay avoid -]7.. 11 S E P 2003
the use of netal seals in order to avoid Ieakage and reduce costs. The
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in this enbodi nment corrprl ses a machined cavity within the ck assenbly
or cani ster rennvéB‘P"f‘ nounted. The flow restrictor 206 may be nmachi ned,

permanent |y mounted W héiRstiddth Bt felcafiSRaoR Wilumer40eamy afdotiatePharauater. a
dependi ng upon the particular application. D fferent Enbodi nent Fl GJRE 3

shows one al t er natreewey valye £\dst Ehg 2alve 40 selectively faytes gasmlsep the calibration

volume 403 back to one of the paths 450, 460. The remaining components in the

135 first path 450 include a flow restrictor 424 with (1) a differential pressure sensor
422 mounted in parallet, {2) an absolute pressure sensor 423 mounted upstream
of the flow restrictor 424, and (3) an adjustable flow control valve 430 mounted
downstream. These components have similar construction and function as
discussed above in other embodiments. The path 450 also includes a three-way

20 valve 434, which selectively directs gas to the process chamber 438 or effluent
outiet 440.

The system 400 depicts the components 422, 423, 424, 430 toillustrate an
example applicable to laminar flow applications. Nonetheless, (1) the absolute
pressure sensor 423 can be omitted as applicable for molecular flow applications,

25 (2) the differential pressure sensor 422 can be omitted applicable for sonic flow
applications, or (3) the components 422, 423, 424, 430 can be replaced with a
thermal mass flow controller.

The second path 460 includes similar components, and is similarly capable
of directing gas into the shared calibration volume 403, or not. Like the path 450,

30 the path 460 can also selectively direct gas 1o the process chamber outlet 438 or
' the effluent outlet 440.




316 is used instead of the dual transducers 205, 207. Depending upon the
needs of the application, this inplenmentation may be preferred over the
system 200 25 because it reduces costs and sinplifies the design by
omtting the reference conduit 261 and using a | ess conplicated pressure

- transducer. As with the system 200 (FI GURE 2), the sensor JL6SEH Jj0he system
300 (FIGURE 3) is connected across a flowTeéstrictor 306. However, the
sensor 316 does not utilize any reference pressure. Accordingly, much of
the utility gas flow 30 path of FIGURE 2 is absent. As one exa} | e, the
transducer 316 may cofithqugb the fisst gl seeandmaties A0 a6e shew E%é‘dﬂ%’&\"aguch

as a di aphragm t ype, Jeui G like lcoREEne83ne pBthsnsbhiso aldyaragifienrint. Thdest
utility gas inlet 3 IS routed to the three-way val ve

301, . which .

sel ectivel y admi s¢t theeppticationat hasd, onedgh may T‘ﬂYee‘EOW)e“&ﬂl‘B‘r ﬂ&é@?"@ﬁ% n

(fromthe inlet é%)eréﬂmd&h?n&té%sc%t.%ﬁceﬁsﬁomrttbtr%/{ﬁeefhes.mu:.s of f both inlet
e

gases. At the downstream end, ree-way valve 319 selectively ro‘ﬁté{as

gas fromtheé 5 procesk apnther mepealopezation. the e F0R Bwy Rerchnfgrred so
ef fluent outl et gﬁso %H?L%eﬁgéﬁ%l mhgﬁgh't\!oﬁ.ﬁnéjﬁbggandlﬂbv@t biréct@NAIRH the flow

enbodi nent (not ow restrictor 3 and pressure sensor 316
may be repl aced wistrictar 424coftive path 480.f Thersystems 600 man e gimilagy sorfiguted $9 thal,

tube as discusse a?%&!ﬁﬁs&?é&éi%g@%ﬁwm 408 NdCRRE bREly! tiRfighOthe flow

constitutes a flow r ot her variation replacCes units 306,
308, 316 with aredntomdf thepatif4@ly controller. Milti-Path Gas Fl ow System
wth Separate Calibration Volunes As an alternative design, each of the
systens 200, 300 (FIGURES 2-3) may 15 be constructed with rultiple process
gas fl ow patths i Altpaativé dmanbemehts case of the system 200, for exanple,

duplicates of the cog%n! eansF%OI-Zlo and the interconnecting conduit may

be constructed to cr tcate process gas flow paths. These duplicate
pat hs (not shown) mayRefarity nbw ldexymgisembddene@280 (IGOLIRES2). thelpasitiens ofdhe et

254 and effluent ﬂgvldtclo%rog VSE%JE %Bt gndeue}ﬁﬁtg Zﬁgfébggo%%say%]svb%pgﬂ%hen the process
gas can be conditioned to exhibit molecular flow within the fiow restrictor 206. This
15 embodiment is useful for low pressures, where the flow restrictor 206 comprises
a molecuiar flow element.
Analogously, referring to example embodiment 300 (FIGURE 3), the
positions of the flow control valve 308 and units 306/316 may be swapped for

similar molecular flow application.

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

30 is affected by measuring absolute pressure upstream of the flow restrictor in



20 process gas inlet 256. This enbodi nent provides a neans of selectively
supplying accurately controlled anounts of mass flow rate of nore than one
gas type to the process chanber 215 either separately or in conbination.
Anal ogous nodi fications mnmay be nade to the system 300 (Fl GURE 3).

. Multi-Path Gas Flow System Wth Shared Cal i bration Vol une 1265#57(8h
alternative to the systens of FIGQURES 2-3, FIGURE 4 shows a system 400

t hat shares one calibration volune anong two process gasses. Although this
exanpl e uses two pApMhiEMond dheRSthisHrelfd il jlled artisans (having the
benefit of this disclosure) wll 'sﬁtgcog?\%%g{e%g{tw(i?gh%rﬂ/tf RTBTSUF 98WPHEG A es
adapt ations of thefdRaflemragocton Masy linkeiscdelererived byapliging @bpipAERSSOrEASS €S
or 30 even a singl@oREPHSES T ' |tiple | ocations such as nore
than one process chanber. {G@Fagw%@gaﬁgs_s eragey‘&e'é Biegortinealie BRstiean ¢
and second procesdPreEIHanthhesgmdudietee of the dibiwbestticion3 0D INETRIMbW.
tenperature sensor 470, and absol ute pressure sensor 420 are shared anong
the two pat hs 450, 460. These conponents nay conprise simlar devices as
di scussed abo¥e. 5 The first path 450 incl uGPERATION et 404 to receive a
first process gas, and, .0 receive a ytility gas. A three-way
val ve 408 sel ectively é‘d%&tﬂg%%,tég%ﬁ}é&ﬁ ﬁgrldwa,:e & E‘Fe'éﬁé’aeﬁf:@?ﬁq RBOY&| &t s
402, 404 to a fil diflerertaspBovafdhe ewantafn tdreerdsid irRithddsfor BpEREiRg IKBE T4RYe

val ve 417, which i Lrect inlet gas to the calibration volune
403 and ot her assg%}'astﬁl 8%%%1}@\%?@ 4 ﬁb'&ﬁ?’PWd“ rgraent Rad cafrections andortinnah) |
or (2) bypass t heflowlréduiatiocnron vol une 403 by directing gas to the right (as
shown). Downstream of the calibration volunme 403 and associ ated hardware is

a three-way valve 419. The valve 419 selectively routes gas fromthe

calibration lwol uSandBBebaekMegiaone of the paths 450, 460. The renaining
conponents in the 15 first path 450 include a flow restrictor 424 wth (1)
a differential pressurtg Qe &xpmple, th's method may be implemented by operating the

electronics module 213 (FISURE 2), as embodied by a digital data processing

apparatus 500 (FIGURE 5), to execute a sequence of machine-readable
instructions. These instructions may reside in various types of signal-bearing

15 media. In this respect, ane aspect of the present invention concerns a
programmed product, comprising signal-bearing media tangibly embodying a
program of machine-readabie instructions executable by a digital data processor
to perform a method to operate a wide range mass flow controllier with real time
flow measurement and correction.

20 This signal-bearing media may comprise, for example, RAM (not shown)
contained within the fast access storage 506 (FIGURE 5) of the represented
electronics module 213 (FIGURE 2). Alternatively, the instructions may be
contained in another signal-bearing media, such as a magnetic data storage
diskette 600 (FIGURE 6), directly or indirectly accessible by the data processor

25 502. Whether contained in the apparatus 500, electronics module 213, or
elsewhere, the instructions rnay be stored on a variety of machine-readable data
storage media, such as direct access storage (e.g., a conventional "hard drive”,
redundant array of inexpensive disks (RAID), or another direct access storage
device (DASD)), magnetictape, electronic read-only memory {e.g., ROM, EPROM,

30 or EEPROM), optical storage (e.g., CD-ROM, WORM, DVD, digital optical tape),



422 nmounted in parallel, (2) an absolute pressure sensor 423 nounted
upstream of the flow restrictor 424, and (3) an adjustable flow control
val ve 430 nounted downstream These conponents have simlar construction
and function as discussed above in other enbodi ments. The jp ﬁ@p al so
I ncludes a three-way 20 val ve 434, which selgctlvely dlrects gas to the
process chanber 438 or effluent outlet 440" The system 400 depicts the
conponents 422, 423, 424, 430 to illustrate an exanple applicable to

| am nar fl ow appl i catjons absol u r re sensor
423 can be-om ¢ ¢ AFPRE AREH AN & Hbs P e Hea b0 At R PR OR LN S
the differential mediasuck aseigiar ad®ansieg ahe conintunghtidppinks ahd Wllfe(HssS(bnﬂlan

fl ow application 3 e co ents 422, 423, 424, 430 can he
replaced with a 'f%é"tah\éé %?EQQ ”?q"é HPY%]t'PEr‘heﬂ%c@%fﬁ?&aBlﬁt'ﬂﬂ oM@ des
simlar conponentcdmpiing softwareblijédticisde apaipiled o didrethbe gughas a1t etct he
shared calibration volune 403, or not. Like the path 450, 30 the path 460

can al so selectively direct gas to the process chanber outlet 438 or the

ef fluent outket 44RQic ciduity | SEP 2003 Al though the first and second pat hs
450, 460 are shown W|th an identical arrangenent of |ike conponents, Q
paths 450, 460 may be 'RHFEPPERSR thersigpakbearuy; medim dispussediaboneatheBatiodone

path may have corgpeertfiné menﬁﬁnanay b&HsemeRtedausshigf Ibgic RItEuify, dﬁi‘fhoum}élﬁ%
| ess conponents than the other, etc. 5 I'n another node of operation

syst em 400 may b@reERFsPH P Eresye iRgtiucligns dyﬁalés%bwf@eemthsr'aslpcﬁvcvmuﬁe

403 and flows di rigpldmerdtbd QHaRet HBctdMMd nidfid 'ﬁ@oranﬂzﬂr. %nﬁgﬂﬂedf’% theHoldm
The system 400 may be simlarly configured so that gas by passes the

cal i brator V8| umopeeEioasde impirment hednetpod pf theghvaiiens THw logiesiquite: BRY bF
the path 460. 10 ;fbldiAtd USing MY HPEBAtypdObESHLIRY, 5 Bdcussed above.

Operational Sequences: Introduction

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

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

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

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

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

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

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

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

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

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

30 temperature and pressure sensors mounted at the calibration volume or in close




Referring now to exanpl e enbodi nent 200 (FIGURE 2), the positions of the
flow control valve 208 and units 205/ 206/ 207 may be swapped when the
process gas can be conditioned to exhibit nolecular flowwthin the flow
restrictor 206. This |Is enbodinment is useful for |ow pressuflégFpwWEre the
flow restrictor 206 conprises a nolecular flow el ement. Anal ogously,
referring to exanpl e enbodi nent 300 (FIGURE 3). the positions of the flow
control valve 308 and units 3061316 nay be swapped for simlar nol ecul ar

fl ow application. R0xiSogisd dd R GiRatidrialy BAN: X ' t Q
(FIGURE 3). the flgw control val ve 308 and unicﬁé&s@@gﬁ%ﬁﬂgﬁ SEFQ%ES%&&% n
posi tion for appli'CEeTHRE Masefiew rata&ifiar by ewse Hieo aprastribed amiiunt, dhethethod of
exhi bit choked vi seessuringarads fdiate [d oW r ES5ULS ¥Rst ream of
flow restrictor 306 is rn? eater than {éwg\é\te)l?tﬁ%vyg@ %8\5\%??%‘221%5%5@3%%ajgste%nmo
this enbodi ment, t3PFechhediicrenansy. Aoerriinglyl aed dimeugynstaamdiuid trearbdtonstics
restrictor 308, ardgletit@stidd Hetdtwm ¢ S 16 is  replaced by an
absol ute pressure SENSOr (al so not gﬁ%&ﬁ%gﬁ@g{]&eﬁé?ﬁz’ur?mgw(ngﬁorrggtgg) Wil
bet ween control vei8/sedda agiust theomeselow iratedo n3@6 the targdhinsassdloin Gite, ahéreBy

flow restrictor ' ' ci onic nozzle and real -tine
%Qﬁldeﬁsglﬁct 2 bf%ﬁlm?r éslscfr"épaahcg

fl ow neasurenent 30 is a %) neasuring absol ute pressure upstream of
the flow restrictor inlin 2gditon 1o SEPSWOQ3amgpeydatingdonsas \ilver, @hé hingerlicASsiE e

is at least tw cedh r 8.0 ream of the flowrestrictor.
Mass flow i s determ tn%l(’la-ndlﬁ %t;eggg%%@%&ia%%%oﬁfﬁ}a agur%gnpea:. tﬂB‘f" U%‘Fﬂ)m?#&ﬁ”es
fornul ae whi dR shdivstrated herein, matheutdadjestirigy gas dipar t Howaler| Gorupsthple®iess of

pressure and the ¢ ct an he flow.restricto LN ic flow.

CPERATI ON I addiTeaiers. e ToM B, RAPBIRT eBho IR UIRRS oAb ipb St anate.
a di fferent aspectenmifodirhentifonveabswingamdeegulstirdy gaiflom for operating a w de
range i

Sequence of Operation
FIGURES 7A-7B show an operating sequence 700 to illustrate one example

15 of the foregoing method. This technique regulates gas flow by determining a
“measured” mass flow rate dJownstream of the calibration volume, and repeatedly
correcting flow to maintain a mass flow rate equal to the target mass fiow. At
certain times, measurements at the calibration volume are taken to determine
actual mass flow, and the actual mass flow used to perform “on the fly” adjustment

20 to the calculation of measured mass flow rate to derive a "corrected” measured
mass flow rate.

For ease of explanation, but without any intended limitation, the example
of FIGURES 7A-7B is described in the specific context of the system 200 of
FIGURE 2, described above.

25 The linear iterative process depicted in FIGURES 7A-7B is only used to
demonstrate the logical components of the process enacted by electronics module
213 and is not intended to 2xclude other methods of implementation such as a
preemptive interrupt driven operation system, a multitasking operating system, an
object-oriented reai-time kernal application or other method of affecting the

30 processing tasks in order to achieve similar flow behavior as depicted in this

example,



mass flow controller with real tine flow neasurenent and correction, and
optional flow regulation. 10 Signal-Bearing Media In one exanple, th!s
met hod may be inplemented by operating the electronics nodule 213 (Fl GURE
2), as enbodied by a digital data processing apparatus 5001(F mﬁ 5), to
execute a sequence of machi ne-readabl e |n55ruct|ons These instructions
may reside in various types of signal- bearlng 15 nedia. In this respect,
one aspect of the present invention concerns a programred product,

conpri sing signal -bearing nedia tan enbo

machi ne- r eadabl e i nst B‘F\?pQS?@ETJ{JZ@{’ é"%)ﬁ'téa %‘% Q?FEP 78% g ‘%n?)@e glablishes

performa met hod de@taﬂpﬂé\atcarrecﬁurd@lure%ngm.onm dske@wh mmtdirﬁbmenowol meaeaned

time flow neasurenent and correctjion. 20 Thgﬁ@, naI ari nﬁ?r@dj a %’g
a

conprise, for exdRpie IOWARAE RSt the HiswhJestiaiok vﬁstehY Ugs @& B dt€e

storage 506 (Fl Gfeeuabe@in fuRfef QARSI eﬁdva&k@@bogpnﬁésms&nawe cFargeaE
2). Alternatively, the instructions contained in a

si gnal - beari Ag neaidifferentiv "%F‘sasé!'er'rﬁw%@”ﬂﬁ‘@és PYr Hb‘érdeﬁf%ﬁ%'ﬁcg TRO% eI URE

6), directly or :H&tbét%atb'y)énasaﬁﬁlsmak@ﬂ&%étbﬁmﬁla@ Qttﬁéﬁﬁlﬂﬁ@t(ﬂn @ﬁJr&éI?AﬂéAhmpher
contained in the %%par at us 0, el ectronics nodul e

{ el seg\/n t
i nstructions nay éb%ﬁ!ﬁf"@ﬁ"% m%ﬁq‘%?y%@%‘é?érﬁ%& ’é‘?i’aB 2 dfsired oL 819G é;

medi a, such as d'r¥1§§§ IS ¢&tes mﬁpr'ﬁg§v£iﬁe%ay e fRBNEAVIadRa inteacei26D frym"an
redundant array ot 1 nexpensive di sks D), or another direct access

storage device (EHESEIR). Conihsysiem ap@PU@fé?ﬁttY’@ﬁ‘ﬂ €15 cauesANgo fromvglatils ¢f
ROM EPROM 30 org ﬁﬁgw Teg%%j/ %gll\tgﬁkervﬂﬁ% ERcfonicTroBGI 2 140RMhe L tmass

digital optlcal t ape) aper "punch" cards, or ot
sui tabl e si gnal - i ratg maylibe mnm:tadnfrsgertdasmgnb-meahmem.psr weweeﬁcw)g?’ft al

and anal og and c @H&'Arﬁ%érgrﬂaekhfm @ In an illustrative

enbodi nent of the Tnvention readabl e instructions maé
conpri se software obj ekftercsdeie 706.05tpp I7BG mﬁmﬁsdhe saliratien yolumead0d g a target

pressure. This is achieved by the electronics module 21 3 sending appropriate
15 commands to close the shutoff valve 208, if not already closed, and to configure

the three-way valve 201 to direct the process gas from the inlet 256 to the

calibration volume 203. The target pressure for the calibration volume is selected

according to the required process pressure, calibration volume size, desired

length of time of gas flow, desired flow rate, etc. Alternatively, step 708 can be
20 performed prior to step 706 without materially impacting this process.

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

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

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

transducers 205, 207. This reference pressure can be set once as just described,



5 Logic Grcuitry In contrast to the signal -bearing nmedi um di scussed above,
the method aspect of the invention may be inplenented using |ogic
circuitry, without using a processor to execute instructions. In this
enbodi ment, the logic circuitry is inplenented in the el ectingipcginodul e

- 213, and is configured to perform 10 operati@3s to inplenent the nethod of
the invention. The logic circuitry nmay be inplenmented using nmany different
types of circuitry, as discussed above. Operational Sequences: Introduction

Broadly, the invenet quncaﬂmenhrssreéermtdﬁptés@lﬁre%f@é lcBBtréledBrdlihbY ik ntire
systemto accur ate be further 1 nplenent ted t

ow, and ma

15 supply a preci sel Y regtﬁ§¥g§af'l‘?’59vag‘? PIFssSuremf 280 ameng tansdyecanrsi 205. Qﬁ?ume
is charged to a prescrlﬂdtsd slep'e?loa Bep ohanagthsCghd bat | 9RisvR! a'&ﬁewa%kClgé
the initial supplyl q ‘%' g?\% ver, Then, various valves are opened to
di scharge gas fron The "9%56{?"? e £15 APSRING the thrgewway| valve209de thepraces st dhamber y
downst ream i no thﬂﬁrﬁ:&&: iy opeRMGIYss fialeont !

rate i s input, n@vg (g gr@otpéervm se 20 eﬂgﬁaaw%dag(?té%z?f&%&%%&%hg eRWy

t

flows through the i Pf%gsﬂﬁ%éoqn wherehy €arks itegation tiegins wmmmne)le&edtroauasl
optional |y adj ust efpdue 2 Bch&ing 16ha EBRAAS %ﬁ%&g‘% e AY8h b?.lirl%ﬁlgf {h%'sg%nal
e C |

characteristics are %atgured downst r eam of bration vo
characteristics nd S B S3F fiPw mawonginate fom ‘hﬂl"’l‘tﬁ'éi’@rﬂﬁfhwhgaﬂowneselh:rr@,era

25 conbi nati on of dekRes. wEud dShnalRAREASE R Sed PR SRENAIINE 1RE 8RS obd BY

rate. @Gas masflowratels deferm ned usin ese arac erl
and then (opti ondlISing g theresway yalvgj 200ai ihftqrhssep éﬂgethenelestrcﬁmcamoame 2m S0

on repeated occasitRpgitiohd' fep ¥86 aNBWaitd lfoQ\fﬁJ ﬁé)ﬁé@“& t%fbe}gﬁw ' yration

vol une i s neasured. These neasurenents nay using 30
tenperature and pressulétepefioteiemines that taeret lheocsmnabnsﬁirwcmngwm wmsrmtnon of

close 1 1 SEP 290%353%\#3 %’té(? b¥6 B BSnddRcdE %erzﬁy'rgggéurg ditdiaSita presslufre

the actual nass flow rate
across the flow restrictor 206 and the transducer 204 measures the absolute

15 pressure upstream of the flow restrictor 206. Step 716 then determines the mass
flow rate based upon these pressures. This computation may be done according
to the Hagen-Poiseuille equation for laminar flow, shown in Equation 1 below:

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

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

For the purposes of illustration, application in the laminar flow regime has
been assumed for this example. For applications in the molecular flow regime, P,
in Equation 1 is omitted and K, assumes a different value. Also, for applications

in the sonic flow regime, P, P, and P, are omitted and K, assumes a different




measured mass flowrate differ by nore than a prescribed anmount, the nethod
of nmeasuring mass flowrate (e.qg., related fluid characteristic values) is
adjusted to correct the discrepancy. Accordingly, next tine downstream
fluid characteristics 5 are neasured, the downstream mass f| biSERZE3

measur enent (now corrected) will be used to,@djust the mass flow rate to
neet the target mass flow rate, thereby conpensating for the forner

di screpancy. In addition to nmeasuring and regulating gas flow, the
invention also c¢ I : ' 1ng
t he techni ques tgé]iﬁg'lrrﬂmstﬁ %E? Sé%'hﬁé%rg?%&ﬁg\nd ?%@%tsa bgélljuﬁgesp?r ?%drggg%%\% %ﬁ\/\%ﬁr
for conpl et eness Qénr%%lcéh'&{i:g tion, the follow ng description uses FI GURES
7A-7B to show an “enbodi nent for measuring and regul ating gas flow.

st rat e one. exanpl eotebs o 2happiiab Rl GREcabh VB8 H B 1f gl & o

| at fl by det i Ni N d" I te d t
of “the. oal 1 brat i offeaan et 21 eRg B il (e brrelTaaed PT-eh Bl R MEReaRy"

fl t to the t | flow AL .. tain ti , .
meacur ement o Sat ¢ HeAl e RAEhTREhs AL e et B Wb BB s e e mate. it
flow, and the actual mass flo sed to perfqgrm "on th@ flgl" adj ufstrrelnt g,g
to the cal cul ati ofP BPURLSRTPE e BR0R Y Perlyipathe oy chareclen yhuegiatgptie su
measured nmass flow rate. Far ease of explanation, but vvith‘ut an 'ntengled
o et on the e tenopn T ERne 2ok SHedBimulEn wev oirmafal be et
cijnmt e>6<ltI 81? theessstiﬁnﬁzoq of FIGURE 2, delscri l?ed above. 231 .Thetbl j Ine r
iterative processS¥ehPELRIECE IS ¥5SBE SRS | RO W'ué'@ﬂr@ t'OBeIHB%'é‘P?‘EPE'
A cr R e e RN
preenptive interrupt driven operation system a multitasking operating

system an Ubj echVBelie MEAGUIEmEN€[TRES- ker nal appl i cation or other nethod of
affecting the 30 processing tasks in_order to achieve simlar flow behavior

as depicted in this Q=mQ,+b
(2]
where: Q = corrected mass flow rate
Q, = mezasured mass flow rate
15 m = scale correction

b = offset correction

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

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

implementation of a servo loop.




exanple. 115 E P 2003 -24 After the operations. 700 are initiated in step
702, step 704 establishes <certain flow correction values, which are used
in the conputation of neasured mass flowrate at the flow restrictor 206.
These val ues and their use are discussed in further detail b’e”é@\z\zq

Advant ageously, these values may be changed 3,to differ entIQ S p3e
downstream nmass flow, in order to correct for errors as indicated by an
"actual" mass flow determ ned at the calibration volunme. After step 704,

t he el ectronics nodul e 3 receives s ification q sired or "target"”
mass flow (step 706). ﬁ%%n VRS 'a%gf%lyve@erfe‘é'ﬁ%isL?pta%%e??l‘faé'FF% 5'?5‘0792% om
an operator, contr tem C ut er work, etc., or cal | om

vol atile or 10 non%@%%?#%gnwgﬁﬁ%rﬂieBH[ ﬂ&ﬁba ﬁf&{’ﬁﬁ' Yglype Fhﬁi'stg’o%gﬂ{]{r%mﬂ%.
The target mass flow rate. e.in units af rd cubic centi ers
per minute (sccm p(f?*%t%ﬁﬂ%*i“ﬂ%&é*ﬁ‘@?" Fﬁq%?@‘a?ﬂﬁﬁf?'ﬁ’f%}me@fﬁ?g& &k
step 706, step 708 arges the calibratio l.u 203 to a ta t
pressure. This is lﬁ(@%ﬁeggr&gn R'RESH 5&?‘['?'8&2%@ 'trmeéG!"@ regharg d{"‘%g's case, step
appropriate 15 c nds to close the shutqff valve 209, .if not alread

ol osed, and 18 corfPRgurETNeRrSsURERS EsAbras9n vplima 2054y reRUng aRTEsS e
fromthe inlet 256 to the alibration volune 203. The tar?et, pressure for
the calibration voEiR® 4% SHeBcER 723 coBPRIETINe BreshweReRRUFRLINReR pedto the
pressure. calibration volunme size, desired | eng7t h of tine of gas flow,
desired flow rat e,'2@et Pregspes (Haspiracyabaveciy 6B /OF) 1o deterding it 1Be RaiDiRiPD -
to step 706 without materially inpacti % this process. In the illustrated
enbodi ment, step MOBME 483 hasirBeehadsiheiesired AressyLe. reMmbidheesedithe glestpnigs
pressure transducers 2051207. Nanely, the electronics nodule 213 issues
appropriat e i nstr U eedwna13 gosgsdhe thiee-wapvalve A0 1 iIstepa3fe Ipaither gase; gracessing
sufficient pressure of utility gas to bal ance the back side pressure on

each 25 trand8uceroepsdiagsie stgmAlidt h t he opposing front side pressure, and

thereby "zero out" the transducers 205, 207. Since each transducer 205,
207 provides a If, however, step 722 determines that the calibration volume 203 is isolated

from the process gas inlet 256 and therefore actively dropping in pressure as gas
flows from it, then the pressure sensor 204 measures the pressure in the
calibration volume 203 in st2p 730. This is followed by step 732, which evaluates
15 this pressure to determine whether or not it is below the value considered too low
for proper performance of the downstream flow measurement and control. This
determination is based on a variety of considerations involving the design of the
flow path 214a and related components as well-as upstream and downstream
pressures, mass flow rate and other factors. If step 732 determines that the
20 pressure in the calibration volume 203 is below limit, then step 734 opens the
three-way valve 201 to the process gas inlet 256 and begins recharging the
calibration volume pressure. As an alternative to the foregoing iterative description,
steps 722-734 may be implemented non-incrementally using an analog servoloop,

or digital implementation of a servo loop.




pressure output relative to the gas pressure in the reference conduit 261,
step 708 involves changing the pressure in the reference conduit 261 until
the transducers 205, 207 both read approxinately zero. If one transducer
reads slightly higher or 30 | ower than the other due to manufacturing
i mperfections or other reasons, utility gas pressure may Bel $f 8k ed to
provi de an average pressure of zero anong #Re transducers 205, 207. This
ref erence pressure can be set once as just described, -25 11 S E P 2003 or
optionally, this reference pressure can be controlled throughout the entire
process to provi de aff, anéheagibepharst; step 12 detemniasmthgt thegnestuce irscaliBiation07,
After step 708, step 710 begins gas flow This is achieved by the
el ect roni cs nodwiokingd 20D isewithiyatdeptable keitsyatepVZESRed30fed the Mivesslovc@tsout
chanber 5 215 and slightly opening the flow control valve 208. Step 712
represents the efitie/caibrattonofolimeR0BedMEssGovaar sief tHeyealiBeitiohtvolumd RO3,
begins with the electronics nodule 213 checking for a signal to stop the
gas flow. As an celtedraictual fidveraiégisabmputedscodrdirifio BaGatidnBVbERW, BasdH draihe
fromthe interface 260 when flowis no |onger desired. If such a signal is
detected i n5sstepdedl Basiap 714 stops the flow of gas by 10 closing the
three-way val ve 209. After step 714, the el ectronics nodule 213
transitions to step 706 and weqt=gfywgpt he next signal to begin gas flow If
step 712 determnes that there is mogtsignal instructing the term nation of
gas flow, in step 716 the transducers 205, 207 neasure differenti al
pressure across the flow restrictesy 206 and the transducer 204 neasures
t he absolute 15 pressure upstream of the flow restrictor 206. Step 716 then
determines the mass WhepW rat eqghangsk f#RPhtd hese pressures. This conputation
may be done,according to the_KHa_gen- qu seumLI e e kjati qn for |am nar flow,
shown in Ez%ati on 1 bel ow Q 4 espnyiap (witt aFDeLg% Y& Y2l48) where20 Q = mass
fl ow V = volume of calibration volume 203

T = temperature in calibration volume 203

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

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

20 be averaged. The temperature of the gas in the calibration volume 203 is
determined by reading the measurement from temperature sensor 210, or by using
a predetermined or assumed temperature such as ambient temperature.

After step 736, step 738 determines whether there is any discrepancy
between (1) the measurement of “actual” mass flow rate out of the calibration

25 volume (step 736), and (2) the “measured” mass flow rate through the flow

restrictor 206, as indicated by the absoclute pressure sensor and differential




K, = a constant C = conductance P, = average pressure P, = inlet pressure,
fromthe transducer 205 P2 = outlet pressure, fromthe transducer 207 For

t he purposes of illustration, application in the |am nar flow reginme has
been assuned for this exanple. For applications in the nol efgl ar flow
regime, P, in Equation 1 is omtted and K, assunes a di f f&f 8Bk 103 ve.

Al so, for applications in the sonic flow r'é’ai me, P1 P2 and P3 are omtted
and K, assunes a different 11 S E P 2003 -26 value. In this case, P3 is
measured by the absolute pressure sensor 204 to ensure sonic conditions.
Step 716 al so appPEEXre RRNSr GeR 41 6)e OePending PeRIstPE FegiirgEentsPfhearPligaY M|
measur enent of mass flow that has been corrected pursuant to any precedi ng
5 "actual " mass f3 sliscaenancii may oeely whenithe agwpl mpw%gaﬁﬁ@wﬂé‘@ohﬁany
exanple, this conputation may be done by applying the flow correction

val ues in a for maraoworhatspeveha pefsoniage of Egivat oy Dfixasd wwrnben sush FsR.Gl ae
may alternatively be used such as piece-wise |linear. quadratic,

pol ynom al , i nt ergseimaetonf theokisup distsepancyystep 338 returnsita stepofi2. of t hese and
ot her commonly used methods for correcting 10 nuneric measurenment errors.

Q=nQ, +b [21 55 wher e: liQthereds raedisetkpansy $tepwWalacalculgies amwadateet® theslow| ow
rate m= scale correction b = offset correction

correction values. This is achieved using Equation 2 in the reverse or alternatively

reversing whatever equation or equations are used in step 716 to correct the

measured mass flow. Following step 740, step 742 assesses the performance of

] the system 200, and takes any action deemed appropriate. In one embodiment,
10 the assessment of step 742 evaluates current flow calibration against past data to

predictively detect impending reliability problems due to contamination, transducer

drift, impurities found in the process gas, needed maintenance, etc. For example,

a requirement for higher and higher downstream differential pressure may indicate

a clogged fiow restrictor 206, or widely varying flow correction values may indicate

13 a pressure measurement or ather systemic problem. The assessment may also
determine whether any actior: is due under a user selected maintenance schedule.

If the assessment of step 742 reveals problems, appropriate action is taken which

may include, for example, temporarily shutting down the system 200, sending an

alarm or warning to an operator or control system viathe interface 260, performing

20 schedule or unscheduled maintenance, ending the routine 700if the supply of gas
from the process gas inlet 256 is 1oo low to maintain the desired mass flow, etc.

IF step 742 does not r.eveal zny problems, control returns to step 712, discussed

above.



Adj ustment of the flow correction values is discussed in greater detail
below. In step 718, the el ectronics nodul e 213 det erm nes whet her the
corrected nmeasured mass flow matches the target nass flow. If not, step
720 i ncreases or 20 decreases gas flow, and reluns to step ﬁ 25( 273

exanple, gas flow may be increased and decreased by changi é B @ontrol
signal to control valve 208 in small, pred&term ned increnents.
Alternatively, steps 716. 718, 720 may be inplenented non-increnentally
usi ng an anal og L 00 or_digital inplenentation of a servo |oop. -27
1 1 SEP 2003 V\heﬁﬂ"&% %M@’Mﬂ%&‘gflow is reached, step 718 advances to
step 722, which determ nes whether or not the calibration volune 203 is

i sol ated fromthe erbé%@Ed@rggbing disci2Sareshews b hambenyf iMalraevefhbodimdnhe
calibration volune 203 is not isolated fromthe process gas inlet 256, it

i s being rechar g¥dhe inventipr; itowil be appmpnﬁoﬂﬂﬁsermmsmreﬁnetdmhgf@&mg@hgﬁgéshe
cal i bration volune 203 by reading the pressure sensor 204. Then, step 7
conpar es the pregumnediicakionsechn tre stadp hegin Mhbhlajeﬁaﬁrrﬁﬁfrorartﬁg%%ﬁe of the
(described above in step 708) to determne if the calibration volune 203
has reached3t he ienahticeas sedsedibetheiappetdettisiage Fulthérmeire Githe bR SlenfBidibe
213 closes the three-way valve 201 in step 728. In either case, processing
10 | oops back t dhetieyertith. mdy, bhodestabed SdreBlaifred Q'rettﬁé”klﬁ'ﬁiﬂaF hite Efﬂ:?ai is
calibration volume 203 is isolated fromthe process gas inlet 25
therefore acti veoptedmmatpidnmiéss iRtassn tatha Sirgdfar i é%utlggﬁfédt then the
pressure sensor 204 neasures the pressure in the calibration volunme 203 in
step 730. This is followed by step 732, which evaluates 15 this pressure to
determine whether or not it is bel ow the val ue considered too | ow for
proper performance of the downstream fl ow neasurenment and control. This
determ nation is based on a variety of considerations involving the design
of the flow path 214a and rel ated conponents as well as upstream and
downstream pressures, mass flow rate and other factors. If step 732
determ nes that the



20 pressure in the calibration volume 203 is belowlimt, then step 734
~opens the three-way valve 201 to the process gas inlet 256 and begins
recharging the «calibration volunme pressure. As an alternative to the
foregoing iterative description, steps 722-734 maybe inpl enented
-non-increnental ly using an anal og servo |oopl- or digital inplgapngation of
a servo loop. -28 1 1 SEP 2003 If, on the other hand, step 732 determ nes
that the pressure in calibration volunme 203 is within acceptable limts,
step 736 neasures the mass flow rate out CpAiM$e calibration volume 203.
Mass flow rate out of the calibration volune 203, called "actual flow
rate", iIs conputed according to Equation 3, below, based on the 5 |deal
Gas Law Q=K2 V dP T dt [2'1 10 where: Q= nmass flow rate K2 = a constant

(Wi th a negative val ub) \A=methbdnet sleastinighfis abw/ M WBaWRiivery system,
tenperature in calibration volunme 203 dP = tinme rate of change 0 ressure

at calibration vetmpesing@petatidhs dine tine rate of change of pressure at the
calibration volune 203 is found by taking the difference of successive

neasurenents of the telwngidg emalid@domaslumeiviihd figebis ddae tine interval
bet ween the successive neasurenent points in tinme as determined by a clock

or other time refererstartiogrgliowe ot thefMbcess QYaR)frond HeCSbiakiSn Wlug-%elgto a flow
e

el ectroni cs nodul e 213. Optionally, several measurenents nma
averaged. The tepatbrature of the gas in the calibration volune 203 is
determ ned by reading the neasurenment fromtenperature sensor 210, or by

usi ng during gas flow,

repeatedly utilizing one or more sensors downstream of the calibration
volume to take pressure measurements and performing a computational process
using data including the pressure measurements to compute of a measured mass
10 flow rate through a flow restrictor in the path;
repeatedly performing operations comprising: measunng pressure and
determining the temperature cf the gas in the calibration volume, using a time rate
of change of the measured pressure and the determined temperature to compute
an actual mass flow rate of gas flowing from the calibration volume, and
15 determining whether there is ziny discrepancy between the actual mass flow rate
and the measured mass flow rate: and
whenever a discrepancy is found, correcting the computational process
such that the measured mass flow rate matches the actual mass flow rate thereby

eliminating the discrepancy.

20 2. The method of ciaim 1, the operation of utilizing one or more sensors

downstream of the calibration valume to take pressure measurements cComprising:



a predeterm ned or assuned tenperature such as anbient tenperature. After

~step 736, step 738 determ nes whether there is any discrepancy between (1)

t he measurement of "actual” mass flow rate out of the calibration 25

vol une (step 736), and (2) the "neasured" mass flow rate throulghSEm&0] | ow

restrictor 206, as indicated by the absol utgzpressure sensor and

differential -29 1 ? SEP 2003 pressure sensor (step 716). Dependi ng upon

the requirenments of the application, a "discrepancy” nmay occur when the

actual and neasured gasingloow odlinidre pré¥guVensBrROHBEN M AbBOEHE TowireRBiLES ) 20€

of actual flow, a fixed nunber such as 0.01 sccm etc. If there s no

di screpancy, stemnéeB8re diffarentialtesde@p 712. 5 If there is a discrepancy,

step 740 cal cul ates an update to the flow correction values. This is

achi eved using Equation 2 in the reverse or alternatively reversing

what ever equation or equations are used in step 716 to correct the

nmeasured nass flow. FBl | oVifHen&thes ofddm ﬁ‘ir%oop?eﬁ?noﬂ%?ﬁﬁﬁ:ﬁgc}n%ﬁrﬂ%ré LALRRS €
riate. 1n ohe

of the system 200, and takes any action deenmed approp

embodi ment, 10 t HewastreesoRné calbratiofRoi(fie tSYa?Je‘b?és%ﬁrecrHEEflﬂgm];eh&vxorqqriaigpi ity

calibration against past data to predictively detect Inpending Tell
probl ems duesto cont amimpbh®Bs nﬁ@??@kﬁgrsen%r‘sf ouﬂtéajﬂﬁbﬁt'tﬁégé@nggfi%tﬁr [ohe

process gas, needed nmi ntenance, e r exanple, a requ

hi gher and hi ghemedewestrerintd bIAeil uilh MARSUIP Bk L%\%[rﬁ%%%ibﬁél(ﬁ%gfg

flowrestrictor 206. or w dely varying oW correction

15 a pressure MepRdsGERA thPflowtdifictgy st em ¢ probl em The assessnent may
al so determ ne whether any action i s due under a user sel ected nmmintenance

schedule. |If the assessnent of step 742 reveal s probl ens, appropriate
action is taken which may include, for exanple, tenmporarily shutting down

the system 200, sendiyng a r r.njng to.an rator or control
systemvia the int erf‘gce gEB“ﬁ%@F%‘“’ﬁd% EEW&BHP@R@F'“QHEEHé'a’&ree%fnws
mai nt enance, endj j e if, th |y of gas fromthe process
gas inlet 256 i Sactﬂ‘g})sttdggv"j (ﬂ)ﬂ érr%:ﬁ?\'t%ﬁlgrr'\’ IH@%‘%@FEE%%’?ﬁ??WmﬁTt&F_"mPES'QQ'-ep
742 does noj, reveal %@%gqnoﬂsgm?e pr%(s)e?n.tlnra-%lensroertrrlajorurr]ﬁeciI t?ps?l:[egﬁ'l o7f¥é flgvl\.r?e%ltjrisc?c?rd

in the path to measure absolute pressure.

5. The method of claim 1, the operation utilizing one or more sensors
downstream of the calibration volume to take pressure measurements being

performed with a mass flow sensor comprising a capillary thermal mass flow

15 sensor.

6. The method of claim 3, where the pressure sensors comprise a
floating reference differential pressure sensor including a first transducer attached
to the flow path upstream of the flow restrictor and a second transducer attached

to the flow path downstream cf the flow restrictor, each transducer additionally



above. 11 SEP 2003 -30 OTHER EMBODI MENTS Whil e the foregoing disclosure
~shows a nunber of illustrative enbodiments of the invention, it wll be
apparent to those skilled in the art that various changes and

nodi fi cations can be nmade herein w thout departing fromthe 13131999%0@3‘ the 5
invention as defined by the appended cl ai ns:*°Furt hernore, although el ements
of the invention may be described or clainmed in the singular, the plural
is contenplated unless Iimtation to the singular is explicitly stated. 11
SEP 2003 CLAI M5 Tecving@iagk sidereigeance réessuesitdm eveferenae gasdule tHevapeyations
system conpri si nﬁ operations of: charging a calibration volume with a
process gas; st arf¢! Rey emRTEivGT t he process gas fromthe calibration vol une
into a flow5 path; during gas flow, repeatedly utilizing one or nore
sensors downstream of belye daifiptingagasofiow.veslibraging dhe aiftergnitiab prasgsuneserisbe ppnt S
and perform ng a conputational process using data including the pressure
measurenments to @Pphingsyficigntrassure tb thedmnstiocedrs oia tharefetdmce ughdait 6 hat
restrictor in the path; repeatedly perform ng operations conpri sing:
measuring préssure@chi@nsdeges providasg piessure mugnuabliagprofimatety gevd. i n t he
calibration volunme, using a tine rate of change of the neasured pressure
and the determ ned tenperature to conpute an actual mass flow rate of gas
flowing fromthe calibration volume, and 15 determ ning whether there is
any di screpancy betwe&n thehaotetfadd ofassimf, dwmtheatemphgifigt he measured nass
flow rate; and whenever a discrepancy is found, correcting the

conput at i onal processrepeatedly adjusting cas flow until the measured mass flow rate matches

a prescribed target mass flow rate.

8. The method of claim 7, where the operation of adjusting gas flow
10 until the measured mass flow rate matches the target mass flow rate comprises:
using an analog servo loop to adjust gas flow until the measured gas flow

rate arrives at the target mass flow rate.

9. The method of claim 7, where the operation of adjusting gas flow

until the measured mass flow rate matches the target mass flow rate comprises:

15 repeating operations comprising: incrementally adjusting gas flow and then
re-computing the measured mass flow rate until the target gas flow rate is

reached.

10.  The method of claim 1, the operation of determining whether there
Is any discrepancy between actual mass flow rate and the measured mass flow

20 rate comprising:




such that the neasured mass flow rate matches.the actual nmass flow rate
thereby elimnating the discrepancy. 20 2. The nethod of claim1, the
operation of utilizing one or nore sensors - downstream of the calibration
volune to take pressure neasurenents conprising: | 1 SEP 2003 -32 using one
or nore pressure sensors nounted about the flow restrictor to neasure
differential pressure, 3. The nethod of claim1l, the operation of utilizing
one or nore sensors downstream of the calibration volune to takkel bER#8Ur e
measurenents conprising: 5 using one or nor e, pr essure sensors nount ed about
the flow restrictor to neasure differential pressure and additionally
measuring average absolute pressure at the flow restrictor. 4. The nethod

of claim1, the operat} . utilizing one or nore sensors downstream of
the calibration vol urreb'?t(%nﬂ{'gwé apCIr‘#é% 'ﬂﬁ%é)eﬁ%e%'&F@ﬁﬁﬂ?%ﬂ@mWﬁiasd thg targ€l masisng

an absol ute press sor, moynted upstream of the flow restrictor in the
path to neasure agé\glr%f% %’Pdeggtﬁ'FeS%S'Pﬁ%é“Wéﬁ?ﬁﬁdp@ﬁa&edi threshotdn aleemingabi on
utilizing one orngﬁge sensors. downstream of the calibration volune to take
pressure neasur enttSPBEPHY e forned with a mass fl ow sensor conprising a
capillary thermal mass flow 15 sensor. 6. The nethod of claim 3, where the
pressure sensors conprise a floating reference differential pressure
sensor including a first transducer attached to the flow path upstream of
the flow restrictor and-a JOe&MIhed efilaimcemwhatet ached to the flow path
downstream cf_the flow restrictor, each transducer additionally 11’ S E P
2003 receiving a back R§ §EN$S dciydecons os Mere plessure sensbsrdownRtrean Bithe t he
operations further conprising: before initiating gas flow, calibrating the
differential presdip@tianyeiymeyand

the computational process comprises applying a prescribed mathematical

equation to the pressure measurements to compute: measured mass ﬂdw rate.

12.  The method of claim 11, the operation of correcting the

1 0 computational process being performed by changing:the méthematida!-equation.

\



applying sufficient pressure to the transducers via the reference conduit
so that 5 each transducer provides a pressure output of approximately
zero. 7. The method of claim1, further conprising: repeatedly adjusting
gas flow until the neasured mass flow rate nmatches a prescribed target
mass flow rate. 8 The nethod of claim7, where the operation of adjusting
gas flow 10 until the neasured nmass_{J ow rate matches the t&r‘lgﬁ? p@pss flow
rate conprises: using an anal og servo loop to adjust gas flow until the
nmeasured gas flow rate arrives at the target nass flow rate. 9. The nethod
of claim?7, where the operation of adjusting gas flow until the neasured
mass flow rate natches the target mass flow rate conprises: 15 repeating
operations conprising: increnmentally adjusting gas flow and then
re-conputing the neasured mass flow rate until the target gas flowrate is
reached. 10. The nmethod of claim 1, the operation of determ ning whether
there 1is any discrepancy between actual nass flow rate and the neasured
mass flow 20 rate conprising: | | SEP 2003 -34 determ ni nﬁ L(ilctg,iefference
bet ween act ual3 madsiopicosireuit &1 Andtiniadnterrogaeciedselecricaly CRPEUCREd it the
di fference surpasses prescribed threshold, deem ng a di screrga{p,(éy to exist.
11. The almenis configrad ie perfouepreraionHe RNAIS 3 IFHIPNEY BT Tr Mror e
pressure sensors downstream of the calibration volume. and the

conput atdperationscooessingonpri ses appl ying a prescri bed mat hemati cal

equation to the pressure neasurenents to conpute neasured nmass flow rate.
12. The net hetawfingh gakhration vhlumeoylly 2PIEESHBBorrecting the 10

conput ati onal process being perforned by changbi ng the mat.herratﬂi cal

equati on. starting a flow of the process gas from the calibration volume into 2 fiow

path;
during gas flow,
repeatedly utilizing one or more sensors downstream of the calibration
' volume to take pressure measurements and performing a computationat process
|
? using data including the pressure measurements to compute of a measured mass
: flow rate through a ﬂpw restrictor in the path;
repeatedly performing operations comprising: measuring pressure and
determining the temperature ¢f the gas inthe calibration volume, using a time rate

of change of the measured pressure and the determined temperature to compute

an actual mass flow rate of gas flowing from the calibration volume, and




-35 11 SEP 2003 13 A logic circuit of nultiple interconnected electrically
conductive elenents configured to performoperations to nmanage a gas

delivery system the operations conprising: charging a calibration vol une
Wi th a process gas; starting a flow of the prpcess gas fron1tg? ﬁgh@@ration
volune into a flow path: during gas flow, repeatedly utilizin é or nore
sensors downstream of the calibration volune to take pressure neasurenents

and performng a t at i opal gcess using data including the pressure
measurenents to c%eﬁrpgﬁﬁjgmgfwﬁgwﬁg@ﬁfee’d W?ECT%W Pateenihe aglvabmessilow rate
restrictor in the h; repeat edl erform ng operations conprising:
measuri ng pressur@'P‘:g‘rLﬁ"(‘iE mga ‘érﬁﬂir?ﬁ%quAh@t%@r‘f‘ﬂerature of the gas in the

calibration volune, using a tine rate of change of the neasured pressure
and the deternined tenfVEf @ discrepapin & found aorestingrtiss cormpwatiana wbcesas
flowing fromthe calibration volunme, and _36 11 SEP 2003 determ ni ng

whet her there is s8] tipidbe aaseedreaseliow Eemattheathaessalin sy float rate adkbyhe
measured mass flow rate; and whenever a discrepancy is found, correcting

t he conput at b onaleliproaingsthegtistiepdndly. t he measured nmass flow rate matches
the actual mass flow rate thereby 5 elimnating the discrepancy. 14 The
circuit of Cdaim113, the operation utilizing one or nbre sensors
downstream of the calibration volune to take pressure neasurenents

conprising: using one o# nifihe dyice’ SULIAING ENIAE PERIRH /ARG Whe!ddondrb QWnsors
restrictor to
downstream of the calibration volume to take pressure measurements comprising:

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

measure differential pressure.

10 15 The circuit of claim |3, the operation utilizing one or more sensors
downstream of the calibration volume to take pressure measurements comprisihg:

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

measure differential pressure and additionally measuring average absolute

pressure at the flow.

15 16-  Thecircuit of claim 13, the operation of utilizing one or more sensors
downstream of the calibration volume to take pressure measurements comprising:

using an absolute pressure sensor mounted upstream of the flow restrictor

to measure absolute pressure and computing mass flow using data including the

measured absolute pressure:.



measure differential pressure. 10 15 . The circuit of claim13 , the
operation utilizing one or nore sensors downstream of the calibration
volume to take pressure neasurenents conprising: using one or nore pressure
sensors nounted about the flow restrictor tg, neasure differe ﬁ%g#l@ essure
and additionally neasuring average absolute pressure at the flow. 16.
The circuit of claim 13, the operation of utilizing one or nbre sensors

domstcam of (e caizbr anh bl WTEphe L OKE PEGTAY L BTRERM TRk e,

conpri sing: using an absol f'eSsure se ream o

restrictor to neasure absp|ute pressure and conputing mass. fl ow usi ata
i ncl udi ng t he ﬁ@&@ﬁ?’@@fﬂaﬁﬂﬂeuf‘?ﬁb%@é‘sﬁ‘émefil??‘aLH p@%%@eﬁsfrﬁ!r?g“%i t?%ﬂ t

of claim 13, the operatiaon utilizjng one or nore sensorF %)V\mstream f the
calibration vol BREOBeq AW BrBaSUIRYY FEASRIr RTBRRIISE D] 536 1Ppe MR PR A d HO%
mass flour sensor conprising a capillary thermal mass flow sensor. 5 18.
The circuit of cleat®h 14i, where the pressure sensors conprise a floating
reference differential pressure sensor including a first transducer
attached to the flow path upstreamof the flow restrictor and -a second
transducer attached to the flow path downstreamof the flow restrictor,
each transduicer addi 18 onallhg circeit ef viaiy 14, yefeke dhel@reslies SRBEOTSr €YBRIIE Prom
a reference conduit, the operations 10 further conprising: before
initiating gas ffloating cdérebradiffierentinbprdsfure semor mcludmassiirs Bransduser #ipched
appl ying sufficient pressure to the transducers via the reference conduit
so that each tnafsdisepathr oyitcams of the ewuestricat pud a secaphirasdvate?iachef o,
19 The circuit of claim 13 the operations further conprising: 15 repeatedly
adj usting flow uptheé bR ABWHSELAMDS td tow rettéctonteacbgransducer additionally

receiving a back side reference pressure from a reference conduit, the operations

10 further comprising:
lbefore initiating gas flow, calibrating the differential pressure sensor by
applying sufficient pressure o the transducers via the reference conduit so thal

each transducer provides a pressure output of approximately zero.

19 The circuit of claim 13 the operations further comprising:

15 repeatedly adjusting flow until the measured mass flow rate matches a

prescribed target mass flow rate.

20 The circuit of claim 13, where the operation of adjusting gas flow until
the measured mass flow rate matches the target mass flow rate comprises: .
using an analog servo loop to adjust gas flow until the measured gas flow

20 rate amives at the target mass flow rate.




prescribed target nass flow rate. 20 The circuit of claim 13, where the
operation of adjusting gas flowuntil the neasured nass flow rate natches
the target mass flow rate conprises: using an anal og servo | oop to adj ust
gas flow until the neasured gas flow 20 ratggarrives at the tarESE r{ﬁhis
flowrate. -38 11 S E P 2003 21 The circuit of claim 13, where tHhetP
operation of adjusting gas flowuntil the neasured nass flow rate natches
the target mass flow rate coyay;d R =10 i ti.ons, C ri sing: _
incremental |y adjusting gas fl (I)r\'?vﬁgﬁfcfl{'ﬁe%bg&égﬁgé‘%ﬁhﬁn Pkﬁ%mgloﬂﬁg’é"
flowrate until t f K i 5 reached. 22 The circuit of
claim13-, the optgrgzi?%%ﬁ%? gﬁfé‘%ﬁ"lwﬁfl;‘ra{égt\ﬁhg? His {aﬁfgr"éassi 4 FRje §OEWr 8Baincy
bet ween actual mass fl te and. the neasured mass flow rate conprising:
deternining a differ er{%é{e{}m ﬁg'é’é'? HRATPHRES 'PEeenidll agdiusting s fipyend ithes
10 flow rate, andrei_cfcn; hu%ndi fference surgasses prescribed threshol d, deem ng
a discrepancy tocexHuingathe measyrec imasy flewaiate uptil thinderget es Bmmsates is
i nclude one pr nore pressure sensors downstream of the calibration vol une;
and 15 the corrputrs?? al process conprises applying a prescribed
mat hematical equation to the pressure nmeasurenents to conpute:. neasured
mass flow rate. 24. The circuit of claim 23, the operation of conditioning
nmeasurenent by the. d \ﬁ/nstream_ sensors to correct for the discrepancy being
performed by changi n% t he Th@Ciieyihefidaim Eyulae bparatioB @f HzteSmimiRg 20@8haSnhdiee
circuit of claim 13, where the logic circuit conprises an

Is any discrepancy between actual mass flow rate .and the measured mass flow

rate comprising:
determining a difference between actual massflow rate and thetarget mass

10 flow rate, and if the difference surpasses prescnbed threshold, deeming a

discrepancy to exist.

23 . The circuit of claim 13, where:
| the sensors include one or more pressure sensors downstream of the
calibration volume: and
15 the compultational process comprises applying a prescribed mathematical

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

24, The circuit of claim 23, the operation of conditioning measurement
by the downstream sensors to correct for the discrepancy being performed by

changing the mathematical equation.



integrated circuit. 26 A gas delivery system conprising: a first conduit
havi ng an upstream end and a downstreamend; 5 a calibration volune
positioned in series with the first conduit; a first pressure sensor
coupled to at |least one of the calibration-¥lunme and the I!rﬁpzmgnduit in
a suitable vocation to neasure pressure of gas in the calib é n  vol une:
a flow restriclor positioned in series with the first conduit downstream of
the 10 calibration vol unethed cir@lieodnasint ORdyitersS aRANGSe Eifcin E&'ﬁpffiééfran
conduit; and a floating reference differential pressure sensor I1ncluding a
first transducerintfdaghad,fo the first conduit upstreamof the flow
restrictor and a second transducer attached to the first conduit
downstream of the flow restrictor, each 15 transducer neasuring pressure
relative to pressure in the reference conduit. 27 . The system of cl aim 26,
each transducer conpyi.Sin i ont ai ning a di aphragmwi th sensing
equi pnent to provi de5§ prgs u%]gé@ﬁ psthSﬁDan]f coéné)é'(??‘@ance with position of the
di aphragm 28 The syst Lai.m 27, each _transduger, conpri sing a

capaci t ance 20 nanongat@g?.gg%ﬁ"l VB9 6@”‘2‘3‘%@“%98?’8 "HTE I m 27+, the
system i ncl udi ng: one or. nmgre additional conduits,. each_additjonal conduit

i ncl udi ng agl respect iE\/C@"EgifRPBrVQ Yan PO oGS N s6Uct mﬂéﬂ}ﬁ@%?ﬁ Wensor,

t enperature sensor, fl restrictor an jfferential pressure sensor, and
5 ah out put val ve. seldETIRIERE S RVORS ot Raseow fiale Eabgar one 280

chamber 30 The s s}em of claim 27 further conprising: ) _ )
the first conduit in a suitable iocation to measure pressure of gas in the calibration

volume;
a flow restrictor positicned in series with the first conduit downstream of the
10 calibration volume;
a reference conduit separate from the first conduit; and
a floating reference differential pressure sensor including a first transducer
attached to the first conduit upstream of the flow restrictor and a second o
transducer attached to the first conduit downstream of the flow restrictor, each

15 transducer measuring pressure relalive to pressure in the reference conduit.

27 .  The system of claim 26, each transducer comprising a housing
containing a diaphragm with sensing eguipment 10 provide a pressure output in

accordance with position of the diaphragm.

28  The system of claim 27, each transducer comprising a capacitance

20 manometer.



one or nore additional conduits, each with a respective flow restrictor and
differential pressure sensor; and 10 a nulti-port valve with each conduit
bei ng coupled to a different port to con sect a selected one of the
conduits at a time to the calibration volumeig-'31 The system of claim 27
further conprising: one or nore gas inlets; and a nulti-pqrtEﬁzgﬁe coupl ed
to each gas inlet and the calibration volume to 15 select t]est

di fferent process gassgs e Ik al4-brat | Une, .32 The system of
claim?27 , further co?%ri s:Ttr'?g Skﬂ?ﬁ %fceléa@ﬂla @é@é %‘8%?’3‘1‘?}8%@@”91 n series with
the first conduit to dire I L flow thr h the first

conduit, each of the \%I'Pvgs n@%%pé‘?@%ﬁ%‘ %ﬁgg@s‘t%aemf Sfj‘?'ﬁ | Fondull ipcluging a
adj ustment  fl ow t{.0 | ve. or a | ti-way valve. -41 11 SEP 7003 33
The systom of ol Ao safon Bue dsgie Fsnils $fince mhemiorassapelovo
at |l east one of the .calibration volunme and the first conduit in a suitable
| ocation to meastf "?‘8%8‘?if“tﬁf%“*@?%eéé%er?epﬁefi@api bration vol ume, 34. A gas
delivery mass flow control system conprising.: 5 a conduit having an

upst r eam endssand a dofRseyteYhY kg seleckugly KPEPiNeN 00| ql ke pesidtiteded process
series with .the conduit; neans for neasuring pressure of gas in the

cal i bration vol uf82MR8ans for restricting gas flow in the conduit
downstream of the calibration volune; 10 a reference conduit and neans for
selectively adjusting pressure in the reference conduit; and means for
differentially nmeasuring pressure across the neans for restricting gas
flow, said measurenentl of Pphesyien delaig 2efutheveompripingssure in the

reference conduit. : -
one or more additional conduits, each with a respective flow restrictor and

differential pressure sensor; and
10 & multi-port valve with each conduit being:coupled to a different port to

conect a selected one of the conduits at a time to the calibration volume.

31 The system of claim 27, further comprising:
one or more gas inkets; and
a multi-port valve coupled to each gas inlet and the calibration volume to

15 select between different process gasses entering the calibration volume.

32 The system of claim 27, further comprising multiple valves positioned
in series with the first conduit to direct and regulate gas flow through the first
conduit, each of the valves comprising one of the following: a variable adjustment

flow control valve, or a multi-vay valve.
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33 The system of claim 27, further including a temperature sensor
coupled to at ieast one of the: calibration volume and the first conduit in a suitable

location to measure temperature of gas in the calibration volume.

34, Agas delivery mass flow control system, comprising:
5 a conduit having an upstream end and a downstream end:
a calibration volume positioned in series with the conduit;
means for measuring pressure of gas in the calibration volume:
means for restricting cas flow in the conduit downstream of the calibration
volume;
10 a reference conduit and means for selectively adjusting pressure in the

reference conduit; and

means for differentially measuring pressure across the means for restricting
gas flow, said measurement of pressure being relative lo pressure in the reference |

conduit.



