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APPL| CATI ON [ 0001] This application clainms benefit of U'S. provisional

pat ent application nunber 61/684,261 filed on August 17, 2
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diereby incorporated by reference in their entirety and for, Burposes.
BACKGROUND [0002] Existing flow distribution networks—rely- on symret ry,
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[0003] Process sequences that alter gas flows with the plasma on, such as the one described
in U.S. Patent Application Serial No. 12/970,846 filed on December 16, 2010 (hereby
incorporated by reference in its entirety), generally require valves to be located as close to the
process stations (e.g., chambers) as possible. This, in turn, requires the shutoff valves to be
placed in each branch of the network, which can create a flow imbalance. Other applications,
particularly those applications involving simultaneous gas flow to multiple stations in a

reactor or multiple reactors, can also suffer flow imbalances to the individual stations or

reactors.

[0004] Balancing flow rates using conventional technology requires symmetry across the
branches, which may not be possible or desirable in some applications. For example,
symmetry may preclude the use of highly variable fluidic elements such as conventional
shutoff valves. Fabricating these fluidic elements to very low tolerances to maintain
symmetry across the branches may be prohibitively expensive. Alternatively, using large
components to balance flow requires a significant pressure drop in the system, which can

increase cost and limit the maximum flow.
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*@0Q002* SUMVARY [ 0005] Provided are techniques that bal ance fl ow of
.conpressible fluids delivered to nultiple stations in |ow pressure flow

di stribution networks. To balance flows, flow restrictors are introduced at
the ends of nultiple branches of distribution Iines near outlets to the
siations. The flow restrictors are nomnally identical and designed to
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branch. The restrictive component may be, for example, a constriction in an associated flow
distribution line downstreain of the variable control element. The restrictive components are
nominally identical. The flow of the process gas produces a system pressure drop, from the
inlet to the outlets, across the flow distribution network that is at least as great as the pressure

at the outlets. In some cases, the variable flow elements of the flow distribution network may

operate in the unchoked flow regime.

[0007] The variable flow elements of the flow distribution network produce, on average, a
first portion of the system pressure drop in the flow distribution network. The restrictive
components produce, on average, a second portion of the pressure drop in the flow
distribution network. In some cases, the ratio of the second portion to the first portion may

be between about 5:1 to about 20:1.



,[0009] In an aspect of the enbodinents, the restrictive components may
.produce a.certain systempressure drop on average across the restrictive
conponents in the branches. For exanple, the restrictive conponents may
produce at | east about 3% of the system pressure drop on average across the
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[0011] In yet another aspect, a flow distribution network may have variable flow elements
that produce a mass flow rate that varies by, for example, at least about 2%, on average, from
element to element across the branches when each element experiences substantially the same
pressure drop. In another example, the mass flow rate at the variable flow elements may

vary by at least 5% or 10%.

[0012] In another aspect, a flow distribution network may have restrictive components in
the branches that have flow coefficient Cv values that vary on average across the branches by
less than a certain percentage. For example, the restrictive components may vary on average
by 1% or less from component to component across the branches. As another example, the
restrictive components may vary on average by 4% or less from component to component

across the branches.

[0013] In another aspect, the restrictive components may provide process gas at a
nominally uniform mass flow rate to respective outlets supplying stations. The nominally
uniform mass flow rate may vary, for example, by less than about 1% between outlets in
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, [0015] FIG 1A is a graph of the normalized deposition rate for four
.deposition stations in a nulti-station flow distribution network, according
to enbodi nents. [0016] FIG 1B is a graph of the nornmalized deposition rate
and flow coefficient C, for four deposition stations in the nulti-station
Jlow distribution network of FIG 1A [0017] FIG 2A is a schematic diagram
ofY conponents of a flow distribution network wth four stations, in
accor danmsewiasds. derbether esarbpldi the nesindés enifdmadndse flevrate MBI MBIy 151 1&s 2B i s a
“schemat i ¢ _d] th pponents of the flow distribution network of
FIG 2A tg o%’%ﬁg%bgégeﬁ?ggt?eg% nodes in the network with and w t hout
restrictive conponent (restrictors). [0019] FIG 2C is a graph plotting
pr essur e[0a14]psTlasse ahd dtherappectiasd dgnadsd dirtreg beowrvaictfeodnct hethé Hawings.
di stribution network of FIG 2A and FIG 2B. [0020] FIG 2Dis a line

drawi ng of conponents R%Ff lg];?srﬁ 1!5 i Iﬂ?SWI W th four stations,
accordi ng to enbodi men'?% OIB]%YI‘ I Ngg:rgﬁa ine rSaV\,i ng of conponents of
a flow distribution network with two stations, according to enbodi nents.
100221 HOGE] 3G BB gmapb of dleawanalzed depwisttigs rab Gwifowy depasitbesiagoncinange t o

a portion of. the flow.distribution network of FI.GS. 2A and 2B to include a
oSt oot vasiE A OBl &R FEORelo BrbliFis et rati ng & met hod of
designing a restrictive conponent to inprove flow bal ance across branches

of a fl olf0t6]st FiGUB isa grephwb the nosnazed depysition earbadi fienteefficient C, for

four deposition stations in the multi-station flow distribution network of FIG. 1A.

[0017] FIG. 2A is a schematic diagram of components of a flow distribution network with

four stations, in accordance with certain embodiments described herein.

[0018] FIG. 2B is a schematic diagram of the components of the flow distribution network
of FIG. 2A showing pressures at nodes in the network with and without restrictive

component (restrictors).

[0019] FIG. 2C is a graph plotting pressure drops at different distances along a branch of
the flow distribution network of FIG. 2A and FIG. 2B.

[0020] FIG. 2D is a line drawing of components of a flow distribution network with four

stations, according to embodiments.

[0021] FIG. 2E is a line drawing of components of a flow distribution network with two

stations, according to embodiments.

[0022] FIGS. 3A and 3B are schematic drawings showing the design change to a portion of

the flow distribution network of FIGS. 2A and 2B to include a restrictive component.

[0023] FIG. 4A is a graph illustrating a method of designing a restrictive component to
improve flow balance across branches of a flow distribution network, according to

embodiments.

[0024]. FIG. 4B is a graph of a more detailed view of a portion of the graph in FIG. 4A.



,[0024] FIG 4B is a graph of a nore detailed view of a portion of the graph
n FlG 4A. [0025] FIG 4Cis a graph plotting the variation in inlet
pressure Pinlet for various volunetric flowrates in the flow distribution
network of FIGS. 2A and 2B with and without restrictors. [0026] FIG 5A is
a . graph plotting volunetric flowrate (slm versus upstream pressure Pin at
adluidic elenent of enbodinents. [0027] FIG 5B is a graph plotting
pressur e[082%p WHE.sWESisdgaphtpletting the essation in ml¢tipeesfure Pohlatf@maribusof FI G 5A.
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restri ctrestiictors. t he. restrictive conponents of the flow distribution network
in FIGS. 2A and 2B. [0029] FIG 6 is a diagramof an electrical circuit

anal o | o anci ng,in the flow distriput.ion network of enbodi nents.
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det ai | s araghpdt efeichtvfiechbodidentst 0 provi de a t horough under standi ng of the
present ed enbodi nents. The di scl osed enbodi ments nay be practiced w thout
sonme or all_ of e specific.details. In other instances, well-known
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obscure ¢lbgediofFIGSEL enbodi nents. Whil e the discl osed enbodi nents will be
described in conjunction with the specific enbodinents, it will be

nder hat_it_is not intended t im.t the djsc]osed enbodi nents.
under st Oﬁ)ﬂZé] a%lb. 5& ?s a graph showing the re?atlonship 0 varlagility in flow rates and

pressure ratio at the variable flow elements to the level or restriction in the restrictive

components of the flow distribution network in FIGS. 2A and 2B.

[0029] FIG. 6 is a diagram of an electrical circuit analogy to flow balancing in the flow

distribution network of embodiments.

DETAILED DESCRIPTION

[0030] In the following description, numerous specific details are set forth in order to
provide a thorough understanding of the presented embodiments. The disclosed
embodiments may be practiced without some or all of these specific details. In other
instances, well-known process operations have not been described in detail to not
unnecessarily obscure the disclosed embodiments. While the disclosed embodiments will be
described in conjunction with the specific embodiments, it will be understood that it is not

intended to limit the disclosed embodiments.
[0031] Flow distribution network with flow balancing

[0032] In embodiments, flow restrictive components (restrictors) are disposed in each of
multiple branches of distribution lines in flow distribution networks. These flow restrictive
components are nominally identical. Such networks include one or more inlets for receiving
gas from a supply source(s). These networks also include at least one branch point
downstream from the inlets and two or more branches downstream from the branch point.
The gas from the inlet(s) is divided into the branches on its way to two or more outlets. Each

branch supplies the gas to a separate station through an associated outlet. Some embodiments



, [0031] Flow distribution network with flow bal ancing [0032] |n enbodi nents,
flow restrictive conponents (restrictors) are disposed in each of nmultiple
branches of distribution lines in flow distribution networks. These fl ow
restrictive conponents are nomnally identical. Such networks include one
Or nore inlets for receiving gas froma supply source(s). These networks
al-so include at |east one branch point downstreamfromthe inlets and two
or nore p:tcsmcti dereticamgey ansthtiawm dablesupphedwitipioaess gThey gHlew idistrhutioe

- i et(s) ded 0 the branch nore outlets.
Each br an rgug,t) G:lrgrsn ?(ﬁ{memsgretsoq%ﬁé%aggg ioyi‘fvm?%té(tr)\nst hregﬁraLy’an associ at ed
outl et. eﬁwmlrﬁéﬂmﬁiﬂmmlstnb@ui@mm@s i‘mey @ictude b oymbreytatishat i ons, each
supplied with process gas by a flow distribution network. O her enbodi nents

e bR b RS Yoo AR BAST S SR R SubimToReY PR3t Satnnlee et at i ons

of flow dlxhﬁlbéﬂsb@gl,feactmtm&&s)afr pemadbmameme&emefoamowfm e, chanbers
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reactor al| 0 .one thg L the sane or different processes concurrently in
one charfd¥ lF?)fn HPUY hereby i ncreasing the efficiency of work piece
processi ng. In general any nunber of stations may be possible within the
si ngl e cld@ddierA niliﬂti»s&tian reactsr atloyslvav & ftuh¢hessame oodiffeb're‘ntprroecrs's<:sf unctions. In
one case |nd|g1 ual |ons can n?r%g qge under g @ ss condi tions
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may opermbeestingem géﬁ&al, elﬁm@nﬁﬁeubﬁstﬁtems iRy bahbdsiblannhinelie sille Oper at e under a
di fferent terrperature regi me. Sonme operations may require a different
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each process chanber operates under identical conditions or under

condi t i ovsh et H aalekamplproae sty may epesipEnddsopk ivewsrapire Is-ﬂgirnez; ovhilexi de,

silicon I i
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may conpticEBesyPf %@?@rﬂxmiﬁ sfighafiirdg er phen et 69183 PSR g3cBtatig par at us
stati onsgontftstigl | owi ng the stations to operate either independently or
synchronously.

[0035] The process conditions at the multiple stations and the process flow itself can be
controlled by a controller which comprises program instructions for a monitoring,
maintaining and/or adjusting certain process variables, flow rates and times, temperature,
inlet pressure, outlet(s) pressure, and the like. The instructions may specify some or all of the
parameters to perform operations of the processes. The controller may comprise different or
identical instructions for different apparatus stations, thus allowing the stations to operate

either independently or synchronously.



. [0036] The controller will typically include one or nore nmenory devi ces and
.one Or nore processors. The processor may include a central processing unit
(CPU) or conputer, analog and/or digital input/output connections, stepper
notor controller boards, and other |ike conponents. Instructions for
ipl ementing appropriate control operations are executed on the processor.
These instructions nay be stored on the nenory devices associated with the
cont rol 118P3&r Theespnireler vall fpasally dnelusig @ne ar mexeviagrrory figpresaint pne phapre i s a
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anal og . di. gi.tal 3] f £0C [ ystem [0039] In
enbodin§%$§gk$%@§?F§§#§#£¥%%E§?ﬁ%ﬁ nee§6Pé§&g$g% égigﬁ%ﬁéor configured to
deliver a conpressible fluid, such as a process gas, to one or nore

st at i ons[00FFlecUreseompytes programy cosie forronpelbiog g qparationsedf thadiffereyt prpgsissesat i ons
of enbod] o Th ) i . Bl hrough a
1 ow di sereBoish iFaf{ QFFTohd ofter S e pELRRub R, bRk Aol
exanpl e, assatiiblelangueesQy @5+, Pawak Faitrmsgahuehidre , Catipikidmobipheide or script is

sub- at nospheric, .and near, vacuum | n some. es, the network inlet gas
pressur e° eF‘BF‘L'P%'th,e PROCREPT hPC 8mﬁa%b‘dgﬁ%§‘%§ﬁghetpd?gfa‘?ypi cally, the total
pressure drop over the network (4/35"te",), frominlet to the outlets, in

t he fl owo0d3s]t r $ignals fon mivaitatigthe pocess Ingdyi begryvidedriyenalog andpedigsa infud t he
absol ute pressure Lo t he stath%ni_éP oqtlet) t?,mhich the gas is delivered.
That i s, “PREFtORt pighagystemysnoiratier. Jhe pigpals or GPUERIRS 1R RFPCESS a5 OWRIHen the

i mpl enendaldeQRd digitAFoutidt cbndBions BY Ble Prdcbskitpivkein. | s between 1 and 20.

[0039] In embodiments, the flow distribution networks are designed or configured to
deliver a compressible fluid, such as a process gas, to one or more stations. Precursor gases
may be the process gas used in many applications of embodiments. The process gas may be
delivered to the stations through a flow distribution network at a wide range of pressures
including, for example, outlet pressures above atmospheric, at atmospheric, sub-atmospheric,
and near vacuum. In some cases, the network inlet gas pressure (Piue;) may be between 50
and 1000 torr. Typically, the total pressure drop over the network (4P gysem), from inlet to the
outlets, in the flow distribution network, is relatively large in comparison to the absolute
pressure to the stations (P,u1) to which the gas is delivered. That is, the ratio AP ysem/P ourter
is greater than 1. In some implementations, the ratio AP gygem/Powe is between 1 and 20.
Unless otherwise stated, it should be assumed that the embodiments and feétures described
herein employ: (1) a flow distribution network with branches to multiple outlets, (2) for
delivering a compressible fluid to these multiple outlets, and (3) over which the total pressure

drop of such compressible fluid is large by comparison to the outlet pressure.



, Unl ess otherw se stated, it should be assuned that the enbodi nents and
.features described herein enploy: (1) a flow distribution network with
branches to multiple outlets, (2) for delivering a conpressible fluid to
these nultiple outlets, and (3) over which the total pressure drop of such
conmpressible fluid is large by conparison to the outlet pressure. [0040]
I certain disclosed enbodi ments, a precise restrictive conponent (such as
an orifild84lr Inssaindisniopesembedghents aprrsisamestrictive somplehent (atcheaeh of t he
-ends of | flow distri L.on N rk e .precise
restri ct‘?lji\}%eg) F)ﬁ{%g ﬁ%ﬁ{llg Q%{rog?%ste t%‘)erran(rglgsjrl > %‘ﬁgé %tuetaflé&tstﬂ%%d& i%l&ricgﬂ?%’rcg%ségéhegas at
a | ow ouflévetlispibassnnawbidd f Thed predsd agristivatdonipendnts de at & nk@ifthe oletson, 7 torr,
etc.). Typicgall the restrictive co nents are nomnal ly identical having
el o § v EvBIE ASEE A 81 8 Gl SEsg gt e RTIgRS (o 1080k L1485, 506 of
| ess, 4%te). Tascallyethe restriRtivy ednbiRmentd afel OWMicAE ildngibANLSinErel ARk WaSH t he
restrictive conponents across the branches., The restrictive conponents nay
be desi grfE@tien (et ¢4 o4 lassdive ol legsy 29uidess.d o pr l6ts, #Heor hasstetq: leaftvlues inve
branch, phetserhliendtaBehE @l@ré’sﬁicti?@@&ﬂ?&e HEBLECAL biahOWs PHAREL A @S SUCh as
when the distribution network is asymetric. By raising the pressure at :
poi nt's i sAmnenentempy hedesigngdicr maieh 8 kpigabprepyuse drop of hapmsersstsictivedsanchet or s) |

t he densj j IS 1ne ed, UCH. the velocity
an on ke e BrER AR dof pb 35 MAET S ol d s B Gy U PR BBt ¥ e
por t i onsnavforkhiadyrmantdie By @fsirgrthé pressaraq poineaimnpalidtél g npsteamtfrinnthbi ghl y
variable fl.u.dic el enents suc s certai.n types,of val ves. Redycing | osses
in t hese HPGRSFOTRFT (téesgbc:frﬁgn tdgnﬁlté(d’ar{lg’sgagﬁlethegﬁng}!ﬁs 1 'P(j‘re'i'ﬁeg’t he flow
from br araiciiOhbkebeih; whitlg e ash, tedubotht (dsdsqi.& padshiad dfdpPIl tHO LBty - a
result that is particularly inportant for stacked filns., g0041_ The designs
and pech?ﬂﬁ‘ﬁf@é’f&leskﬁ?%g"egd Qfgﬁ‘_ dhate pRYreamOrans coHgn highlprasieslefidiases may
provi de 15RERY & bl QMalBLERI 1 aivEs. G8INCIRE RRER iRfhedt ﬁi%gg/v%fnﬁé i buti on
network in spite of fluidic element variability (asymetry) frombranch to
branch. Smnenedsieguess thecvariaihiyi of tlessflay Fomagnobie brangy imsraasingstalioptoessur e

var  abl & B g APERER: & b SRR Spb by e RURL kS VU2), L0 0%

fluidic elenments include restrictive conponents that can be easily and
consi st elf04l] pFlediesigus ang tedhnspes dibdosed bewinsfor Aisaibptinplowegressmlegasosmafyi ces or
machi ne j ct ] 0 nents. can.have | ower. variability in
fl ow cogﬁfr{&)%ﬁ??gnn?rl%ﬁoé{ ﬁ%‘tgﬁ{n%éé %’a%&%gﬁ@%f)ﬁ%}el W;ahStrébélgi 1 BFRGE ' Sgg%gﬁbnpr ove

f1 ow bal faridicripmepO@4idbilil @vynanstry)iftomt brancietbrick s Sadindesispesndashaiquboked

flow at highly variable fluidic el ements. Adding resfrictive conmponents
downst r € ?ﬂ?“?%?h’ﬁﬁ%‘n%?ed?f?ﬁfRf%t??rﬁlﬁifoé’nﬁ?‘ﬂ?‘lﬁhy@r’é M‘%%}ﬁmgw fetg-choked f1ow
to the | gspiralvedogess @Sidblcllide cRABRNEBASshiftingOAExRApREBLEsGIaghblt 0 Shi ft
choked flow to the |l ess variable restrictive conponents fromthe nore

vari abl ellfifigietsments ighudsrestieita qewpenraisdhatean beeasty and gangistsniieprgensd

associ at gdiodk tdlerkrit@& QR fab Gy exgﬁgi%?gﬁifiéeg\yr R AR S'l'ﬁ]las% rbdiis through a
fluidic element requires the préssure drop in the fluidic element to be a

| ar ge pegosmenetiecanthay hlowenvatabpite insflgve cqedligent 8 oplueBhat, wheh pladridfio eavd) as
describ rej . portion of the total pressure drop is shifted
to the Ie%g%%vgdﬁq%f%grﬂgg&%aﬁlin e conponents, which contribute relatively

| ess variation to the flow rates. [0043] In certain enbodinents, the

di scl osel@04¥si gnw distvimtiag ectwockspanpxpesisidgi dhpkad fifw atthaghdebanebledthidias t o

signific [ .ove f.low bal ancing w thout signjficantly i.ncreasing

_ overal | eg%é‘l:s&s{% r'gagl?%rﬁsqjﬁmfehcé) qug%ltsdﬁgosWﬁErBad? ¥r8ﬂl tﬁ%b%@?’aﬂ?ﬁﬁﬁflﬁ&t
si gni fi caerhénys tanchitiachiokgl fldve tthe &SsIvaiable redifictibe compendnil @t @n®t the fl ow
di stribution.net k., Qther benefits .of sone .inplenmentations include: 1)
a1 | owi e rieif e B hGH RSt s S B PR pOYS S B MOt
restri ctyayigble RRIAEBhENtS bdtadselthde [s) %}Edtéﬁ)r@srsﬁ}% AedpLasstcpRedlith BpkBA ghly
variable flow elenents is dramatically reduced, 2) elimnating the need for
symet r yl9Wh Eheked dowar compigssble flaids trpeah asflvidis element reqpirgsdhe pressesmponent s
(restri ; i I 1
oot 1 ct O B R SR RS I e % A BT o,
rates, 3) allowi ng the use of snaller network conponents since the velocity
of the gas flowin the network will be reduced by the higher pressure,
and/ or 4) being able to exploit the significant effect of changing the
pressure on | ow pressure gases to nore efficiently solve bal anci ng probl ens
by enpl oying "load shifting." [0044] FIG 1A and FIG 1B show observed
results in a nmulti-station flow distribution network for delivering | ow
pressure gas to four separate reaction stations where deposition of, for



, This flow distribution network can be used in fabrication of a vertically
..ntegrated nenory (VIM for exanple. The results were observed w thout |ess
variabl e restrictive conponents described herein introduced at the ends of
t he branches. [0045] In FIG 1A, the nornalized deposition rate (i.e
deposition rate at particular station/highest deposition rate at the
st-ations) is plotted for the four deposition stations in the flow

di st ri bushifting aedescnitied hereimyéireyereqiqy| poctanni of tise, tofat pIiGSBudaekbp sdhiftedto thh diiss

deposi tion romt

varvat i o bR einReb oy Mo SRl T 3 a4 R oal B 1T
desired that the dep05| tion rate vary by Iess t han about 1% nmaxi mum

al | owabl @043r i hltdenainamboéimehtsethé discloskelptesiighs levcrageathé mredsrbllﬁyﬁf thtA,
signific ntl Q/ﬁg{her va tJOI’lSO 3%, at statlonZ? % at. stations 1
and 4 ar G s Slent A THETR R 0T iR DL i ECPHE iR 08 ogtll no

obser vedpréguieadrbpin thef16he ABHIBukiON nmbﬂéorrmmobes@mcdnqy Yikdaginh etSpréssureeact ant
concentration, variatigns in radio frequenC\é)ttpovve In the case of a
pl asmma- s 9P PEROKdRISSIOf thsflovedisiribation nefperky Rithes pensfils ofiomass flow rate of
pr ecur s OfmpMmétidi@hs ﬁma@51§ ag&slnga{edéeaﬁ L9 vfahﬁolé ﬂ%\éle%ais upbitahPgFS OF
chanbers of the system |In the context mg di scl osure, "vartations in
t he nassthe resimictibg eomapanenty singerthe zglatbigpreshie dwplaltﬂl@éllghljm%@b@db“it shoul d be
understo " . flow
addr esse %%@ﬁsﬁ?%?aé%@ﬁ rll%glkl&gn epﬁnl%%gg E}lé:g]\geé Fbtr\%m &:try I’ftﬂﬁéet%g(o%lgélg gas.
Si nce thfderdepﬁsmeitbmresmeve engpohenis (restmictorfs) ¢anderstesd tq‘mamh tlmtpeqssuradioqati ons
in the na Wrate t he process npact .t he deposition
rate. i%] ESTIEYE ranh %‘?PSW&%?’&%’OW?W&%]& heimgss ﬂ%‘f’éatf’% 9){ ef | ect ed
in the gilRplingthewse dfiimallés nebibrk MbnporeasGidck GRlvelocity bEthggadiow i th¢ G 1B
shows that t rma) i zed ition rate at the fqur stations cqrresponds
and is s%ﬁworgéﬂﬂﬁﬁéeé&few g? BighFrcR e e il ?:E’e‘(}%lPttJ%tQﬁXqulféh? Highifeant
el enent seffe@t &F chaYd@hy/@BE bre3Qé 601w {IGSSGE&SgaEéSQMVn{OQe dMsiesilPdolRbalandiig Paraneter
C relates the mass flow rate to the pressure drop in‘a particular fluidic
el enent Roblemady smplayipg “lqagshifting ked pressure drop across a fluidic
el enent, a higher value of C, corresponds to a higher mass flowrate. O
course, @ofd)9NerG. @éldfﬂ'l@’VIB%hgw%b&?ve‘a%sruﬁ§ Bpmﬁuwatﬁmmmgtrﬂ&m' tion
rate in a station receiving the gas flow [0047] Techniques and designs of
enmbodi neretwonkdgr qeligeingdow presaira ghy tp fouriskparate nasiorf stigns where depgsitvn@Es gas
to stati nomnally
i £ or m ‘SRga G ftcBatg el blAlk. B MRS aldorie? Bl PGl "y
2% O. _5%hleﬂow)d1sftmtm1msmam~|odncand>e31tsaiMdabncétlasmasﬂmhicylljamtégweﬂ mameryf I ow rate
across t tati to a ni f orm deposition rate
acr 0ss t@ﬁl@tf%rﬁ%wgle 5963 tﬁ‘é’ g?‘?“ﬁ‘i‘a"i”t n}]fgffr &%P@ef?s%t%&‘ﬁﬂlf"él&ﬁ’fﬁl ques
and desn@a&mﬂhelrmﬂdtrmwaﬂtseéxaiarofﬂlatblrmah@f a VI M enpl oyi ng stacked | ayers
of dielectrics. Stacks may include, for exanple, alternating |ayers of

oxi de and nitrj [or altern | a er oxi.de and polysilicon. It is
|nperat|l§84] #"%ﬁ;a Eg‘p @8?’5’%‘&5‘?@ %“8 L 1alg et‘;'FeRPSlf“beraferﬁtB 8‘é1§res of the

i ndi vi dugdtionfigicst dp6sitiel tateGd e sRkibey i59516:BSihs FQ/I e dsRidh $tadbhsdR tHie0
station. O course, the techni ques and apparatus di scl osed herein are not

i nited HQV disibupon newpike ds mape ARplisatans, 1hsslesirsithas e desesanamisya t h

i nt egr at Qg Gid 1 st ﬁﬁ%ﬁ@s@ttl‘rhrnea'BoutlaEPaﬂBﬁﬁﬁf\%ﬁ%ﬁHnearcrospﬁi(a}t eoéte{t%hg. In the

manuf acturer, and the ke may profit fromthe techniqu s and appar at us

di scl os edfusteatasi appli¢apion.g] is @eired 24t ithe @pmthmrmtelvaryd:ﬂgxsa}mﬂ@putcm ng a

confi gur 0 tr i aaconqan ce-wWth certain
enbodi nerﬁ%)h%g\es{yro %t%{é 1o eg#leo?lr?1 c}ogygh? E‘é;ur:& us fop SE% Q' nScoIrlllfl gurgr lﬁ "hlg fl ow

di st ri bultigloen varedtions kf 3°0 at SatdonrAdnidi 7 %taattatmnsdemdmatd a3ervedinitthe net%h& fl ow

di stribution network 10 i ncl utdrﬁs € net.wor k. of, flow distribution lines 12
that del Y& O%CTPRe e gaurct 8t G Pserted v piistion p derpmition atsianarde Wedkion 1 -

20(a), stapaiid iR reaci@Mddhcentrbidd, @iriadon2A(rédio fRGEEnSY oW &@Tintkhe ca8068d - In this
il ustratl on, the statjons 20 are deposition stations in a reactor

chanber . Plisianassisted depasition repstion)pandjariatinns inmassclony misef PRIFLESAT oTethary es
process Gassabsd RIiAtdARIhe RAiIvRRF&Sond eﬁch(tja bEnQ%f'tH%t gtuar hplfhe wﬁe)ato?t ion 20.

In other caseS, the stations 20 may i nclude ot her c nponent s



, 100491 The process gas can be provided to the flow distribution network 10
.through one or nore of the two inlets 30(a) and 30(b) of respective

mani f ol ds. The depicted flow distribution network 10 has three branch

poi nts 40(a), 42(a), and 42(b) at T fittings (also designated herein as Ts
or Tees) in the flowdistribution lines 12. Fromthe inlets 30(a) and 30(b)
of- manifolds 1 and 2, the gas encounters a first T fitting at a first
branch pbisrdiscltﬁ@m)varinkibnshndie\mzd;eﬂowhetegacsthé Ivm/atibmmattwﬁdi b[a(addxiemed Itwi th one
-portion pr i n as, Lo stati and, st. 20( t he

ot her poslr% ?lgr? ep‘)lP g?/rig ?dnttélatgtggv?“a%ofl%t i §as(tﬁfgw raﬁff)(or ﬁ gt% %i)dres (d).

Each of Tlidnes arelviarigtsond as the \Weass 6w Rata.bfthb paeess: gﬁQISihée tﬁaﬂéﬁosmﬂ rt@(sh) at T
fittings downstreamfromthe first branch point 4Q(a), which divide the gas
f1ow i ntyngtggof &@@%%ﬂ@waﬁﬁnweort%néltedmisaﬁow rate?éth&)procgﬁ%&aﬁ gredly. 20(b),
station dpa&Qh&depodifbn 8@t on 4 - 20(d). 100501 Additionally, as depicted
in the diagramof flow distribution network 10 of FIG 2A, each station 20
has two Igﬁ:é\ inlets 50(a) nd 50(b) providing gas directly to the

associ at B84t atlhedmpags of myss Hew rate o igpesitian extaip¢ cte@h@threcgmh show®in 50(a) is
a mani f of&G.3B. N6k sﬁéﬂfjﬁdaﬁ?alhe gﬂﬁblﬂnﬁ% <)} s’h@w@thlﬁ%nbr%a@i%ed dd5C8tibSrate
precursor sonmetinmes used formsilicon oxides and related materials. In
pract i ceat thefeylestatipag Forraspends agdsapmg mpagug btjfh@ﬂﬁwb‘ée@mnb@e@h!@fﬁh%w de any
of a nu fere 0..
100511 g)lﬁ?lrcl%eern{e&sl{s (@% 0%11 &32&?‘&% #Iﬂxw i et}ﬁblgﬁsls'gﬁ{eﬁ’tgﬁ%& 1" atreg sour ces
of vari abe massflomrathe thalslsssmecﬂmp ataapmmlmé]uahedem:ietp(ssdlt asarvahat &er at
differen tati e. separate branc he ri mry source of

var | abr 11 FEF Risaefts B FCAMA RS ot O el R R BREE® .

val ves, mastffomchiey ©feoumne ndigitr madbsilow ik dlancdnieh@mds ®tahigherdepdiitionnder a

gi ven set aof conditiaons, the ss flowrate varies fromelenent to el enent
havi ng tHE ‘Eéﬁ@“ﬂ‘égqcﬁfﬁm&t ‘i/%ﬁslr%éi‘"f romtine to time in a single element. In
the case of valves and restrictive conponents, the asymetry between

el enent s{ob4m]i Mpechhiquésamie deggisPT cinbodiafad n@y preiad AEdrbinhINGudi P8 mRses and
other fabrication variations. Wiere the source of variability is in the

asynmet r§ovFais piRieesseasite setiens of A flew distgbytionaenosiclh ampodientiethe t he

asy et 1 yonfiR) 1S Bf Gk efISH rite LAY BB tHah & shighl € 194,54, hon
lines 12, obstyﬁglcl:tl ons (e gr deb I’Ig I n ta e'S ?ﬁagﬂt}?}’%&%@ |124e§/’P|l3?%| ngs,

and/ or b@%hﬁométagon tcaﬁatmnb@%npomm{al@omﬁonvamasaﬂw raty a¢rnSSftth$tailqns etrenents i s

often en bet ween
It di ¢ s flofinkRy akiaebfibcifrale SCRE LTI Thn Soptk Bl Ra L FPC
coef fi ci @ntpradit flroai amb@ctlmque:samé dédignw of anbodiments és ﬁabmsm ef deIM across a
fluidic el enent | | ust.r.at ed. enpodi nent s he pri sour.ce o

vari abi | TTRY'RE ?’Fﬁs}(gdilaly(%{/?/ &g{ei:es?grgé ngg‘lgkstrﬂ%y IBFlé{h%E%rsexﬁlgalgdalﬁmagn%&?'?rét| on in
f1 ow coedffoxdeant nitide/aldie altbrab ey drNe okadel 2al lp6lykilieon. BlieiRgtAivBthat th t he

br anches. t hough th éM\}é{rtablﬂeu flow el enents 60 are depicted in

i || ust r APBHCatieBfFIch as Resthickpgsses of thegndividpelipvsrsee el congiplisdangt her

sour ces Qsividht A btafidh ©rstalBY. b?c&f?@tﬂé@édhﬁ%ﬁesocifnd%%Hrﬁﬁsgdl%los\éa'hbl%m lity
across the branches in other enbodi ments 053] An exanple of valve that

may be aarppptiapijedde YiMeappticasigns. d¥pny etheriapp anpwsmcymdum]nmgrm work 10 is |
a shut of g ¥ﬁllﬁlaﬂufa@m%r L }éﬁhhialf rek 31@0%991&13/9%%{&; fﬁny%g}%%g ot the

features of conventional s uto ves can Solr ce of
vari abi | fremy thetedomuenaridmpatragih disobfedimtei®es may be associated with the
mechani cal actuator that closes the valve as well as the deformability of

the di ap[lﬂbé?iﬁm PG.2A0 \Q’a%gff&r{a?lc dﬁ%?aﬁ?@ép?@nég cglt&e gurzﬁ%on %¥ a flow distribution

network 10, in accordance with certain embodiments described herein. In the illustrated
configuration, the flow distribution network 10 is a multi-station deposition reactor. The
flow distribution network 10 includes a network of flow distribution lines 12 that deliver a
process gas to four stations 20, which include station 1 - 20(a), station 2 - 20(b), station 3-

20(c¢), and station 4 - 20(d). In this illustration, the stations 20 are deposition stations in a

10



, [0054] In enbodi ments, flow coefficients Cr of variable flow el enents 60 in
.a flow distribution network 10 vary on average fromelenent to el enent
across the branches by at |east about, for exanple, 1% 2% 5% 10% etc.
For exanple, the flow coefficient C, of each variable flow el enent 60 may
vary by at |east about 2% fromthe nomnal C value calculated fromall
variable flow elenents 60 in a flow distribution network 10. [0055] In sone
cases, tieactemafiber diatls ofhe sthtioms 20 aidleles h shevedrizaad vthschb@cdives prdcesvgas
-d1str|but|onn rk 10 var m,ni mum nta

vari at i oannd rov13es %’rogqﬁsgett)étgex? r rd?ﬁogﬁ%rrséara\tfon a]fmtheﬁfasﬁs ossgaqpﬂﬁggr anches
to corremp)pnﬂluﬁaoﬂlen/afrm}ﬁ)hemm in mass flowrate or deposition rate at the
stations t hat is nore than a maxi mum al | owabl e variation (e.g., 1% 2%
etc.). the flo coef.ici nts C,. values nma ed tq var by at
Ceast "t nO0Afin TR Pinskesant segdeainidai e fousaist B EenPaons 1 ot o

deposi t | @BrelcAtiRSwofinleR30(a) BAN30kBY dsm&xsp@umeahdr@ﬁoﬁigl ghy aépi@td Aewwher e t he
networ k does not yet contain %F%&Ese restrictors. Since_the dsr{gOSItl on

rates ar@sEBERR ReprorkdRihat ihreg prias A 43 (@nand 426 ) titHirgsiglsey pl aci ng

I ess var jalinsred hetei £ TRLETERS & (HONGW Wisamieh 1ihda 20 iradhth Yheinlels®(H ahl ui di c
el ements can be used to reduce the deposition rate variation to | ess than

t he maxi (M efi mawibisd apd2i e iganencoynders e firgkdififting # @ first tranch peiat 40(abw
ot v WA SRRl Aol b 45 BoA OUE VERRAERGHLN PR BIROIE Safh £l0001 22,

conponen2®byndztation 2k hyd thd ether mtlommmd@gfgasw gwiwhfli-20&)tasd Satiom| ues

Lo ot k- POAT ERRORRIC ieS pE Ry bl pB RIS B Do By P R, o

val ue of d(ﬁi/ﬂstréehﬁ fiomsthé fist bx\aﬁclﬁmﬂmanel)t\smmdw‘ﬂaehmgumﬂnad ihto foalesapdratal
restrlct conponent s have me desj ur es di_nmensi ons
(e.qg., ﬁ'é‘?heﬁlfoaﬁtraé‘toérl) zﬁaﬁ’tmﬁ%&’ﬁ 'goitﬁbﬁt?tl%h gﬂ(ﬁ} 2 Alaion ré‘?‘&hce of |ess

t han, for exanple, .5% 1% 2% 3% 4% etc., in order to have no nore than

t he maxi [poso)v aAH@ahblﬁHTﬂyi 1 cfeb@ww@&l%fdia@iaembsﬂ@v dMﬁiWﬁ@n ndtOi& Ao oFFEGPr ocess:
gas flow is provided to the statians roug2 outl ets 80 downstreamfromthe

restrict ?%’eﬂaﬁlbf’fﬁéﬂﬁ'&ﬂhoas?‘ﬁo locg] 1@%@8(%&*& 30(b) pravidinggas dirgfly @ Bisponent s 70

provi de prasAsEstsidsh 00 fahge ﬁlﬁ&%@&itéxﬂﬁpféuﬁﬂ::%cﬁl Bl §otapiswrﬁzguffotbes aiations 20
at a nomnally uniformmass flow rate and/or a nomnally uniform deposition

rate. A #snpedinlst S0ADfing FEQ&ddety HEQSss Bpragurspibsometimgs usedtafarmesitican| owabl e
variatio t s 20.

For  oxanpy o8 i rotddl i, B pracdcB ThdeR oW By Bl v AR 10
process @axosade anymd swinbevefrdiffererttigates daedtiygo e ssesmtadistanonRdut 1% bet ween
t he outlets 80. [0058] FIG 2B illustrates how pressure varies in the flow
distribu ) Ym% onents
70 as deSc beg%mgdgs eﬁglh?d:%}%etsl&ﬁo cotlinfflﬂlm?lt&tQ e (ir%rgg()rqll%ct O?gér}éagﬂqg%ge)nt s 70.
Pressur ethvaiamaﬂow adte aﬂmmbdfdaposhamhatneat\mﬁfémntJs&tlanselmcrfebaenpadteat vari ous

nodes |n th ustration. de pres inp t hes e pressures
when t hel™ bk SO O ARG e PP EEFhes BINOREICL MRS The mode
pressur eélelﬂbﬁt§(djg3 vahes radteaivees@Borh e, JEEIBSidEMeWed)) Whickl @@ geriavdade

restrlctlve conponents 70. The i lustrated pressures in the network 10 when
it includfésf ?@éttwpaﬁhwa%@wdﬁ@wﬁgewfmr% Riswertie clesat aymedhs sapediedigy shift ed

from t hegMarieahbs t?cnllé}Wtﬁ{eQHﬁ Rin le%rﬁéﬂt tRShd &3¢ bf il anfRERRAGNt S 70.
Importantly, in the illustrated design with the restrictive conponents 70

(restri ceuppopents,iibe symmeiy beiwsan efemerfe hiyvieg tha sameldasigniinbashéonar i abl e flow
el ement s Q&é@gﬁ%ﬁﬁgfeﬁaﬁf&s@? St SR afpipﬁ%iée{vhere ehs%upceeto vaqz}ll)%Qy N

reduced 1T S pressure
i |1 ust r aingble ssiytrimatigfof flowakisttilutioh éingy fagyh ope BﬁmilttednwtherFihGaS)&Gnetry may
be associated with asymmetric lengths of the distribution lines 12, obstructions (e.g., debris

in the distribution line), fittings, and/or bends (e.g., an elbow).
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, [0059] In enbodinments, the variable flow el enments 60 contribute, on
.average, at nost about a maxi mumvalve contribution (e.g., 5% 10% 15%
20% etc.) to the total pressure drop APsystemin the flow distribution
network 10 containing restrictive conponents 70. For exanple, the variable
flow el ements 60 may contribute on average across the branches at
nost . about 20% of the total pressure drop AP gemslstemin the network 10.
As anot hiP05SUx aWpriablity eflwidicickamentsfis ofierenantented as@ vanafios omthe iflowt e on aver age
across t I t 0 . essure .dr APsyst em
T the nobaRiR s Sl edpeh ARALheAR Brbd BeshBus e SIS L6
may cont meidtiched,ole fhove tadfciaan@aslateh éhelmian flhesatato the ptesahodiopatbosfa t he t ot al
pressure_ drop. A Psystemin th etwork 10. [0060 n ephodi ments, the
oot rt o MU Eimsah A Sore e SHEPRBETS. Gh PO Rgarchet Pl Bt S8 i mum
cont ri buiate@Acrdbs thé Bran€hed 5@ on 3 ¥ari&ilén id B%w c36Firich0) vhkbe@eed B0 to the
total pressure drop APsystem |In one enbodi nent, the restrictive conponents

70 cont rYaabls flogirelementsefbin the brarchss. Allnysh oy varipbl flowirlementirterent , t he
restri ct dfeGONRARENeE ey AU VaRES fhe \ARBY B08%Femdls hEPSL oA | N
yet another enbodinent, the restrictive conponents 70 contribute, on

aver age, vasebibesr mookepembgmtiony goeurrestie apitiky gewsyBie feackasdnpthpn FI G 2B
wer e cal &&(}%ﬁ{ggﬁsi ng a Mathcad 0 nodel. The Mat hcad nodel included the
portion O e flTow distribution network 10 fromthe first branch point
40(a) to the outlets 80 (e.g., showerhead manifold) at the four stations
20. The [#483Jluséu exmsplaofvatteuthat mady bea primarp foudtxOof varighihtyah ak@wand 4 sl m of
He. The ol o . U i e | r on th ropenti es of
the mxt DpabbapRpRR b P BRI A o € 13568 Ao nEHaRBY

Col ebr oof the|featura3of taiveftionat sharff eattescan beldtwueeud%al Eid soutB @F hariddilipd was
used for. the fitti s%ée.g., ell?ows, .te s% i,n the fl ?W di stLi bhjti on |lines
12 The SRBERHRH ATGRT SHY 4 PLs BRI e nsseisa! SN Y SR {1 ow
el ement Gflve Alvelln® thodSorambliteof tht Hipltextalopaed coheWmethmidm in@e cal cul at ed
from nmeasurenments (.301- .314). The outlet pressure P outlet was 6 torr and
t he Terrpé'ﬂ}l‘éﬁsure was 25C throughout. [0062] FIG 2C is a graph of the
pressures cal cul ated at various nodes of the flow distribution network 10

of FI GS. [0884)angh eafbodfndhts, HOG IcbericRhts @, S e 1d N@Mlehends 80 §f a fid0e graph in
FIG 2C includes a first curve that shows how the pressure varies within

t he fl owligirisutionyigtwesk 14 aamynnavenee Bamplamang to hemend 8¢rpssche brandespnafent s 70
as descrj S6/i Bgl S u hoye [ew t he
pressur eieisl)sggl?oeuy}\?\f%?ﬁ&f EAQ’?(’(’)%H@%%@U? ?Igér?aﬁigtfe \hgl\réﬁlo%&\%%n It ges not
cont ai n t¢dek vamable flav Elementdi¥ponevirs by ot leaFhebooti2 Yodtonpthe memimal &t velhe f urt hest
di stance fr e fjrst branch point s Torr .in both casges. In

o mert el 85 ol viaris B3¢ fieengio0ids Apwglissibdher ReteREl o " ow
pressure by having a punping speed at the outlet nmanifold that greatly
exceeds [008S]f | wwomercagehahpem@tidgents C| G0GBipbIE flowederhidntsbdin sitftavbdistribtionet wor k
10 that doges t contain restrictive conponents. 70, the i t pressure is
0. 5 Tor PEova 10 yaBr Bl Rkt dpul LBl iR R AE Vbt b e B L o 18, 7
Ton over clehént¢@k¥@sntiabroeadb binclidi@o E@tspdidan aResatidh ih BRsHlSH Fdtdstt | on
network 10 that does not contain restrictive congponents, 70. The inl et

pr essur e&POHPRR T ¥ e pons gt 1§ e thap F SESUREN gPYANRT Yagiatioy (Gay leach®of the
brancheseit ) eBsyexafiple MO HbAREEHRRANE;, ValtRs M@l Y& 18K 8ryiHYet RETRY Mindgnce of
flowrate variability in the described flow distribation network 10. Al so
as not edpeaestage valinsion 068"t efeateliey ariptier inglepastipnaatds ofoméng thand % | ow

di stribut.i ! 1 GL in flow

t hr ough {nh)ggjélﬁ\%{ véﬂsgl.er rlmé)glg%%é%%lgg%%g?ﬁ %%g ngﬁépgﬁﬁlf, ? glezgﬁpe%ﬁ}eégoz&val ves i s
di r ect | ySinceaths deptostiion satesare aliyive itheymanmunallowsilie fvhrationafiev bilatdies lgas i s
delivered t.o each of the.statigng 20. And_.gf .cqurse. variability of mass
row r at Bt FES ot TGS HPEE fofironh gt o rditbre phPdniat sihens h

be used to reduce the deposition rate variation to less than the maximum allowable variation.
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, [0064] In the flow distribution network 10 that does contain restrictive
.conmponents 70, the inlet pressure is 128.7 Ton. In this case, the pressure
drops from-108 Ton to -97 Ton over the valves and the pressure drops from
the-97 Ton to 6 Ton at the outlets dowmstreamfromthe restrictive
conmponents 70. In this case, the pressure drop has been shifted to the
restrictive conponents 70. Inportantly, in the design wwth the restrictive
conponenit85610, Rethminpon tFIGb2A | fhow distribogovadtwerk 10andlhdestfairatstqgt@ssure drop in

the fl distrib t rk 10. m 9% t he
et e LSS Rt SRk TR TN o BB e o
10 does matictiv@todipond@s10 ire homallp et havindfléw cdetfeiéntd O viignhithe 1 ow

distribution network 10 does contain restrictive conpaonents 70. Shifting
the pres%iY SOMFPPRent Hecommopstan thy dranghss dyarpaximpm; vagatiades- t e ot al

Syst em progsyr 4, MePor 1k R hERERIENLALL O théFe%Gﬁnv@yonaﬁ)nEﬂw@ to avoid
over-pressuring t t he gas di sconnects en increasing the system pressure

drop. [ obssjomipallygdentisalirestigtse compeanests MWHwowe thetsame deséenfaatigb Wéthf | ow el enent
60 (her edlﬁ'le}{éé)ﬁéq%/ gc%tslr Jhg;'ﬂ%n%@ that c!ir[ §et fa&%a&é%tl&é‘ﬂ%lerg%ce oq ag‘l fopr essure .

drop AP system syStem an restrictive conponen cont u’t es a second
porti on ¢xaPRle, dPo,tlPre 200 B2%, 4Y, et Uinerdér GphakPne nmycsﬂuemlﬁlrmx;mmm@aﬂatlo& a

rel ativel y, smal {rf cont ri bution from other conponents of the flow

di stri bufion &N V\bernltfq AEnel 1. Waen the flow distribution network 10
contains restrictive conponents 70, the pressure drop is shifted fromthe
vari abl e[005Hw Eheegprecess §6 flow is peovidedito ihetsiatiencthrpngih endets/&) ddwnstrédns fromse, t he

trib th d t ble fl t 60 to the
Cotal  prieSargat BiRRSERdbndt HEPd e e B PR sEmn S SRR nbodi mont <.

the r at | gro&@dkss gdvao ﬂe&egpdctn@rohtlaﬁl 86 Qupply i he draliynst 28t b @S EialY uiiGorfOARQNENt S
70, on a raag to the first _portion contributed by the varlableflow
Eha

el enent and(oramninglly ugj Om%agaos'&omw rd AP UBHIF Tt vgrigs bymp 1

15: 1, 20mdre tRnCa mhimRiEloWablk S FBRA L8N $%, %eetE?%roH ¢ hyRingOaRpERt S 70 may
be desi gned to maintain an inlet pressSure at ow a maxi mum val ue (e.g.,

150 t on, st@Eos ¢&n Fogoamplm theqedrictys componantsy0 i8 06 transhesanay, provide process

gas at a mass flow rate that varies by less than about 1% between the outlets 80.

[0058] FIG. 2B illustrates how pressure varies in the flow distribution network 10 of FIG.
2A when it contains restrictive components 70 as described and when it does not contain the
restrictive components 70. Pressure values calculated for both networks 10 are presented at
various nodes in the illustration. The node pressures in parehtheses are pressures when the
network 10 does not include restrictive components 70. The node pressures outside the
parentheses are pressures when it does include restrictive components 70. The illustrated
pressures in the network 10 when it includes restrictive components 70 show the load
(pressure drop) shifted from the variable flow elements 60 to the restrictive components 70.
Importantly, in the illﬁstrat_ed design with the restrictive components 70 (restrictors), the
contribution of the pressure drop in the variable flow elements 60 to the total pressure drop
AP y5iem 1n the network 10 was reduced from 56% to 9%. This pressure drop 4Pyen is
further illustrated with reference to the graph presented in FIG. 2C.

[0059] In embodiments, the variable flow elements 60 contribute, on average, at most about
a maximum valve contribution (e.g., 5%, 10%, 15%, 20%, etc.) to the total pressure drop
AP 510 in the flow distribution network 10 containing restrictive components 70. For

example, the variable flow elements 60 may contribute on average across the branches at
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, [0066] FIG 2D is a line drawi ng of conponents of a flow distribution

. network 10 with four stations, according to enbodi nents. The flow
di stribution network 10 includes a network of flow distribution lines 12
that deliver a process gas out to four stations (not shown). The process
gas is provided to the flow distribution network 10 froman inlet (not
shown). The depicted flow distribution network 10 has three branch points
40(a), 4Réspbowdd4d () towt piEssuid dropg £ it the nktverk #0.s tAsiabotheoaxamples 12.

-Fromthe, inle he gas .epcounters.a first T fitting at,a first branch

po e agrayis Aol sP0RuS 80 B Gt sheTirnss sctas® 8 PritshS =t wotaoBhe por ¢ on
provi di ng% astht eotdlweessiradtpnsP anglint then@ivbikr10p OlntyleOihofe@ ¥xMhplg thaS t o two

ot her stati on%. E:i\ch of these lines has two secgndary branch goi nts 42(a)
and 42( byariableHlop; AmengEobimin s ¢ Birash oy Bt brpeise AL PBtAPoUaPaYE The
gas flomg%tglgﬁs@gg} ngs}i,ﬂptgltﬁ@bgw&%g@r ate branches to correspondi ng
stations. [0067] The flow di stribution network 10 depicted in FIG 2D also
i ncl udes_four variahle four variable flow elenments 60(a), b), 60(c), and

! i | 60

60(d), déPPUt et crbodimeatsy e yesdrictiyR EomPUIRRI78 COMBDLIF O AKERERoT keatibapis o

i ncl udes, hftrhum@Shirbalid/&, fP ERANNAS,, B0, AoV 357,280, fdooiMoy 8dd,abltke fotpW

el enents 60(a), 60(b), 60(c), and 60(d). The flow di stri but ion network 10
al so i ncirestess dred Poui! di en@gnbaslimens, thetastristivg ¢asponenth 20 ¢entmibwtaonr i cti ve
conpone I -6 t 5.:80. The r [1ctive
cor’rpone%gmégI aggegmr?g%&r%aﬁ I @ N %ﬁlltqelq%dhg%&qg‘% %gtélgg?egcﬁgltf %ﬁ %ntgﬂli ?(fn%%lw\ée’bul k of
t he pr essaverage,aup lehstabputld®%moineyer amatldylembbdioenie themesttigive compenenss®® vari abl e .

restrictive.c onents., [006 I is aline drawi ng of conponents of a
f1ow di sctornfrg’blfer %a%eé?%?ﬁ{zwiﬂﬂoﬁg?r@ﬁ% two stations, according to

enbodi ments. The flow distribution network 10 includes a network of flow

di st ri bupoDel] | Thegwess@retvhlues shehinvie F1G. 2B oeesalcghsedaingtadM dtherds® atodelns ( not

shown). Th 0CesS . 1.s provided to.the flow distribut] ne rk 10
From an 11 WEREREP SufTins BaRiBe berGin o et APwistitiod phtsd ARRBSERE 1ol e
branch pshivh pbit ad(aito the deetd 8¢ (eig)Ghowerbdadirhiford) at thd Gour kABoMRD. Gmeount er s
the first Tee at the branch point 40(a), which divides gas flow into two

por t i ons22s NPT 2 i tuse ahbhes of 19, ﬁl(ﬁ‘]é%@f"Np?W ot dles Tihg ponCrengtk on and
the oth i . r i i stribution
net wor k%fsggrﬁggnllogélﬁéégg%f gogﬁ{/ﬁgg’f%ﬁgg%gﬁlf “@%@Iéab e %P%\fvwéaﬁs\gﬁglnt s 60(a) and
60(b), dmphtednedashsedionsubesnindthe Colthmok kquatidn &irrfii¢tioni factomeThoedquivalenal so

i ncl udes,_t restrictive.c nents 7Q, downstr.eam from varj.able flow

ol enront 9bHR BFFRHG B Tor BRENHES s o BRD R AP BT s 8t e
two out | BiesSvidgeloR @ MS-06084 sdlad wadissed e nhodel 4sabd varabiefRwedemendnt 1170 are
| ocated at_ or near I%He Ouif{ﬂ% ?J 80T The restrictiye conponents 70 are

nomi nal | §ethadssiumg fully de é) Y- 1§ Shivap calpdatgd fremgpeaspremgnia 30 dr op
from t he3mDr ghy sietBte8suré LYY, £ WaTE MrBarldhd T@npRsitredk 280 ol @Rt i Cti ve
conponents. [0069] [t shoul'd” be understood that inventive features

di scl osed herein are not limted to the flow distribution network 10 such

as the d@p®dt G-+ CHs egrarh &t thepressires calenlased atwarouspadss of theslige enbodi nent s

do not Wiktib@fonSRAASRYE of PEGS. 25 AHd 1as I¥ubltiondk dishBcd ficth hdHRt Biat i ons.
Addi tionally, some flow distribution networks enploy only a single manifold

inl et. Srpph infilG: RErinclydes pdirgtwarvs thet shows hamdhe pigssust wriepwithiartke dewpi cted in
illustrat. L.scl .ef i Lyt ed to two and
Four st ot Fp AR 1 Bdhie ARHEERAE PR A8 Aflined AR | 1P "o
two or nasceinsliddsiacacondayrveeha sipdvasyted: thCpresespoanas mithin, thevilow eiseribigibmor k  of

distribution,lines i.ncluding twy, branches and fo anches are depicted in
1T ust e D R e B S o, R e St B of
br anchesfurthtss Gistafdd fiier gt firkkbrarhipahk B 6 TA@WnHoEN®BES 16OmBSEMIRR) BE ed i n

illustrated exanpl es as val ves any source or of variability or conbination
of sour cR¥lepressyLe; Pazbktlmftywed%ﬁmﬁ@eg A lowauessyts by hayiRg @ PespiRg speed #bihe

enbodi Mgt BN ol hatElBatBN& Qs MR WRPIHPrdLES for controlling pressure at
vari ous conponents of the network 10 to control the pressure at particular
conponents and/or control the pressure drop through the network 10. [0070]
FIGS. 3A and 3B are schenmatic drawi ngs of a design change in a fluidic

el enent of the flow distribution network 10 as it mght appear in FIGS. 2A
and 2B. The change introduces a restrigtive conponent 70 between a val ve
and the outlet 80 to a station 20 in the reactor. FIG 3A depicts an
unchanged (baseline) design of the fluidic elenent. FIG 3B depicts a

nodi fied version of the fluidic elenent having a restrictive conponent 70
inthe main flow path of a branch of the flow distribution network 10. The
only difference between two el enents depicted in FIGS. 3A and3 is that FIG

T L oy o o " - o - e



, of about 0.09 inches. The ID of the unchanged | ower ~conduit is about 0.180
.inches. In other enbodi nents, other IDs can be used. [0071] It should be
understood that the restrictive conponent 70 could be used in nany
different types of flow distribution networks 10, not just those that m ght
have a U shaped or V-shaped design with a separate local manifold inlet as
shown in FIGS. 3A and3. Also, it should be understood that other designs
for resti0D6d]i vie toofipe dstribstidOnaanrkil thateldes 1@ 0FZhinFestriotve dempgyrents 70,

per spect | it my. te hat. restricti 0 n 7 e added
domstreéﬁ‘}#?@?ﬁsﬁﬁéls rSC'go O(P%Eﬁrﬁ Bfatyniprest, h§ pfﬁsﬁ%ggfogﬁéﬂfnsgggfqrﬁmor der to
reduce t-4is. pTrassuwrehealvedn @kh bhthe \f@.frlb&imlcﬁesfdf chy didtaEbRrivhhiefwdrianol tHan- choke
them Further, the consjistent conponent g., restrictive conponent 70)

shoul d B¥es AR epi@in fegiEgtive compananfs leéleé'iﬂ%‘r%?ﬂS“‘ieﬁ pEcssyre gropnard ottlet he 1 ow

distri btgrbsqare%&m Kt ea&moﬂh@slranmg degs). nn%fmeﬁaoﬁeheabwee%%ﬁe%@@he n any
branch occurs ¢f§tyﬂl n the consistent conponent. Addi tional

nodi f i caRrineaty §pure q%wteova@@bliIWup|ﬂmﬁeﬁ@‘thﬁéﬂw1ctysttlbutmmmk 115 ovelismaSt he
llegs (br Se %9611;%@'0/ bt P BtA ?e%&%ﬁ oltpqg%% t?o‘@@éﬁs%%'a&&%vé{&ﬁhab' e flow

el ements 60 shou d be done in a way t oes not cause a significant
i ncr easewithout festricties <a1nhp0pcn§s Zoeudyio floARhsygh teswfaltehe A heundijsiee, but i on

netvvork 0.an 0 n|f cant rease..in.the inlet pre re Pini,

of 1t he BT VBRI R gsdaf Bl b ABM e SERGU L BE math B B ESbRCe 1 1o
[0074] Assiwdetitlcrad @/ech bf the statd@si20abAed dfconfe theavatihoilitydifsiiass Aowirgts net wor k
10 in which thg Val’l%lﬂt in nmass flow rate or deposition rate across the

br anchesCOFFSRORES 10\aHAR YR HERASIHSA ™€t work 10 is quite small, e.g., |ess
than about 1% 2% etc. Additionally, it is desirable to neet this goal

Wi t hout [0064]! ynithefl@adistbutiendtivba! 10nh& s @nRin restiicie doinpohienté T®uhe
di stributjon net\/\prg%vij_w g[i(l)75 FI 4A is a graph illustrating a technique
t

of bal an®lehBressyEs if |1 fhusLape g REgRSYre g ors fromy st 48 Tagr togd7 Bfhnches

in a flowe ghistsdnldld RE ORI KrohPhBYo BRIl 6 Détr 8t the Shtld:CAddWRIrERATREAENT
desi gn that bal ances the flow wi thout unduly increasing the inlet pressure

Pul | et, therstirgcanepoapsdd.mihthés cathithe nresswis dramdias dsen thiftadingre di amet er  of

the res'[[e%tﬁt:ﬁ%%}pﬁ%%w Shgrf%rt'%@tl}; I:iﬁﬁtht: QW St 'EHeQE%h&RgQ \éﬁ]ets ﬂ%‘” ng

four stations o results are base cad O
model , a@npr’oauomqﬁthy valessdo itipgdtal proGuE]drdthim tger ﬂpm distritfakiGh ndotial) wew cur ves.

e L kg MU G LR R P SRR B S O
distribution network 10 does not contain restrictive components 70 to 128.7 Torr when the
flow distribution network 10 does contain restrictive components 70.  Shifting the pressure
drop to the restrictive components 70 increases the total system pressure drop. In some
implementations, steps may be taken to avoid over-pressuring the gas disconnects when

increasing the system pressure drop.

[0065] The graph in FIG. 2C also shows that the variable flow element 60 (here a valve)
contributes a first portion (4Py) of the total pressure drop 4Psyqem and the restrictive
component 70 contributes a second portion (4Py) of the total pressure drop APyyg.n. Also,
there is a relatively small contribution from other components of the flow distribution
network 10 as well. When the flow distribution network 10 contains restrictive components
70, the pressure drop is shifted from the variable flow element 60 to the restrictive component
70. In this case, the contribution of the pressure drop from the variable flow element 60 to
the total pressure drop in the network 10 drops from 56% to 9%. In embodiments, the ratio

of the second portion contributed by the restrictive components 70, on average, to the first
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p varied from.04 inches to .18 inches. The second curve shows the inlet

. pressure of the network as the inner dianeter of the restrictive conponent
70 is varied from.04 inches to .18 inches. The inner dianmeter is selected
to have the variation in mass flow rate be | ess than a maxi num al | owabl e
Mariation, in this case 1% and to maintain a relatively |owinlet
pr.essure. As shown on the graph, the restrictive conponent 70 with an inner
di anet erpogtiorOcodgbuieddydke yarebledos dersent 68inavsrage,lis atdedsad mommim vahe
-variation of mass fl Q) it es. provided through each of. the branches, and at
Uhe. anmeuh B Fathk ASis 26 vl Dbl plsheRidRe B tie kMRS

di stri buhaybe designed o rdintainQ@ ikt grédsure4Bbélswa raxapiimoklue (aR1 eseketra2doed vi ew
of a portiogl of t£{1e graﬁ)h in FIG 4A including a portion of the first curve
showi ng PHeSPAPTatl0dfm I0MNELWP Iy Sf%t-es at the four stations for different
val ues of the inner dianmeter of the restrictive conponent 70 from.0895 to
. 0905 i nebes]. FiR 200 i9RMinG BRWENd SfvofipbRdilts ¢fa fidw @ibfribuaéd RiweRI WA he | nner
di aneter of the restrictive conponent 70 near 0.09 inches on variations in
mass f | offuF Hations, preording & ¢rabadimente  Bisdlovn distribptigoesworkdfdaclygesand t he 0. 09

i nch i nngky, Sk MBLRTHiIMMRn 16 MemhhaRiildriaypr@fesdBR Duf o QWrTspkieRs of di fferent
restrictive conponents 70 fabricated within the practical tolerance of +-
. 0002 i rbaes). Breaireesss gas acpprided togheflew disgifugog netwerk Hofpam jap dldyotray be
avai | abl ' fQr 4. - is a
gr aph shsgl\(/)\nwhig %}ﬁeﬁélgfe?SWOﬁStph&fdﬁlﬁ%ﬁ& oﬁggg}g gér)tg%%%?ﬁc? g?lhgg‘r?@)’aﬁ(gﬂgn

vol unet r42b)dtduittiagses ttedlaudiatribdtidr lores fl e Fivat the adet( the ganeheburiérs b tiestf | ow

dirstributi t 1 f. F . d,.2B. Th . includes.a first

curve ¢ hhETedb MRS bt im0 B APieS T 8 RaiRB vt REraRE Suott | on

net wor K pddtiohgovidingdaes thotstationd aidihd StBerpdstidn Ebvidiag gaeawedther 70. In this
i of the | ower conduit, between feeding the

case, the jnner di ter
shower heX#ions %aogﬁgﬁﬁ%(éﬂe\wmévwcqnfw%w Poinss p\ardidadpptd figmes The graph

al so i NCYJHHREe BERARIIRHBMEH flt 4009WEhHOW tIdNeis s @il viaSRRUL & sEhdiktt vari es
for different volunmetric flowrates within the distribution network 10 when

it does lWrapshas t9 copespeading ptetionse conponents 70. In this case, the inner
dianeter is .09 inches as shown in FIG 3B. The conparison is provided for

a range ?56 ol HEAdW GiskribBMod Rk srki 19 gg{}l‘éteﬁ Lewdi 5 51559%1119'& 6L Wehlewhere sl m

is the standard |liters per mnute. shown for the nodeled distribution

net wor K, fovhﬁeariahlprfbmﬁtm@rﬁs of¥(a);, 68(bD.i O DranddGtrhodeprrte trpe dsnehveastr fldve inl et
Poror an Sl rBEaY bish i iepthul ARyioBl CrRBREETF abindieleh st 0 2. Li'e

fl ui ds ceaniabledlow dlements 604a)] 6@(bg |60 Hnd 6O(d). , Thedlownedistribstion retwark 18 esponent ,
~etc.) when the rati.o upst.ream.pressure Pin.to downstre ressu Pout
. eunt g ol kP 8b 1o B R SRBES S el e GorRose SRy SRR 4 Eon.
1) ?ccor&ihﬂagr thﬂouﬁwfh_ S(QﬂlﬁeWﬁmKedoﬁlb@lﬁpﬁﬂg&ﬁindﬂﬂgﬂl}lihi&rﬁicﬁl&igﬂ@re{?_{l P} In/ Pou,
() ess an ecritic ressure rat]o ased . gn an. a. ow rate
Q for ch @664 1%&}%91185\5@%@1@)&6%8% TR Ao Vmﬁ%& floy elgmgnts fp the

respect i Ml Yariale r3hiR e cdioneef ficient C relates flowrate Qto pressure
inthe fluidic elenent. k+11 = [Kk-i

[0068] FIG. 2E is a line drawing of components of a flow distribution network 10
including two stations, according to embodiments. The flow distribution network 10 includes
a network of flow distribution lines 12 that deliver a process gas out to two stations (not
shown). The process gas is provided to the flow distribution network 10 from an inlet (not
shown). The flow distribution network 10 has a single branch point 40(a) at a Tee fitting.
From the inlet 30, the gas encounters the first Tee at the branch point 40(a), which divides
gas flow into two portions through two branches. One branch provides gas to one station and
the other branch provides gas to the other station. The flow distribution network 10 also

includes two variable four variable flow elements 60(a) and 60(b), depicted here as valves.

16



+

P* - , where 2 Where: (Egn. 1) P s= Critical Pressure Ratio k = cp/c, =

. Ratio:of Specific Heats For Fluid For choked flow in conpressible fluids

through a fluidic elenent (choked regine): Pout(Egn. 2a)

The flow distribution network 10 also includes two restrictive components 70 downstream
from variable flow elements 60(a) and 60(b). The flow distribution network 10 also includes
two outlets 80 to the two stations. The two restrictive components 70 are located at or near
the outlets 80. The restrictive components 70 are nominally identical and designed to shift
the bulk of the pressure drop from the more variable flow elements to the less variable

restrictive components.

[0069] It should be understood that inventive features disclosed herein are not limited to the
flow distribution network 10 such as the depicted in FIGS. 2A, 2B, 2C, and 2D. For
¢xample, some embodiments do not utilize separate local station inlets at the individual
stations. Additionally, some flow distribution networks employ only a single manifold inlet.
Still further, while two stations and four stations are depicted in illustrated networks, the
disclosed embodiments are not limited to two and four stations. In fact, any network for
delivering a compressible fluid to two or more stations may be employed. Correspondingly,
while a network of distribution lines including two branches and four branches are depicted
in illustrated networks, the disclosed embodiments may have any number of branches. Also,
although the variable flow elements 60 are depicted in illustrated examples as valves any
source or of variability or combination of sources of variability can be included. As another
example, some embodiments may include one or more controllers for controlling pressure at
various components of the network 10 to control the pressure at particular components and/or

control the pressure drop through the network 10.

[0070] FIGS. 3A and 3B are schematic drawings of a design change in a fluidic element of
the flow distribution network 10 as it might appear in FIGS. 2A and 2B. The change
introduces a restrictive component 70 between a valve and the outlet 80 to a station 20 in the
reactor. FIG. 3A depicts an unchanged (baseline) design of the fluidic element. FIG. 3B
depicts a modified version of the fluidic element having a restrictive component 70 in the
main flow path of a branch of the flow distribution network 10. The only difference between
two elements depicted in FIGS. 3A and3 is that FIG. 3A contains the restrictive component
70 in a lower conduit feeding into the showerhead (the flow outlet of the distribution network
into a reactor station). The upper conduit feeding into the fluidic elements shown in FIGS.
3A and 3B is that associated with the local inlet 50(a) for manifold 3 in FIGS. 2A and 2B.
The restrictive component 70 is depicted as a constriction in the inlet located downstream

from the valve in a branch. The constriction is represented as having an inner diameter (ID)
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, & 0.47 1C NPin sgi Tn(Eqn. 2b) Were: C = Flow Coefficient of Fluidic
. El ement = Flow Rate = Constant Based on Units = Fluidic el enent Upstream
Pressure

of about 0.09 inches. The ID of the unchanged lower conduit is about 0.180 inches. In other

embodiments, other IDs can be used.

[0071] It should be understood that the restrictive component 70 could be used in many
different types of flow distribution networks 10, not just those that might have a U-shaped or
V-shaped design with a separate local manifold inlet as shown in FIGS. 3A and3. Also, it

should be understood that other designs for restrictive components 70 can be used.

[0072] From a design perspective, it may be noted that restrictive components 70 ar¢ added
downstream from the valves or other variable flow elements 60 in order to reduce the
pressure ratios of the variable flow elements 60 and un-choke them. Further, the consistent
component (e.g., restrictive component 70) should be the most restrictive fluidic element in
each branch of the flow distribution network 10. In other words, most of the pressure drop in
any branch occurs mostly in the consistent component. Additionally, the modification of the
flow distribution network 10 to balance flow in the legs (branches) and shift the pressure
loads away from the variable flow elements 60 should be done in a way that does not cause a
significant increase in the overall pressure drop 4Pgy.n of the flow distribution network 10

and possibly a significant increase in the inlet pressure P, of the network 10.
[0073] Designing restrictive components to balance flow

[0074] As noted above, it is desirable to have a flow distribution network 10 in which the
variability in mass flow rate or deposition rate across the branches of the flow distribution
network 10 is quite small, e.g., less than about 1%, 2%, etc. Additionally, it is desirable to
meet this goal without unduly increasing the inlet pressure Py, in the flow distribution

network 10.

[0075] FIG. 4A is a graph illustrating a technique of balancing the flow, within a low level
of variability, across branches in a flow distribution network 10 by selecting a restrictive
component design that balances the flow without unduly increasing the inlet pressure Pyer,
according to embodiments. This method varies the inner diameter of the restrictive
components 70 in the flow distribution network 10 having four stations of FIGS. 2A and 2B.

The results are based on the Mathcad ® model, as previously described.

[0076] The graph in FIG. 4A has two curves. The first curve shows the variation in mass

flow rates between the four stations as the inner diameter of the restrictive components 70 is
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, Pout = Fluidic elenment Downstream Pressure AP= Total Pressure Drop (P
. - - Pour) Through Fluidic elenent Sg= Specific Gavity of the Fluid =
Fluidic elenent Inlet Tenperature [0081] Flowin a fluidic el enent, such as
a valve, can be choked when its downstream pressure Pout drops below its
upstream pressure Pin by an anmount that will increase the ratio of upstream
pr-essure Pin to downstream pressure Pout to greater than the value of the
criti cal vasied $ronr .84 inghésdo PR, inglies.c hhelspembiginarshoive thecl inletprpssoparftiices. When
.choked, the ream. .pressu Pi,.and flowr of, the fl.ui,di ement
bocones TSR s ARRET Bf e SR8 chpBisht s Qoo el 34
[ 0082] Tachesc ok mner dihmiételi is seé@etetothavd the vakdnios in masy ﬂlfveﬁiﬁd.ﬂ;]eﬂedgcthﬁn L£an bﬁ
i ncreased t.o redquce the velocity of e gas upstream. which increases the
ons: 1y BYHE RS eblsSan s mbt cReduband RmPBRITA GRS I e A B Seter e P
t 0 downsAg SRMNIMARS braph, RNesthittiReboMpohdi® 76 Withiaf MnePABSSIE 6 6.640 BciZs One
techni que for unchoking the fluidic elenent is to place a restriction

downst r eRIRYIges & frétably gl Farggtiopdhthe variaionfof mapseflqyy eaesprevifesihrough gded

restrictympe Bﬁnél;)l’ﬁghllﬁﬁatttﬁb%a] @tlt:l:[%. er%rAtgm/s EQ(WatiVQl}I lo{vﬁﬁl%t ﬁl@%ﬁretin ?helcﬂd.vs i cal

pressure ratio - [0083 I's a graph show'ng how vol unetric flow

rate (sl@jtribaignenstwarki0an i ncrease in upstream pressure P," at a fluidic
el enent, such as a val ve. The downstream pressure Pour is kept constant at

200 B APLSTEL5k Syy B BEAP BRI TI0
pr essur einflydiagd portion of the first curve showing the variation in mass flow rates at the four

stations for different values of the inner diameter of the restrictive component 70 from .0895

to .0905 inches. The graph shows the effect of slight variations in the inner diameter of the

restrictive component 70 near 0.09 inches on variations in mass flow rate. The practical

tolerance of +-0.0002 inches around the 0.09 inch inner diameter shows the variability of

mass flow rates for different restrictive components 70 fabricated within the practical

tolerance of +- .0002 inches. Smaller practical tolerances (e.g., +-.0001 inches) may be

available with, for example, in laser cut components.

[0078] FIG. 4C is a graph showing the variation in inlet pressure P, for various
volumetric flow rates calculated from the Mathcad ® model of the flow distribution network
10 of FIGS. 2A and 2B. The graph includes a first curve that shows how the inlet pressure
varies within the distribution network 10 when it does not contain the restrictive components
70. In this case, the inner diameter of the lower conduit between feeding the showerhead is a
baseline value of .18 inches as shown in FIG. 3A. The graph also includes a second curve
that shows how the inlet pressure Py, varies for different volumetric flow rates within the
distribution network 10 when it does contain the restrictive components 70. In this case, the
inner diameter is .09 inches as shown in FIG. 3B. The comparison is provided for a range of
volumetric flow rates in the flow distribution network where slm is the standard liters per
minute. As shown for the modeled distribution network, the introduction of restrictive
components 70 increases the inlet pressure Pi,,,e, by about 10 to 50 Torr. This increase is well

within the tolerable range.

[0079] Choked Flow
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~volumetric flowrate. As shown, as the inlet pressure Pin goes above the

. downstream pressure Pout by an anount that increases the ratio of the
upstream pressure to downstream pressure above the critical pressure ratio
P*, the flow at the fluidic el enent beconmes choked. [0084] FIG 5B is a
graph showi ng that by increasing the downstream pressure Pout in a fluidic
el-enent (e.g., valve outlet pressure) one can reduce the velocity through
t he fl uil@P80]el €mkad flawdn térapresrible 8uids eant dvsupinedhiidie eldment (£13r, salyh, t he

fduidic t. Th . LS., Iph i ntroduci ng a
estri oty B conbBfa R HORE AN RLESE hirehaheskite Lok APTFefy b ™ 52
1S a grap)yis bquabtoraaigraagr tHaow chidtApedsige ratiofA *adefiliedtin Flputli) actordiigwor ks 10

(e.g., netwgrk. sho Ln FIGS. 2A and 2B). haying four stations 20 by

intr odu_cg%vg?'egfl‘ghog?‘? bgweaﬂ%wé?ﬂ@lsmgo soaben Rdess g &S he gr aph
has a fiffé PEBAE ofi EIW Y THRW WAt @FdrRhHIA/ IR andameRS&d Aowas sfngnf | ow

el enent 60 changes for various restrictions based on inner_ dianmeter of the

restri ctfqe SddptpectyelyTHs shpuprhaeestlicien Comelates Fow raip &io MEesHBAR he
vari ati An; tes across stations changes for various restrictions
based ogﬁfﬁggﬁéﬂﬁﬁt er of the restrictive conmponent 70. The choked and
unchoked regi nes_.ar S internms of the Pow Pin ratio. The varjable flow
el enents 60 are fi' i {Te| choWsHE regi on when the inner dianeter &gt r eam of
the variable fl el ements 60 is nore than about .130 inches. In this
region, the Pout" 8 the variable flow el ements 60 is | ess than 50% of the
P,". [0086] |In the unghekeilicilagésire Raficr €asi ng the i nner di aneter of the
restrictive conponents 70 can inprove the variation in flowrates to the
four stations. In the &nokeéd TR SpepinbeseFeridld di aneter is nore than
. 130 inches, the second curve is relatively flat and the variation in flow
rates is less related to changes in inner diameter of the restrictive
conponentd ctqigedﬂ@mlnicggnpteh%blg%@ph thyRaghsa flwidic oflameent (ehpkpd regimeliri ation in
flow rates forpghanges in inner dianeter is relatively |arger when the
variabl e flow gLefents 60 are in the unchoked reginme than whe9tr@vari abl e
flow elenents 60 are in t 3 oked regine. Further, by shifting the
pressure |oad {0 th trii dti ve conmponent 70, which exhibits |es
variability th n"(?ﬂﬁda *VQS pne increases the overall consi st@ﬂ@yﬁ’%r
accuracy of the flow rate'ifi”each of the branches of the flow distribution
network. [0087] The flow distribution networks 10 descri bed herein can
unchoke flow through the variable flow el ements 60 or other fluidic
el enent storppeloked floy inrappeyiils Bridnbreushiadluidic gspreidanghpked egiely pl aci ng
restrictive compo% ts 70 downstream from each of the choked @e Sts to
shift pressurergr %Daway fromthe choked el ement to the restrydti
conponent 70. The pressure dr, is shifted by such an anmount that wll
reduce the ratpa efypipst #88m pA€ssure Pin to downstream presgzgrqgﬁ) 0, in
the choked el efrent” t 6| | esB, thas The critical pressure ratio efrned in
Eqn. 1. For exanple, the restrictive conponents 70 nay be designed to
produce, on averwib®ee: a pressure drop that is at | east a mninum pressure
drop required to unchok® the Naew Calffieichl cfWhaleBitherfO upstream from t he
restrictive conponent. grhi s=rFié¢w Rut pressure drop required to unchoke the
vari able fl ow el enent @0 caa dastdatBRkéd siednity om Egqn. 1. Unchoki ng the
variable flow el enentspg0 i aHhgicklemenbUgdichiutéserenet wor ks 10 can reduce
the overal |l variation ip flawpfidt@knfchODbPhsiReR Pr&siteanch and thus inprove
flow balancing. As a rapll ol PAGsSODEY (19, - ANSTRGALE FldidGecigapOnent s 70
can beconme choked. Singe resig E&ﬁé(’i?av‘ﬁ? AReRtig 70 have relatively constant
val ues of Cv, choking tTﬁese: QRS ﬁ?elljfgfﬁl%a’érgtlu?eti vely small variation in
0

flow rates as conpared With variations in rates caused by the
pr evi ousjoyg HnoKEE if{Qrﬂ'uﬁ%?é SethbRVuEh BTBMISe, 65h B Ghok Ot wndd i%vao%[e@éaﬁi ng I's
overall inproved. [0088] FIG 6 1s a diagramof an electrical circuit
anal ogy pressfitedfw. sadmsrpelompits upstrénen priesswred? s by hibamowr thae wilbinkred® thd ratio

enmbodi ment s.. hi the anal resistor sepresents, a.fluidi | enent in
whi ch t h(gftu STEEYE esascl:lrredr}g"s%g%é’v élgtlr‘asafn R S RE T r%esate[r?)ha‘f’ﬁlée Bl eecrg}r%glp acr oss

t he fl uiglesuelretieRAt, vanch ddpendswnnienfluitl propugies.t Waeti elsoksd,ahe g@re@sponds to the
mass flow through the fluidic elenent. The resistance in a series circuit

is Rtotal = Rl and R2. If two legs inpga circuit are unbalanced by an
i nconsi stent conponent, adding a ballast of higher resistance and
consi stency i nproves balancing. As illustrated, the addition of a |arge

resistor on each leg of an electrical circuit reduces the "error"” in the
ratio of total resistance in the individual |legs of the circuit. By
anal ogy, the introduction of a fluidic elenment that provides a |arge
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« [ 0089] Control ling the FI ow Distribution Network [0090] The fl ow
. di stri bution networks 10 as di sclosed herein may be enpl oyed in many
different types of processing tool. For exanple, the multi-station reactor
described in US Patent Application No. 12/970, 846, previously incorporated
by reference, may be outfitted with a flow distribution network 10 as
descri bed herein. [0091] In sone enbodi nents, a systemcontroller (which
may i nclmreksuisdb: and frony riqH pE the dluidie elbmgntcbad;ormsnndeoend@ntsc)ftmtttheb| S sone or
-all of t a cess tool. For exanple, the systemcontroller
can contfgg Itg?é”’yrxg)g@ﬁ{é)%tnp?ﬁe inlet or inlets of a fluid distribution
network 10 of enbodl ments. The systemcontrol |l er executes system control
sof t war €088} c ufeehcbokean finidceszmnt, tithdovepstanprsute bl, @obe weresadty i ncl ude

instruct| nsfor C II|n he tim.n Ses | et pressure,
chanber ucff e q?' Srggs %ﬁ&rgam ‘ﬁhlﬁ%%pegseaﬁ d%g?lé't %aéﬁﬁsg?eﬁ%g . waf er
t ﬁrrpﬁr atrgd/h&:ﬁ tmeaﬁg@bft‘ swesm _b?:mﬂrespm Rgdq@ma&t s €anh pM@duﬁetPaﬁub%]E:llb&/ttBe ﬁﬁdﬁt Blt al,

chuck and/or susc r positio ot her ers o aparlcuar

pr ocess fggﬁvsﬁ“&r%’dﬁﬁy%t:ﬁ% B?l&&% ;ﬁ@kmgé@fs@@ﬁw? LA t%@??%@aﬁef"ﬁﬁ%}’ t
cont I gur ®@kwnistleadf thél FhRY Geriéhy to tHROPAERUIE loall A6 1he Wsstrittioh BSfedhi®Qhe COMPONEN
subroutines or control objects nay be witten to control operation of the
process 6P Rigkpoilsisthacibe satigal pressureaatig Pdut  vari ous process t ool
processes. System control software may be coded in any suitable conputer

r eadabl eopgx9rpyETisAGis hg@u@g@wlng(ﬁg&%lu&&nﬁwkﬂ@{st@ vatiBEwaN 54 fla@nt rol I er
may control the inlet(s) pressure, the gressure one or nore outlets,

and/ or tiR&Psieamdessusdsata fidipelementy Bicagea ey o sEherdoavnsireantprgsssterfdaut i on
net wor k I TR 0, or nore
corrponent}g o?gﬁhﬁgﬁt &g?ﬁ@%g‘é& on lr?%tE{AgYE g'sullzsﬁtg?étésl{gﬁ?%&%xcggn%d , the

i nlet( s)reglmsttalnémqhokechtegmmsqf the ﬂundiﬁmaenmpshﬂmmfmmelamrprmmeMds| gnals to
t he one on 0 nts to centrol the essure 0 I n some

enbod netehag OFRTREOAT ME of B E nrreis Bact R i e r ol (1 0
sequenci prgssind g, [, Ust amuﬁlothacmmemb thie Rglid dT@hangystrenns plRasussidMasteaaCr i bed

above. For exapple, each phase of a D_process may i nclude one or nore
st r uctRTBHERBpVadhe EHGPbRreRyT Rl gygftl‘: P h e Sici clerpens Dpsgies BRGNS for

setting process conditions for a CFD process phase may be included in a
cor r espands4]g ﬂ@SBﬁ@h@&pﬂ REGAing tHat Bpiiereas O the WBWhSreaintResi® A, L6l e phases
may be s quen |aI arranged, so that all instructiaons for, a CFD. process

phase arfePigicg cgorfalyF Catgtpyesyre e san regpescias ¥elptiydbrouglythy Aluidis her
conput ere1sRédt Wad ﬁeﬁB?éé&hc@ﬂh@@fe@ﬁﬁe &%}4 Sughi iRt ﬁwafé élé?ne?l@ Meh EARAAERNT S-

Exanpl es of prograns” or sections of progranms for this purpose include a
subst r atBepwEiRoi dhinpigassd by intraodueing p arstiesive eampavarty 79| dopinsiggaaniron ther essur e
control pERY,A @ heater control program and a plasma control program

[ 0095] A SUbSt Fat e positioning program may include program code for process

tool conponents that are used to load the substrate onto a pedestal and to
cont rol [OA8S]s pll&. € ib e tevapbnllustrating fbew balarcingnid flowhdistripationgietforkh) (ergacess

ool | ORAARLPRT9S, %Y BlyiB AL QIR0 RO B4R GRS AT, control i ng

gas conposition an as'Into one or
nore pr cwegensttall, eoordng orenttodohemes |’Ehe®mphma9a fiest ciroe stoxbing havethiche

pressure t he process A pressure control program nmay include

Code T or b Rer B PP & WL e oPEarb RESe s sREHOBOP B fbgul at | ng,
for exanph& didnddtoBttel rest@lvé@oinPoldAB7® XTTRUSAphHAS b 8880 clile sHYWaRERS St at | on,
a gas flowinto the process station, etc, For exanple, the pressure control

pr ogr am BaNariasien ipfow sies acess staons Ghaness for Meriqus éesﬁ?cé@%%l?aée‘h‘?n inAftet (s) 30,
2) cont rdqarhét&%ﬁda@re%woﬁl hedt BB, ?Hé &H%‘k@d ﬁﬁi un%ﬂol&e% iRk drDGhdutinPr €SSUr €

at the stations 20, and f% controlling the total f'rstem ressure drop on
aver age tagnsoydha Red/Br Ba’ql@h eEJedffarI@bie ﬂbW@WH@hﬂ!ﬁtﬁﬂl apin tb?lCh@é@(im‘giOnlf@en the

inner diameter downstream of the variable flow elements 60 is more than about .130 inches.

In this region, the P,,, of the variable flow elements 60 is less than 50% of the P;,.
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, [0097] A heater control program may include code for controlling the
.current to a heating unit that is used to heat the substrate.
Al ternatively, the heater control program may control delivery of a heat
transfer gas (such as helium to the substrate. [0098] A plasma control
program may include code for setting RF power levels applied to the process
el.ectrodes in one or nore process stations. [0099] In sone enbodi nents,
t here nejp08G] alnubeunchpkadtgion ingspuigabeidne didmdttreof shestariviv@niompohents The

-user intgrface may..incl.ude .a display screen, .qraphjcal saoftware di splays of

the. appirafdbr iy sV R USRI, BR IR Rnatid O e Rhefd skePh w3, e

poi nt i nginfendifeser ikephobid 30 inehahths Géan surveisceRARENEst andtte vArAAOR] | n

some enbodi nent.s paiaamete s adj usteg, by the system controller na_l_}é treI ate
a

to procede EEds losohs .tedl\tBﬁL‘Figﬁ% inj IpRsT Slagietr o5 the mestripdive sorspisats Jhs

conposi tisafe ph EAAW thARSohah &TRSERL NS ABWESHEH0f chabaSilBnfePAldelep s (sSuch
as RF bias power |evels), pressure, tenperature, etc. These paraneters nmay

be proviigtd vely larges whea the veriehle flowralsnemtsblase ingbe undhiokesd megipnersparewhesr ed
utilizing, R’Q‘%bﬁ(gw El@\tn]@ﬁtfs 86 gl(?/i{l %&ﬁ%&ed%@ﬂl%l %u;tf?gr %%éng% gﬂ%g)frés RS QCESS

may be provided by analog and/or digital~input cohre € system
cont r ol | terthd restrctingerdogpengnt G@.eslych exdiibitsdess mamsabilith éhagitiyrall e, br incroases ol | i ng

t he procgss y _be. output on th nal og.and di gital output .connections of
the pr octeggv%%ofqnsﬁ%ﬁg PAHYRY (gf%geng Végat%ﬁn eﬁ?’bgfetég l){aB%Teggth 3&%" that may be

nmoni t or edistribetiandetwaks fl ow control l ers, pressure sensors (such as
manonet ers), thernocouples, etc. Appropriately programmed feedback and

control rit.h y, be .used wit ata from.t hese nsors.to i ntain
process @hgﬁl t%lbeﬁqwn?%gg’ﬁté‘fn ‘1‘%‘3%‘92? g?ﬁcgg‘ﬁ{l}%‘f‘? & ?P&{S?&ﬁr [}i‘é"‘ﬁgg}b‘? am

i nst r uctvapiable ol dlemdmd®NéH ollgr flnRliadlenentsl EFIgsE Ned dakefttivh newopdsavesses. The
programinstructi on&yg@y, control] a variety of process paraneters, such as

DC powerUncBoks the figw CHgENIIqtyg spmpeicats S dewnstesepilr o Gred of dheccholrerh

| NSt r uct d|aRendR%h AR dr OB IR Bokd ARRIRIFHE RskicliVe dERRREAT ON Of
filmstacks accorgipé\}g Stc? vgtf?vg%; enbodi ?rents descri bedS ﬁ:elreei n. [00th3] The

appar at ud). prhsaeessurg diaprip Bafiedhiey wich ab ameunitliat bl teoer tharatiorsf upsitceon wi t h
| i t hogr aphig @t %%gga%ahgagﬁiu@@ P HE 3G A HenfisabR! t{l@érit?cgf D,

fabrication or ‘manufactur em conduct or devi ces, displa

phot ovol redsorepaimel § defiretd ihEg#. i/k ek or Eypnple) thy restrictugdompohenteT@magbe | y, such
t ool s/ pr cess(ﬁts W(lﬁl‘ﬁ be used or condHct %ﬁ tto?cl thter in a common fabrication
faci ity EPThEFFAPRE-O gt eer AiPRG°6F “BPr M %fcaaﬁnwmmar?falgs dBre or all
of t he f olel@ivddrig unghekathe¥agablefioh cRARABE0 Gitredha bbRdthyvestticydeomipRnhermf

possi bl e_tools: (1) appljcation of of oresi st _on a workpiece, i.e.,
substr at EPis H%‘?‘Wb‘gnézr%%ﬁ&%dlé?? r@ﬂmge&rtayg‘gﬁ_{(? B51varigbls tlay elemgn ?0 @RdEor esi st
using a Je@émmeatﬁ%npa{yf.ur N@&@ioRing ¢ vaHEBIB Aot mentsP0 18 XMRAE W FistrBStion
photoresist to visible or UV or x-ray light with a tool such as a wafer
st epper ; nePu9rky &4 eangpdurg theneyeradlsiasigtianon dlowirgtes Eomchraned |ty bragehoand thessi st and
[ ner oo BRI T faitRia0ada A0 oPIERRRinG, B e BRACLcorigthlit FRLET T1 19 the
resi st pattern into an-underlying filmo vvorekpl ece by usi ng a dry or
pl asma- become choked. Since restrictive components 70 have relatively constant values of C,,

choking these components causes relatively small variation in flow rates as compared with

variations in flow rates caused by the previously choked variable flow elements 60 and thus

flow balancing is overall improved.

[0088] FIG. 6 is a diagram of an electrical circuit analogy to flow balancing in the flow
distribution network 10 of embodiments. In the analogy, a resistor represents a fluidic
element in which the voltage across a resistor corresponds to the pressure drop across the
fluidic element and the current through the resistor corresponds to the mass flow through the

fluidic element. The resistance in a series circuit is R = R and R,. If two legs in a circuit

22



. assi,sted etching tool; and (6) renoving the resist using a tool such as an
. RF ar: mcrowave plasma resist stripper. [00104] It is to be understood that
t he configurations and/ or approaches described herein are exenplary in
nature, and that these specific enbodi nents or exanples are not to be
considered in a limting sense, because nunerous variations are possible.
The specific routines or nmethods described herein nay represent one or nore
of any narabebalagcepbyarinsinsgtent cammgemsadding ashatlhst of highenussistencs andl | ust r at ed

-may be performed in th equence.d L.l ust pat . 1 n.ot her sequences, i
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.gas to a correspondi ng statlon;

[0089] Controlling the Flow Distribution Network

[0090] The flow distribution networks 10 as disclosed herein may be employed in many
different types of processing tool. For example, the multi-station reactor described in US
Patent Application No. 12/970,846, previously incorporated by reference, may be outfitted

with a flow distribution network 10 as described herein.

[0091] In some embodiments, a system controller (which may include one or more physical
or logical controllers) controls some or all of the operations of a process tool. For example,
the system controller can control the pressure at the inlet or inlets of a fluid distribution
network 10 of embodiments. The system controller executes system control software
executed on a processor. The system control software may include instructions for
controlling the timing, mixture of gases, inlet pressure, chamber and/or station pressure,
chamber and/or station temperature, wafer temperature, target power levels, RF power levels,
substrate pedestal, chuck and/or susceptor position, and other parameters of a particular
process performed by the process tool. System control software may be configured in any
suitable way. For example, various process tool component subroutines or control objects
may be written to control operation of the process tool components necessary to carry out
various process tool processes. System control software may be coded in any suitable

computer readable programming language.

[0092] In embodiments, the system controller may control the inlet(s) pressure, the pressure
at one or more outlets, and/or the system pressure drop on average across the fluid
distribution network 10. The system controller may be in communication with one or more
components of the fluid distribution network 10 such as, for example, the inlet(s), outlets,
stations, etc. The system controller may send signals to the one or more components to

control the pressure.
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. a variable flow el enment in each branch having a Cv value that varies by at
. l east. about 2% fromelenent to el enent across the branches; and a
restrictive conponent downstream fromthe variable control elenment in each
branch, wherein the restrictive conponents are nonminally identical

wherein the flow of the process gas produces a system pressure drop, from
the inlet to the outlets, across the flow distribution network that is at

| east as[0§9Hat Inssniekebpdiesstsy §ys@n doneoluoftivatesincludes input/dutpitrtenfrdlqiOC)

.di stribution network.of claip1&h ﬁperein t he gariabLed%EOM/ enentﬁ oper at e
i the uTfERBIEE "1IBGIME dprrentrolling the various pargmeigs HesctpadaleYS F R EFA% of

cl ai m 1, eash@hak of & OEDIpR6deks @by eludo BROMEN6S ifdtractivne fétexb@@sh bpieut 3% of
the system pressure drop on average .across the restrictive conponents.

4. The f8RmMgoatrpiiasydhemsireatipns for sstting proggss congifeansifor a (D prosess phasey e
conponenhsy B REME& @ta doBa§JondiRg @Dﬁ@%ﬁ;@?};&s@ﬁhﬁ%ﬁk‘%@%ﬂmw e dr@P OnN

average across the restrictive conponen . ] The flow distribution
net wor k ©f1pe Phdses may bihsegueniially arranged.rsp hat ¢l instugione fire Fildpiocess bhasaeen 10%

and 80@68£ekggwg¥§&%ﬂ%ﬁm€§§#g§}@%agspﬁﬁgyerage across the restrictive

conponents. Istr tion network of claiml, wherein the
variable flow el ements produce at nost about 10% of the total pressure drop
in the fl089¢1di Qther ¢nmpudas selwane eRd/orpragrema gy de cowioyeh i spaei catbodinfdntw

el ement SExamples of programs or sections of programs for this purpose include a substrate
positioning program, a process gas control program, a pressure control program, a heater

control program, and a plasma control program.

[0095] A substrate positioning program may include program code for process tool
components that are used to load the substrate onto a pedestal and to control the spacing

between the substrate and other parts of the process tool.

[0096] A process gas control program may include code for controlling gas composition
and flow rates and optionally for flowing gas into one or more process stations prior to
deposition in order to stabilize the pressure in the process station. A pressure control
program may include code for controlling the pressure in the process station 20 by regulating,
for example, a throttle valve in the exhaust system of the process station, a gas flow into the
process station, etc. For example, the pressure control program can include code for: 1)
controlling the pressure at inlet(s) 30, 2) controlling the pressure at the outlets 80, 3)
controlling the pressure at the stations 20, and/or 4) controlling the total system pressure drop

on average across the branches of the flow distribution network 10.

[0097] A heater control program may include code for controlling the current to a heating
unit that is used to heat the substrate. Alternatively, the heater control program may control

delivery of a heat transfer gas (such as helium) to the substrate.

[0098] A plasma control program may include code for setting RF power levels applied to

the process electrodes in one or more process stations.

[0099] In some embodiments, there may be a user interface associated with the system

controller. The user interface may include a display screen, graphical software displays of the
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»7. The flow distribution network of claim1, wherein the variable row
- el enents produce at nost about 5% of the tot al pressure drop in the flow
di stribution network on average across the variable flow el enents.
8. The flow distribution network of claim1, wherein the variable flow
el enents produce, on average, a first portion of the pressure drop in the
fl.ow distribution network and the restrictive conponents produce, on
aver age, apaa@ms@n@!opmtdssnondﬁtiqnh,empme@émmledddms sudh asipeintihgdedéest ri but i on
net wor Kk, 1 dré("”'? ein a ratio %nes ecsecond portion to the first portionis
bet ween a Ofctlgcrg\%gurfm%’i 9. The flow distribution network of
claim1l, V\/nerel n the variable flow el enents produces a mass flow rate that
vary by [aﬂlﬂtr]:amtsomb(euﬂ)o&%enrs paranags afjusted by thespdterh oottodleemby sdatoss t he
br anches vvhe nt . experi ences substantially t. essure
i ope . ProR o S i BRI G ER R EtycorPar i St Bt he
restri cttbmper@@mo@ft@mrs pldmaRendifi@GRAARS ab BFDids\povidl Keds)] mgsuﬁn average vary
by 1% or |ess from conponent to conponent across the branches.

The fl ovieEPERIHEic bhesh eermﬁl@rwam%ﬁrm@ed {Rrilg wseningtheforaof aregipe, which

conponenhgy bdledidted BEIRENES ulidYiferféeval ues that on average vary by 4% or
| ess fromconponent to conponent across the branches. 12. The flow

distribution network of claim1, wherein the variable fl ow el ement in each
branch i 1981Q0deSigaaly for monitoring the progess Tray bepsRyidRddiyranplog prH{oTEEi® inpubf ¢l ai m
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respect e ou ts su
mass flow controllers, pressure sensors (such as manometers), thermocouples, etc.

Appropriately programmed feedback and control algorithms may be used with data from

these sensors to maintain process conditions.

[00102] The system controller may provide program instructions for implementing the
above-described deposition processes. The program instructions may control a variety of
process parameters, such as DC power level, RF bias power level, pressure, temperature, etc.
The instructions may control the parameters to operate in-situ deposition of film stacks

according to various embodiments described herein.

[00103] The apparatus/process described hereinabove may be used in conjunction with
lithographic patterning tools or processes, for example, for the fabrication or manufacture of
semiconductor devices, displays, LEDs, photovoltaic panels and the like. Typically, though
not necessarily, such tools/processes will be used or conducted together in a common
fabrication facility. Lithographic patterning of a film typically includes some or all of the
following operations, each operation enabled with a number of possible tools: (1) application
of photoresist on a workpiece, 1i.e., substrate, using a spin-on or spray-on tool; (2) curing of
photoresist using a hot plate or furnace or UV curing tool; (3) exposing the photoresist to
visible or UV or x-ray light with a tool such as a wafer stepper; (4) developing the resist so as
to selectively remove resist and thereby pattern it using a tool such as a wet bench; (5)

transferring the resist pattern into an underlying film or workpiece by using a dry or plasma-
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> 15. The flow distribution network of claim 14, wherein the nomnally
.unifarmmass flow rate varies by |l ess than about 1% between outlets.

16. The flow distribution network of claim 14, wherein the nomnally
uniformmass flow rate varies by | ess than about 2% between outl ets.

17. The flow distribution network of claim1, further conprising a
controller in comunication with the inlet and the outlets to control the
syst em passisted eehigdg dqpl; and (6) rem@Bing Teaedijt uping i $aal sushtas om Rfetrwoenewate cl ai m 1,
-wher ei n HQe immgkﬁp g sure is | ess than about a 200 torr. 19. A
met hod df “ b4 anC|n owto two or nore stations in a nulti-station
deposi tion chanber, the nethod conprising: receiving process gas at the
inlet; [00104]chistyi iba gnqlnrsjc&&is&atghe;cmﬂigmagbnseand@t Hpnrda(acbés delsmbed heiemi dveit i on

e O e, PP S B e S A BBl oo, o, o

f1 ow el eqopsidersdl iha BmBhg\sadsdthebt nid@éloesSvdntiads drepasbibRDTh spbifikr om el enent
to el enent across t i process as throu an outlet in

e branc suppl yin
each br aiRUHISSET QG%H? g a‘??dqﬁbe‘%’ﬁ‘a f %#Senq Onhe orngie F‘%“‘é{n‘?eégP PROETSRPE

conmponendiradawas ik 8adR {4k 8as hiuv@dttARbebEpiorabd Bl tBEORQLer e iBRGRediANCH,
wherein the restrlctlve conmponents are nomnally identical across the
br anc hesethegrsgquences, in parallel, or in some cases omitted. Likewise, the order of the above-

described processes may be changed.

26



, producing a system pressure drop, frominlet to the outlets, across the
. flow distribution network that is at |east as great as the pressure drop at
the outlets. 20. The nmethod claim 19, further conprising operating
the variable flow elenents in an unchoked fl ow regi ne. 21. The
method of claim 19, wherein producing a system pressure drop conprises
pr.oduci ng, by the restrictive conponents, between 10% and 80% of the system
pressure drop on average across theCLABYBi ctive conponents. . 22.
-Fhe neth@%mﬁécﬁlain119, wherei n produci ng a system pressure drop conpri ses

pr oduci ng, 1rlllclaedvlséiri able flow el enents, at nost about 10% of the total

pressure drop.in tAhfow ddwibdtish nétvoik fonsupPlyil Kprotesa &y tageo acmors t he
vari able f| ow el enents, 23. The nethqd of c¢Jajim 19, wherein producing a
syst em pYio8 e FRGSRgRdEpesion Cb?raaﬁcfﬁlﬁ gow THPHII0D AETWORK EOTPTR| ement s on

average, a fighshlePRF te@Pin@lthd f16ca¢ gasure drop; and produci ng, by the
restrictive conponents on average, a second portion of the pressure drop,

wherei n a ratanstwirkohBowdisifptign tinesdar ¢asryingdhe piosess gay eanensising ajwangBen about
5:1to a]kl)(?rlf{tdoalgéti]eam from the 131%% an-g%o %E%Pﬂbr%ch%@dﬂs?rgam \ﬁﬁﬁ{ ik Brahif

restrictive conponents in t ranches have val'ues that on average vary
by 1% orpdigswhdreipreadorpashdias an outled fpy ovpphying progsss geshte alposmsroading station; 25,
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conponents, process gas at a nom naf 'y uniformnass 1 ow rate to respective
out | et s Bumphydlagen tatlemeas.across the branches; and
a restrictive component downstream from the variable control element in each branch,
wherein the restrictive components are nominally identical,
wherein the flow of the process gas produces a system pressure drop, from the inlet to

the outlets, across the flow distribution network that is at least as great as the pressure at the

outlets.

2. The flow distribution network of claim 1, wherein the variable flow elements

operate in the unchoked flow regime.

3. The flow distribution network of claim 1, wherein the restrictive components
produce at least about 3% of the system pressure drop on average across the restrictive

components.

4. The flow distribution network of claim 1, wherein the restrictive components
produce at least about 50% of the system pressure drop on average across the restrictive

components.

5. The flow distribution network of claim 1, wherein the restrictive components
produce between 10% and 80% of the system pressure drop on average across the restrictive

components.

6. The flow distribution network of claim 1, wherein the variable flow elements
produce at most about 10% of the total pressure drop in the flow distribution network on
average across the variable flow elements.
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+26. . The nethod of claim25, wherein the nomnally uniformmass flow rate

. vari.es by | ess than about 1% between outl ets. 27. The net hod of
claim19, wherein producing the system pressure drop, conprises controlling
the system pressure drop by a controller in comrunication with the inlet
and the outlets.

Pl

- 7. The flow distribution network of claim 1, wherein the variable flow elements
produce at most about 5% of the total pressure drop in the flow distribution network on

average across the variable flow elements.

8. The flow distribution network of claim 1, wherein the variable flow elements
produce, on average, a first portion of the pressure diop in the flow distribution network and
the restrictive components produce, on average, a second portion of the pressure drop in the
flow distribution network, and wherein a ratio of the second portion to the first portion is

between about 5:1 to about 20:1.

9. The flow distribution network of claim 1, wherein the variable flow elements
produces a mass flow rate that vary by at least about 2% on average from element to element

across the branches when each element experiences substantially the same pressure drop.

10. The flow distribution network of claim 1, wherein the restrictive components
in the branches have Cv values that on average vary by 1% or less from component to

component across the branches.

11.  The flow distribution network of claim 1, wherein the restrictive components
in the branches have Cv values that on average vary by 4% or less from component to

component across the branches.

12. The flow distribution network of claim 1, wherein the variable flow element in

each branch includes a valve.

13. The flow distribution network of claim 1, wherein the restrictive component is a
constriction in an associated flow distribution line downstream of the variable control

element.

14.  The flow distribution network of claim 1, wherein the restrictive components
provide process gas at a nominally uniform mass flow rate to respective outlets supplying

stations.
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15.  The flow distribution network of claim 14, wherein the nominally uniform

mass flow rate varies by less than about 1% between outlets.

16.  The flow distribution network of claim 14, wherein the nominally uniform

mass flow rate varies by less than about 2% between outlets.

17.  The flow distribution network of claim 1, further comprising a controller in

communication with the inlet and the outlets to control the system pressure drop.

18.  The flow distribution network of claim 1, wherein the inlet pressure is less

than about a 200 torr.

19. A method of balancing flow to two or more stations in a multi-station
deposition chamber, the method comprising:
receiving process gas at the inlet;
carrying process gas through a network of flow distribution lines comprising a branch
point downstream from an inlet and two or more branches downstream from the branch point,
each branch having a variable flow element with a C, value that varies by at least about 2%
from element to element across the branches;
supplying process gas through an outlet in each branch to a corresponding station;
locating a restrictive component downstream from each variable control element in
each branch, wherein the restrictive components are nominally identical across the branches;
and
producing a system pressure drop, from inlet to the outlets, across the flow

distribution network that is at least as great as the pressure drop at the outlets.

20.  The method claim 19, further comprising operating the variable flow elements

in an unchoked flow regime.
21.  The method of claim 19, wherein producing a system pressure drop comprises
producing, by the restrictive components, between 10% and 80% of the system pressure drop

on average across the restrictive components.
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22. The method of claim 19, wherein producing a system pressure drop comprises
producing, by the variable flow elements, at most about 10% of the total pressure drop in the

flow distribution network on average across the variable flow elements.

23. The method of claim 19, wherein producing a system pressure drop comprises:

producing, by the variable flow elements on average, a first portion of the pressure
drop; and

producing, by the restrictive components on average, a second portion of the pressure
drop, wherein a ratio of the second portion to the first portion is between about 5:1 to about
20:1.

24.  The method of claim 19, wherein the restrictive components in the branches
have Cv values that on average vary by 1% or less from component to component across the

branches.

25.  The method of claim 19, further comprising providing, by the restrictive
components, process gas at a nominally uniform mass flow rate to respective outlets

supplying stations.

26. The method of claim 25, wherein the nominally uniform mass flow rate varies

by less than about 1% between outlets.
27. The method of claim 19, wherein producing the system pressure drop,

comprises controlling the system pressure drop by a controller in communication with the

inlet and the outlets.
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