WO 2007/ 142850PCMS52007/ 012348 GAS FLOW CONTRCOL BY DI FFERENTI AL
PRESSURE MEASUREMENTS BACKGROUND 51 n the fabrication of electronic
circuits and displays, materials such as sem conductor, dielectric
and conductor nmaterials, are deposited and patterned on a substrate.
Some of these materials are deposited by chem cal vapor deposition
(CVD) or phywsiocad7ivapor deposition (PVD) processes, amdroshevossusmy be
formed by oxidation or nitridation of substrate materials. For
eganpl e, in chem cal vapor deposition to processes, a process gas is
i ntroduced into a chanber and energi zed by heat or RE energy to
deposit a filmon the substrate. In physical vapor deposition, a
target is sputtegg ﬁgd%emw_sswpmaéﬁmﬂﬁn@sémemsﬁwmmsms
material onto the substrate. In etching processes, a patterned nask
conprising a photoresist or hard nmask, is formed on the substrate
surface by |ithography, and portions of the substrate surface that
are 15 exposed between the mask feBAGKERCYUND ot ched by an energi zed
process gas. The process gas nay be a single gas or a mxture of
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20 The substrate processing chambers comprise gas distributors which have
a plurality of gas nozzles to introduce process gas in the chamber. Inone version, the
gas distributor is a showerhead comprising a plate or enclosure having a plurality of gas
nozzies. In another version, the gas distributor comprises individual gas nozzles which

. pass through a sidewall of the chamber to inject gas laterally into the chamber from

25  around the periphery of the substrate. In yet another version, a plurality of individual
gas nozzles inject gas vertically into the chamber from around the perimeter of the
substrate. In yet a further version, the gas distributor comprises a showerhead having

an array of gas outlets that face the substrate.

30 However, conventional gas distributors often fail to provide a uniform gas
flow distribution across the surface of the substrate. For example, a gas distributor
comprising different gas nozzles often pass different flow rates of gas from different
nozzles when, for example, the dimensions of the gas nozzles vary from one nozzle to



WO 2007/ 142850PCT/ US2007/ 012348 anot her. As anot her exanple, a
shower head often has outlet holes with slightly different dianeters
resulting in different flow rates fromeach outlet hole: Further, in
sonme designs, the gas showerhead conprises arrays of outlets with
different dianeters can provide gas flow rates that vary from one
outl et to anworew/ivsiohi n a particular array 5of outl| ePST/US2007/012348

A further problemarises when attenpting to bal ance the flow of gas
to two separate chanbers of a nulti-chanber processing apparatus to
get substantially simlar processing rates in each chanber. In one
met hod, m croneter valves are used io to adjust the flow of process
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DELTA™ Flow Ratic Controller from MKS Instruments, Inc., Wilmington, MA, divides
the input flow into two separate flow streams. Yet another flow contralling device, the '
Ratio Fiow Splitter (RFS) module from Celerity, Inc., Milpitas, CA, uses a valve to divert

25  flow from an input gas stream to two branch gas streams based on a certain set-point
ratio for delivery to the multiple zones of a chamber or separate chambers. In these
devices, the flow to each chamber is measured with a flow meter. While such devices
are effective, the accuracy of the ratio is strongly affected by the accuracy of the flow
meters, which is usually +1% of the flow ratio. More accurate flow meters can be used

a0 for more accuracy however, such meters are expensive and add to substrate
processing costs.

Thus, it is desirable to have a gas distributor that can provide known and
reproducible flow rates through different nozzles to provide uniform or preset



processing rates across the substrate surface. It is also desirable
to accurately measure gas flow rates through the different nozzl es of
a gas distributor. It is further desirable to be able to adjust the
flow of gas to twin chanbers to obtain uniformflow rates in each
chanmber. WD 2007/ 142850PCT/ US2007/ 012348 DRAW NGS These
features, aspech®sBsid advant ages of the present i nvencirosowdiiss
becone better understood with regard to the follow ng description,
appended cl ai s, 5 and acconpanyi ng drawi ngs, which illustrate

exanpl es of the invention. However, it is to be understood that each
of the features can be used in the invention in general, not nerely

in the cont gfbceRbingatds 4ersa theuB¥WAdISurfadd dit lshifsol daViRiblid t@racwa@cérydes any
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sectional diagram

FIG 1B is d&esEamiatrabiede arigsidhe iawsafoas tOéW'"é’ﬁB@E?fﬁ%?bf@W ugjform Gow
splitter comptessiaaghahamisEhaped gas coupler; 15 FIG 1C schematic
sectionalg view of an enbodinent of a flowrestrictor; FIG 1Dis a
di agram of a Weatstone Bridge electrical circuit; 20FIG 2 is a
perspective view of an enbodi nent of the gas flow



conpar at or; FIG 3A is a exploded perspective view of
an enbodi mrent of a nozzle holder of a gas flow conmparator; 25 FIG
3B is a perspective view of the assenbled nozzle holder of FIG 3A
FIG 4 is a schematic bottomview of an enbodi nent of a gas
distributor, 30FIG 5 is a schematic diagram showi ng a gas fl ow
conpar at or sefo 2@awsteh a sanpling probe and an adj ust @otasnerdises
val ve nozzle for testing the relative flow rates of i ndividual
nozzles of a gas distributor; W 2007/ 142850PCT/ US20071012348
FIG 6 is a schematic diagram showi ng a fl ow conparator set up for
testing the conparative flow rates of arrays of nozzles of a gas
distributor nounted in an encl osure pRia®INgg 2 vacuum chanber;
FIG 7 is a schematic diagram showi ng a fl ow conparator set up for
testing the flow rates of nozzles of a gas distributor conprising a
face plate and a bl ocKefe fralires, agneds, Indaduantagesighihegresghidnyentiqrhdil f | ow
gonduc';) ance oédoaietetetndugtboti with edgand 10 tha TolloirgSdedridtin®, appénded claims,
istributqrs ' :
FlG o isoa abatniintodhes, BRESHLGRR bbbl of P Hienton toweyer s
measur enent s ‘%?dWHE'BSP"%"E?%%‘é‘Iﬂf thederiyes cahe YSEF intep Srantos it 95w ¥ APk s
measur ed t hr oetsly iditHef contert of pediziiarsirafings, gadbsthe irsentiopunaudes 4%y combination
of these features, where:

10 FIG. 1A is a schematic sectional diagram of an embodiment of a gas flow
comparator,

FIG. 1B is a schematic sectional view of an embodiment of a flow splitter
comprising a T-shaped gas coupler,;
15 '
FIG. 1C schematic sectional view of an embodiment of a flow restrictor;

FIG. 1D is a diagram of a Wheatstone Bridge electrical circuit;

20 FiG. 2 is a perspective view of an embodiment of the gas flow
comparator,

FIG. 3Ais a exploded perspective view of an embodiment of a nozzle
holder of a gas flow comparafor;

25
FIG. 3B is a perspective view of the assembled nozzle holder of FIG. 3A;
FIG. 4 is a schematic bottorn view of an embodiment of a gas distributor;
30 FIG. 5 is a schematic diagram showing a gas flow comparator set up with

a sampling probe and an adjustable needle valve nozzle for testing the relative flow
rates of individual nozzles of a gas distributor;



FIG 10 is a contour map of the filmthickness variation of a silicon
oxide filmdeposited on a substrate,; FIG 11 is a
contour map of the gas flow through different nozzles of the 20 gas
di stributor which was used in the deposition process of FIG 10; and
FIG 12 is a schematic diagram of a substrate processing apparatus
havi ng two chardoerssand a gas fl ow conparator set up feorvsmotoishsd | ng
the flow rates of process gas passed through the gas distributors of
each chanber. 25 WD 2007/ 142850PCT/ U52007/ 012348 DESCRI PTI ON

An enbodi nent of a gas flow conparator 20, as shown in FIGS. 1A and 2,
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through different nozzles of a gas distributor;

15
FIG. 10 is a contour map of the film thickness variation of a silicon oxide

film deposited on a substrate;

FIG. 11 Is a contour map of the gas flow through different nozzles of the

20 gas distributor which was used in the deposition process of FIG. 10; and

FIG. 12 is a schematic diagram of a substrate processing apparatus
having two chambers and a gas flow comparator set up for controlling the flow rates of
process gas passed through the gas distributors of each chamber.,

25



20 through a gas filter 35 which can be a conventional gas filter,
such as those available from McMaster Carr, Atlanta, Georgia. The gas
control 24 can be, for exanple, a gas flow control or a gas pressure
regulator. In one version, the gas control 24 is a flow nmeter 38 such
as a mass flow controller (MFC) or volunetric flow controller. The
gas control #b»anssenprise a gas flow control feedbaekrivenginis
control a flow rate of gas 25 passing through the gas tube 26 which
is comonly known as a flow control based nmass flow neter. The fl ow
rate set on the flow neter 38 is the rate at which gas flows out of
the tube outlet 32, and the mass flow neter 38 nonitors the gas flow
rate and adjusts an internal or extggsekipygdwe in response to the
measured flow rate to achieve a substantially constant flow rate of
gas. By substantially constant it is neant a flow rate 30 that varies
by | ess than 5% The Ajfinbegifmenbef anes fewegpmearatar 2Q, 98 shawn inFIGS. 4 ARt Ant
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constant fl cPpaife and/ or pressure is applied to a principal flow
splitter40 which has an inlet port 44 connect ed to the outlet 32 of
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from McMaster Carr, Atlanta, Georgia. The gas control 24 can be, for example, a gas
flow controf or a gas pressure regulator. In one version, the gas control 24 is a flow
meter 38 such as a mass flow controller (MFC) or volumetric flow controller. The gas
controf 24 can comprise a gas flow control feedback loop to control a flow rate of gas
25  passing through the gas tube 26 which is commonly known as a flow control based
mass flow meter. The flow rate set on the flow meter 38 is the rate at which gas flows
out of the tube outlet 32, and the mass flow meter 38 monitors the gas flow rate and
adjusts an internal or external valve in response to the measured flow rate to achieve a
substantially constant flow rate of gas. By substantially constant it is meant a flow rate
30 that varies by less than 5%. The gas control 24 provides a substantially constant gas
flow rate, for example, a flow rate that varies less than 5% from a nominal flow rate. A
suitable flow meter 38 is a mass flow controller (MFC), from Model No. 4400, 300 sccm
nitrogen, MFC from STE, Koyoto, Japan. Another version of the gas confrol 24 is a
pressure controlled MFC, such as an MFC rated at 3000 scem from MKS Instruments,



15symetrically about the inlet port 44. In one version, the
principal flow splitter 40 conprises a T-shaped gas coupler 41 as
shown in FIG 18. The T-shaped gas coupler 41 conprises a T-shaped
hol | ow tube 42 with each |l eg 43a-c of the T-shaped tube having a
coupling term nus 46a-c which can forma gas-tight seal with a gas
tube. A suitable7is2sdhhaped coupler is a % or % di aneperuskodrioizsisng
with a VCR coupling avail able 20 from Cajon Pipe Fittings a division
of Swagel ok, Solon, Chio. First and second flow restrictors 50, 52
are each connected to the first and second output ports 48a,b
respectively. Each flow restrictor 50,52 provides a pressure drop
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51a,b-is shaped to provide a gas-tight seal with an overlying gas

tube 53. The flow reghg bs&&rmé&n&uﬁttdwra@mm §r@§suae iDapgie8 toBpidigar an
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a constri ct esltse pdrisoaBa(bd The ABOBPlittet 40 @InGYiitdite ddsdlow\fdd two separate and
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comprises a T-shaped gas coupler 41 as shown in FIG. 1B. The T-shaped gas coupler
41 comprises a T-shaped hollow tube 42 with each leg 43a-c of the T-shaped tube
having a coupling terminus 46a-c which can form a gas-tight seal with a gas tube. A
suitable T-shaped coupler is a %" or %" diameter T-fitting with a VCR coupling available
20 from Cajon Pipe Fittings a division of Swagelok, Solon, Ohio.

First and second flow restrictors 50, 52 are each connacted to the first

and second output ports 48a,b respectively. Each flow restrictor 50,52 provides a.
pressure drop across the flow restrictor. The pressure drop provided by each of the two

25 restrictors 50,52 is typically the same pressure drop, but they can also be different
pressure drops. In ane version, the first flow restrictor 50 has a restrictor outlet 54 and
the second flow restrictor 52 has a restrictor outlet 56. A cross-section of an
embodiment of a flow restrictor 50, as shown in FIG. 1C, comprises a hollow tube 53
with an restrictor inlet 55 and a restrictor outlet 54 that are each within a terminus

30 51a,b, respectively. The terminus 51a,b is shaped to provide a gas-tight seal with an
overlying gas tube 53. The flow restrictor 50 further comprises a baffle 58 with an
aperture 59 having a predefined dimension that is positioned in a central portion of the
tube 53. Instead of a baffle 58, the tube 53 can also narrow down from a larger
diameter to a narrower diameter in a constricted section {(not shown) to provide the



outlets 54, 56 of the flowrestrictors 50, 52. The first secondary
flow splitter 60 conprises an inlet port 63 and a pair of first

out put ports 64a,b, and the second secondary flow splitter 62 al so
has an inlet port 66 and a pair of second output ports 68a,b. The
secondary flow splitters 60,62 can al so conprise the aforenentioned
T- 10 shapedwgasoigeapl ers 41. A differential pressurePgauspeo7dR3isS
connected across the output ports 64a, 68a of the secondary fl ow
splitters 60, 62. In one version, the differential pressure gauge 70
is suitable for nmeasuring a pressure range of at least 1 Torr, or
even at |least 15 5 Torr, or even 50 Torr. The accuracy of the
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First and secohd nozz 2 are connected to the pair. of
second od? puthapest9as cgumersddh of the secondary flow splitters 60, 62.
The nozzl e holders 80, 82 are capable of being connected to feed gas

to nozzles 100, 102, Afdferéftialésilic\Ruge Abid conmaied aafosé the olipOtpoitabes,
through the Q0%gleSecd iy SR RIS di'E> A%AL SoliBh AL Sirdlnfiforebidrean be
connected to a II’SF re?grenc nozzI' e 100, and a second test nozzle

102 whi ch i ssauge pRisisaidabingfor ppasuriag # Prssryre faeor af aisask! Ty ohevendt fdnce
nozzl e; as t3eorr, eF atein\60 TolroWhe atamigacy bf tbe diffetential pezaire gaudged 0. dépéhds &N

be conpared ,0,Q08r@BNNEhte of YR RRUGH HaABR CBRFAISRER T#Q bRdfde, a
differential pressure gauge 70 having a pressure range measurement capability of 50
Torr has an accuracy of at least about + 0.15 Torr; whereas a differential pressure
gauge 70 capable of measuring a pressure range of 1 Torr has an accuracy of 0.005
20 Torr. A suitable differential pressure gauge 70 is an MKS 223B differential pressure
transducer, available from aforementioned MKS Instruments, Inc.. The differential
pressure gauge 70 operates by diaphragm displacement in the forward or reverse -
- direction which generates a positive or negative voltage which corresponds to the
measured pressure differential.
25
First and second nozzle holders 80, 82 are connected to the pair of
second output ports 64b, 68b of the secondary flow splitters 80, 62. The nozzie holders
80, 82 are capable of being connected to feed gas to nozzles 100, 102, for comparative
measurements of the flow rates through the nozzies. For example, the nozzle holders
30 80, 82 can be connected to a first reference nozzle 100, and a second test nozzle 102
which is to be tested for its flow rate relative to the reference nozzle; or the relative flow
rates through two nozzles 100, 102 can be compared to one another.



To conpare the flow rate of gas through the two nozzles 100, 102, the
nozzl es 100, 102 are attached to the nozzle holders 80, 82. An

expl oded view of the installation of a nozzle 102 in a nozzl e hol der
82 is shown in FIG 3A. The nozzle 102 slides into a recessed cup 104
of an polynmer insert 106 so that the angled shoul der 107 5 of the
nozzl e 102 cedmerisaskhe angl ed i nner surface 109 of t lreTpsioymersss

i nsert 106. A Teflon washer 108 is installed on the back end 110 of
the nozzle 102 to forma sealing gasket. The assenbly of the insert
106 with the nozzle 102 is then inserted into a matching cavity 111
of the ring nut 112. This assenbly is then screwed onto the base
coupler 116 and hand-micghb%elebﬂcmarfatydfvgas@amgh%ahona'msassemjtad

nozzl e ol dcteBBs 100,404 brebeBBRE  Pund A2 RGREL B 09!n B0 4! G

38, is snap 19%¢ | ow corrplar at or
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nozzl es 102 a gas distributor having thousand orf nozzles, for

whi ch the fI?JWhPhte can be set to a |level from about 80 sl mto about
140 sIm or even from about 100 sImto about 120 sIm 25

The diffggential pressupRat@auge gddsupply2eane the@at caritrol Heark@gedioipngyidef
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25
The differential pressure gauge 70 is zeroed out at the beginning of each

test session. The constant flow rate or constant pressure gas supply is provided to the
principal flow splitter 40 which directs the gas through the separate first and second
flow channels 120, 122 having the first and second flow restrictors 50, 52. After exiting

30 the outlets 54, 56 of the flow restrictars 50, 52, the gas is passed through the first and
second nozzles 100, 102 at least one of which is being tested. Any difference in flow
rate of gas passing through, or a pressure drop across, the nozzles 100, 102 causes
the pressure differential gauge 70 to register a pressure differential that is proportional
to the variation in flow rate of the gas through the l?ozzles 100, 102. Conventional



met hods of neasuring nozzle performance directly neasure the flow

t hrough the nozzle using a mass flow neter, and such a flow
measurenment accuracy is |imted by the neasurenent accuracy of the
total flow through the nozzle. In contrast, the flow conparator 20
al l ows nmeasurenment of flow variations that are within about 1.5% of
t he 5 nom nawblzexwvi42830e t hr ough the nozzle 100, 102. Thermszwioezsis ow
rate is nmeasured as the percent change of the nozzle resistance
through the differential pressure between the two nozzles 100, 102
and the upstream pressure. By nmeasuring the difference in resistance,
the flow conparator 20 can generate a fl ow neasurenent accuracy that
is at |east @ehedsiemeasuringgbidiepfolndrice Hirédig measure et fioartadoudH mWnozzIe

testing deVI ﬁ-% 5 r;]rst flow r?eter and suc%%ﬁ@%egghrg%eﬁtgﬁc&%% ﬁ:rﬂm 20

can be expl ai Wt h ence tone

ctrlcm
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and R3 r epr eéwenpzaass08t i2andthawrsiipan E@F%tf%\n%!ema?ﬁ!‘"ﬂ%@erdéf?i@@&ﬁbe of
R2 i s adj ust@fibtencel| fhe IB® comparatopbo &irﬂg&mté@ﬁmméaﬁxraﬁm scdufi2y thaR)

inthe first, e%%ﬂ%%raa ﬁﬂ,gg@%uggagﬁﬂag gﬂiﬁ rlal o 66 O

resistors (a en t e voltage between
the two A¥dpoints 97, 98 will be zero and no current will flow
bet ween t he m'dpoints 97, 98. R2 is varied until this condition is

Bgfchted The current ejpbRGba mhéﬁmg@ﬁpﬁ%:d»rfzo%anbg ekitindt With referdried td HW.
ecting z

ccurac
Ther ef or e, e‘f\’ﬁﬁ%mrﬁ%}gﬁﬂgﬁggﬁwgg I?H%Wst%m%n 'ﬁﬁ% E; r C@F%tﬁtog% {ge Hen
R, can be neaysadde measure theqmivpovyt dledtricpyasigiancegrpipn uBk R EesiSter bRx 25
di srupt the deinaing GvcaBgs Giacbridga Bifduy, dthe tegadf edich Wekides the ubresnsesster,

Bridge 94 isg, ,g@l gg&%d w@s 9& aaswffcé wtlni@%ﬁé&a@r@aﬂd@a@u%ra..ls}esemsRE

gal vanonet er to zero resi sgrance

of the cirodnt ummaeatsf%ango%r B Fres e LR & e repgignrLand
det er mi ned Hie fisistané¥ofi Ry ipadjedthtde. ihihe AR the @Yo knpwnfresistonsd Rz FRARM the
{(R1 + R2) (fl%i lehy @) 3 ed.ua( Bhne rat8 of thEévo tRRAoWM letisions (Hyehaa in thé s&ond B3,

and R3 are not. a us%ﬁabl e tg?

97 '8 Wit} zY '3 ?c?& o %We %pu‘i
flow thr 8?Jgh t W]Sh glvou?ﬂ?&?“e’ né'ée can eo'nlﬁss ed ' T ate ue
of R', usinglowi hebmaﬁhe rgidppipie &7t 98- ffeds Yaird gntit HI&WP"&%‘ONSHWB‘%’ fThe
rul es) current direction indicates if R, is too high or too low. Detecting zero current can be

done to extremely high accuracy. Therefore, if R4, Rz and Rs are known to a high
precision value, then R, can be measured to the same precision as small changes in Ry
25 disrupt the balance and are readily detected. When the Wheatstone Bridge 94 is
balanced, which means that the current through the galvanometer 99 (Ry) is equal to
zero, the equivalent resistance (Re) of the circuit between the source voltage terminals

101, 103 is determined by Ry + R; in parallel with Rz + R,, as follows:

30 Re={(Ri+Ra) - (Ra+ R)} | {Ri+Re+ Ry + Ra}
Alternatively, if Ry, R,, and R; are known, but R; is not adjustable, the voltage or
current flow through the galvanometer 99 can be used to calculate the value of R;,

using Kirchhoff's circuit laws (also known as Kirchhoff's rules).
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WO 2007/ 142850PCT1US2007/ 012348 In the fl ow conpar at or
20 shown in FIGS. 1A and 2, the flowrestrictors 50, 52 and the
nozzl es 100, 102 are represented or equivalent to the fixed
resistors, adjustable resistor, and unknown resistor of the

Wheat stone Bridge 94 of FIG 1D. For 5 the flow conparator 20, the
flow restricworen5@ss052 represent fixed flow resi st ancesvuRio7andssR2,
respectively, which are equal in value so R = R2 = R Further, the
nozzl es 100, 102 represent flow resistances R3 and R4, respectively,
whi ch al so should be equal in value so R3 = R4 = Rd = k Ru, where k'
1. However, if 124 varies by ARfromR3 then the differential
pressure is given by: 10 AP = Q AR /12(1+k) + AR/ R1} When this

equation |s 11 neari 2qfuneAbyRofRara@Pgo Lilivin HIS, dnahe5RE hak rERAT ©

measured by the fl ow conpara S %rgotportl ona .1 ow
resi st ance o0 BRENY hs N9EYes WO 1QF(Fre fapigsented or equivalent to the flxed, resistors,
versi on, a kadjustdblecr@kistor, atid onknnwa résisdor ohthe SVieatstpoe Brdge 340MRE] Ty Fdnat

the flow gonpanak Qbmgftatos2d, theHoRRE4trides b N BprEgint fidkdSiokirésigtaiteHRY ©
different types of nozzles 1%0 102|.or Irrul thpj_g g%zkea%egft thgzzrcéarre
type, that | SRy PEPRAVEIY MDA FRR! B RRRET Bas MorbP Sk AN IEeRE he
kit of nozzl 39 teRveptsaentiliow resistances [Rarne G aerregivaly rivhieiaise shouldibged
from about Oefdhih vhige 30RYE R) =GR Lk RNGRES k >af. HEORERAEITLS/anEs By AR Gbm

inch. The ki f calibratian al so be ceram c nozzles from
Kyocer a, Jap%?‘\t?%e" |ghfgﬁ%s}ael%ées§%%§r§%ne ‘orifice size. The kit is

useful td%calibrate nozzles that are being tested to determine the
actual flow rate of tARe= QdNR raAdzk)esAR/RE } I n anot her
version, the flow conparator 20 is adapted to connect to nozzles 102

of a gas disfribytor 126 which is,uUs to,distribut

substrate pr 8%@‘?%19@”5??5&%‘3 f'ze?h%'yag‘g" Pds&'P TS %&er%g%!’grggs\%/%@?%ﬁ}%f
whi ch is showthe flowrr@npatatorihip piopedional 51 the Bev tepistsncapfdpetyod)oasies 100,
nozzl es %82,1d2or exanple, the nozzles 102 can 30 nunber from about
100 to about 10,000, or even from about 1000 to about 6000. FIG 5
shows a set up suitable for testing the flow ratet of individu

nozzl es 102 of the gd2o%f @FPhaty PP@B’?ﬁ‘PW"Fﬁ'%"%‘eﬁls"Lﬁi usef e Y%ig'lztf‘%t
hol der 80 cothpnow esmparstantd is ingprppes berkir@Oorddri The kitcandade tiffersalrtytes of he
flow rate of,5aeh1bf)dbY bHalipid RéZles ol PR shhe bRE, tBtSs WtrSthe kBrHE afifick26.
lpg sio'? ie 0';1 € Oq(}%l’agsio s! Ingex%%%[e? Ie(m of ;[lor]z?zleg %é?P éo'n@ﬂi rPnglgse hél'v‘?’n% Ansopening
that is sized from about 0.0135 to about 0.0210 inches, at increments of 0.0005 inch.
The kit of calibration nozzles can also be ceramic nozzles from Kyocera, Japan, which
have a controlled orifice size. 'The kit is useful to calibrate nozzles that are belng tested
to determine the actual flow rate of the test nozzles.
25
In another version, the flow comparator 20 is adapied to connect to
nozzles 102 of a gas distributor 126 which is used to distribute process gas to substrate
processing chambers. The gas distributor 126, a version of which is shown in FIG. 4,
comprises a plurality of spaced apart nozzles 102, for example, the nozzles 102 can
30  number from about 100 to about 10,000, or even from about 1000 to about 6000. FIG.
5 shows a set up suitable for testing the flow rates of individual nozzles 102 of the gas
distributor 126. In this set up, the nozzle hoider 80 comprises a sampling probe 130
which is used to sample the flow rate of each individual nozzle 102 of the gas distributor
126. In one type of sampling operation, the sampling probe 130 is positioned over a
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WO 2007/ 142850PCT/ US2007/ 012348 particul ar nozzle 102 to neasure the
relative flowrate of that individual nozzle relative to a reference
nozzl e 100. The nozzle holder 82 is connected to a reference nozzle
100 which can be a fixed dinmension nozzle or an adjustable nozzle
havi ng an openi ng whose dinension is adjusted with an adjustable

needl e val vewi@giasssshown in FIG 5. 5 In the | atter pcawszootonms4s
needl e valve 132 is set to nmatch the neasured conductance of a single
sel ected nozzle 102 on the gas distributor 126 and then the probe 130
is noved fromnozzle to nozzle to check the flow rate through each
nozzle. This nethod allows verification of the uniformty of gas flow

rates {0 OUglidiar AR 02 tdARade il Feldle 19K 5t bIMARINALRI ndzBlohites !
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exanpl e, a SI icon T rlngr having an internal {;IP
di anet er of %48%I(0 Rada diffpreptial Bigssysg m Q‘ﬁﬁer&?{“m‘é% el ze of about of

6.4 mm (0.125 in) or larger. In one version, the silicon rubber ring
has a Duppmeter har diegse viRAsH frREBMbIM préd2012b cdMprisEaa fiRdt hibeang halaher
ri ng can be ff? rtl\tﬁq%e? gyc’&ﬂohnecq )&FIP a%ggt;n tu@eu&qrhaél%gséédnbgg%e'iéﬂwaﬁ:ﬁ
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26 example, 20 durometer super-soft silicon rubber, available from McMaster-Carr, Atlanta
Georgia. In another version, the sampling probe 130 comprises a VCO fitting suitable
for forming a gas tight seal against a flat surface, and having a flat end with a groove
therein and an' O-ring gasket in the groove. A suitable O-ring can have a diamefer of
about 3.2 mm (0.125 in}). The gas supplied to the flow comparator 20 can be nitrogen.

30 _

In still another measurement method, the flow comparator 20 is used to'
measure the relative gas flow conductance of two or more arrays 128a,b of nozzles 102
of a single gas distributor 126 mounted in an enclosure 138, as shown in FIG. 6, which
can be a vacuum chamber or a process chamber of a substrate processing apparatus
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WO 2007/ 142850PCT/ US2007/ 012348 140. In this set up, a nozzle hol der
80 is adapted to pass gas through a single nozzle 102 or a selected
array 128a,b of nozzles 102 of a gas distributor 126, as for exanple
shown in FIG 4, while sealing off other remaining holes of the plate
126. The encl osure 138 has a pressure gauge 142 to neasure the
pressure in woacohaader, 5 which is for exanple, a BARXTREMNPIasgsure
gauge from af orenenti oned MKS | nstrunents, Inc, which has a di aphragm
and is capabl e of neasuring pressures of up to 100 Torr. The

encl osure 138 al so has a vacuum punp 144, such as a nechani cal

di spl acenent vacuum punp, for exanple,.a QDP-80 from Edwards BOG
Conpany, Enghandn thishwet G azoezid ndiderso iSiiaptad tdRasagas amiaphadirige measur e
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nunber of no%epPeen noages 1@% Thedg FedTrly als§aling Agviciip CAVEy R then9zzes1%an
room 25 asvi Bpmexiting e asdrageflawratel thkough indiigudl atrays 2Bawofingkzles 102 in
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usi ng the plkavegspn-udifaptarays H8abal) hezziegr102 thapresiltfier peaimachipiii eat es

t hrough two ghatiggicdidhas Pedorads ®2s nounting the fl ow conparator 20
so that each nozzle holder 80, 82 is so connected to a nozzle 102, or

array 128°0f nozzles 102 of the distributor pl ates 126a,b. The fl ow
conparator 20 measur &gohpEemeRsptaEent Ppihedihatas bepsed Wil the dp¥ FARREatEF
conduct ance Hycdmptisat therguiintea ghsf floercenductdnce ratssi nezzlpstoflw@rgashe t wo

plates 126a, hsafiford HsPSdcheaMbiMind Mk pidRFadHBSEiItker fisRNBEAE wlRE
source 30. Bé measgr i r;g t Pe gg f ﬁrrencee | B’ f Icgv\\/,\‘_lkr:he\%nﬂoaan&gdn rgcm_ls flow
conpar at or 289 SHTRY 4 8eaF'e V&P TEPRELl &R
256 environment, as shown in FIG. 7. The total flow and uniformity of flow through nozzles
102 of the separate mounted plates 126a,b (or of a single plate 126} should be the
same, otherwise non-uniform processing occurs during the processing of substrates
using the plate(s). A set up suitable for comparing total fiow rates through two plates
126a,b comprises mounting the flow comparator 20 so that each nozzle holder 80, 82 is
30 connected to a nozzle 102, or array 128 of nozzles 102 of the distributor plates 126a.b.
The flow comparatar 20 measures the percent difference in flow resistance or
conductance by measuring the differential pressure between the two plates 126a,b and
the upstream or input gas pressure from the gas source 30. By measuring the
difference in flow resistance, this flow comparator 20 can be used to achieve accurate
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WD 2007/ 142850PCT/ US2007/ 012348 flow rate, and uniformty of flow
data which can be used to inprove the matching of gas distributors
126a,b for twin chanbers 138a,b. A setup suitable for conparing total
flowrates through two plates 126a,b 5 conprises a flow conparator 20
nount ed so that each nozzle holder 80, 82 is connected to an i nput
gas mani f ol dwbhéar/izssfl each chanber 138a, b, which feedsTasseparss e
gas distributor 126a,b. In this set up, the flow conparator 20
neasures the percent difference in flow resistance or conductance by
measuring the differential pressure between the two manifolds 144a,b
and the upstreamor input gas pressure to fromthe gas source 30. By
geas ur idng t hiowtriafef Erficeurtforniity of Bsw Sdiawbich céﬁ(;thésuée? wn@mvpa:ea??chiegd)ofcgaa

e used to I : t nd uniformty o ow dat a
whi ch can bg&%é%éﬁ??%?%&eﬂ%Iﬁﬁ‘b%%tﬁﬁ?’ﬁg of gas distributors 126a,b
in twn chanbers 138a,b. 15The variation in absolute flow rates that
can occur between di A ssteprauitadzol @snpk0Rg wtal fowsdesdhough faatpiates]{26a,bor

1 ow meashe) ubises s full Qirkarety 20 houd 3B AR bl idelp b MR e

w suri Us IS s i .
rates obtai n&4"E Bﬁ”é’@”é%atsé'ba"ﬁ@%fdeasb %(FZ"CBF“T&R?' aﬁ%’ewﬁﬁﬁ Qegegga
di stri but or ssepa@te dnsalistribytonV2aked o thist 9o upythgpfiow qimpariterg0 Meagyres 1R6a
had nozzl es ddpbnlifsiercan fobrediilabéh St2dndutianas By inbasusieg tudifeteati@ 126b
had nozzl es n%lzes}.ﬁ% b%‘tv?eewnlé Qloqgagﬂfkl{f% 1445‘6%:!““@5’&%%@% itl'nglg‘ﬂag &Ieg&re

t hough t he es were quite different varyi n_g [ éo 125 sccm
in the fi'? st kegay seuce 3hPyreatiringdhe difargheet sastarce s B ond pl ate
126b, when famparatdran cafbehisesidd aciavd anorate dew 192 and uhifremityws fipl getas

126a, b wer e Ghigs@f tefsed t1RpRY&Hn. falohfiay dp g @utHElRsks haén madinfchavbers
rates. Corrpa,[?lgg’gn of two 25 equivalent arrays 128 of nozzles

conprising q ants of the plates 126a, b also resulted in closer
than 1% agreenent in flow rates between the quadrants. However, t-he
di fferentsfl ow rates thevaisgbn idiabéchite Abw radgzthaicah 02cut Betwperoditiarent

significantly dif iﬁmtgaqﬁgg@we PR & aitfhr &g aibAb ASrs ABs Al B4 ARab e -

Thus, this denpnstrates t ow measur enent.s_ of Jh? i vi dual

nozzl es 102 5indgopvestionalfioy HERYANg,PRRREATUSIE Shw In 163 By ™ 30
measur e and eaductancy ratedetdtamdd thdugi seleeted hozzleg X 8Ppf two different gasw
Keas ur ﬁme][lt tcﬁsgwﬂu@cﬁ? \;?@a,@arimo?ld@?g frg@favda!* ThB §ifsk pERNEEa hkEiRAeM 0Z g\rllva
P B PR 5 s e b5 e 787 s
vol t s nmeasuribd ngnttlp@gh the flow rates though the nozzZles were quite different varying from
120 to 125 sccm in the first plate 126a, and from 156 to 167 sccm in the second plate
126h, when fewer than 1% of selected nozzles 102 in the two plates 126a,b were
closed off, the plates 126a,b provided balanced flow rates. Comparison of two
25 equivalent arrays 128 of nozzles comprising quadrants of the plates 126a,b also
resulted in closer than 1% agreement in flow rates between the quadrants. However,
the different flow rates through different nozzles 102 can produce significantly different
deposition or etching rates on a substrate. Thus, this demonstrates that the flow
measurements of individual nozzles 102 of a gas distributor plate 126 are important to
30 measure and can vary substantially. In this example, the flow measurement device

was a MOLBLOC, from DH Instruments, Tempe Arizona. .

A graph of the variation in the relative difference of sampled flow rates
through individual nozzles 102 of a gas distributor 126, in volts measured by the
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WO 2007/ 112850PCT/ US2007/ 012348 di fferential pressure gauge 70, is
shown in FIG 9. In this graph, different nozzles of a gas
distributor 126, with +0.43 V equivalent to a flow rate of 261 sccm
t hrough a nozzle, and -0.80 V equivalent to 267 scorn. A range of
differential flow rates were neasured for selected nozzles 102 to
yield a fl owwoearaessomap whi ch can be correlated to prOTESWITH12348
uni formty maps of thickness or other surface characteristics of

mat eri al processed on a substrate 160. By performng differenti al
pressure neasurenents as opposed to absolute fl ow nmeasurenents using
a flow nmeter, much higher accuracies in the flow rate nmeasurenents
wer e achi eveaiﬁerémlaqn&sewﬁubero fid shohingn 140 9S INthieigrddd, diflérent@bzgsrsof a
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detecting a fer sefficiedmorzeshti2rg yiethacflowrtootaur oép wiirke carnzncagretateduis atedess

nozzles ig a,fb@if nilaaéoftW&%e%aar &hér)éﬂifé@lch%ﬁt%néticgﬁfrﬂ%ﬁél pﬂ:@&é%ed gne
absolute flow

e present bR 40 0B rathihe O S0 LSBT e ke cbPiedlo 0 o
conpar ed t o bsplstedpemsaswemnents usiog a fieg meter, much higher Fgeairacies fkiRe §aw of a
silicon O)ﬁl datefmhdasudpRas ivietsladhivvad S IHHelexbpld Gidwirg) 140 sth bEmahgagh g43 a
rocess cCha : | G 10.
The Tt m o i O ielRe 1 FRGRHEEL R0 RPN D phiifod MU ndB Bnlh s,
with a md&n '§Folgign obthg siffeespial P&?‘fﬂ“’a 9AgEFevas LAV a byt s Y cWBlgE 318
angstroms. |thispesidat $e chpabiity lietebtrty  sieglalepiobeiog crvetedicckefesse thaniaed
with rotati Otﬂo&fana #’@Lzﬂéﬁw éjblﬁﬁarﬂzbum&e;gﬁ tﬁTpﬂ:aﬁ PS5 sGRATREr gatd Bbdol v

conpar at or sure

M p
of the gas &T?%HEBB}B"%Z% ct?svée&e ?%cufﬂl o2Bs'e a@ﬂ“étlbggu; C{E. rege'ﬁ%ﬁ[h% gaslly
shown i n Fl Gehieted fipwcaceyrggies brites than fdpe sorwarss-te élf%t?@acq pPZEIR 02
substratest hi ckness deposition map as both maps exhi bited matching

waterfal | patterns, \f’hé i Aﬂhgﬁ%rf at;ih%xfd@‘ﬁm Eé]ﬁs%sondd ﬁb&irﬁé’ﬁéﬁ usmg

25pr ovi di ng correspon osition cknesses é
usSed

exampl e, it ARe Qfét"é? H{°ﬁ‘=§3" ‘ihﬁﬁ‘ge’é'fﬁi uredh a’f’%ﬂ“’(‘]“i”lm © ﬁnﬁ‘fﬁrtrﬂ?f’d%f
to create th®. Simiflm hiokadse vhiddosidely fraessithe Pisabegt $aAndsisores. sMth aimeapiof s

with a 180 rajahbnk! aﬁcfb?raﬂb@fr&n QHcfdt E% fo%onﬁirmbhh{;@roﬁfsoﬂﬁﬂu lao @dund

sumger ofb horbute Jesl BhRSL P TR e b Bl g 2 O°

across the gﬁngmgers {The How gpmparator ZApwas then used to measure a flow uniformity contour
map of the gas distributor 126 used to process the substrate 160, as shown in FIG. 11.
'The flow contour map was co-related to the substrate thickness deposition map as both
maps exhibited matching waterfall patterns, with higher flows from the gas distributor

25  providing correspondingly higher deposition thicknesses. In this example, it was

determined that changes in the drilling methods used to create the small nozzle holes,
that is using muitiple drilis bits with a 180° rotation of the plate during the drilling
procedure or a single drill bit which gradually abrades away after drilling a large number
of holes, resulted in nozzles 102 with different diameters across the gas distributor 126.

30
In another measurement set up, an automated flow uniformity mapping

fixture can be used to measure the flow uniformity of different nozzles 102 of a gas
distributor plate 126. For example, the fixture can include a flow comparator and an X-
Y-Z motion stage to move the sample probe 130 across the plate 126 to different
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I n anot her measurenment set up, an automated flow uniformty mapping
fixture can be used to neasure the flow uniformty of different
nozzles 102 of a gas distributor plate 126. For exanple, the fixture
can include a flow conparator and an XY-Z notion stage to nove the
sanpl e probe 130 across the plate 126 to different WO

2007/ 142850P® D 208203 012348 nozzl es to test each nozZC&USDPIZBHY S
test fixture allows neasurenment of a conplete flow contour map for
each new gas distributor 126. A substrate processing apparatus 140
can al so conprise a gas flow 5controller 141 to control a plurality
of gas flow rates through nozzles 102 that introduce process gas into
a plurality mizziesitodestabeh mzaledO02.i higjs thtfixbee allodv3 Bwabyuremantariie compleieon,

the gas fl ovhouoddhiott Mep fot ddenGRUY s 2REiblfde13d. ow conparator 20 and is
used to automatically adjust the flow rates of the process gas to the

chanbers 138a,b. The process gas can be activated in a renote plasnma
source, such as an RPSubsiiaterroprsgiag appasgtuns4Q ean alspropingease aogasi fiowr ni a.

Each chanpercohiBdir Ipa1010 pritiat 8 pluddlityl il ik iatekititéughafdazies Yo et ifteadse
process gas rgcegig%sln%afk%h;rglttgof]sﬁéérﬁe m&&glng ghz‘r#ﬁeps ‘f 338%%5 Iﬁ Qr?e \%@sﬁoﬁ 0 a

gas distrib eratlon B process gas
t hr ough t he ¢ pag oy feniseliep i %“W‘?“éh? OV ESTRAT 3PS, 20532'da?1'€FeH6%zl e
hol ders 80, &®nuiticsliyadjubtcine fomatesat§ dre pPdkess dve to bezhembers d@88ab.bBieng

connected t %rbdb@klbae&.%ﬁ bb'a@%te&@ﬁf&nét@ Blashg §6lrd Sudas i RHY sdirdeQhade

ggﬁgeb7é§of rl{yﬁﬁle]s(tarf}n gv\)ng,o ;ﬁlfo n| tao rg?@g %E%gr?s%rs Gn mpngas?ne Hgtta b

di fferenti alwﬁ'%'af?eqsé”?ﬁeé‘f)@ﬁsttf’ érgaF magifalt &54ady Whith 19 FP’T' f?eFH; tmgraaf%a g1s
t he gas t hr ciigiibutdia 26w ziheperhfidh, phitagp eff BirocEss gas fraRgss thedirst and second

differenti alf\ Wrgﬁﬁééork\%%%d nb£4i ﬁé?@er?é@%%‘&ﬁe%&%&%ﬁér%F bndlige 70

to a control I Nn_response ? nh ?flow
L B O O\ ofobis bEig SomacIR B U o e 150p a4 gas s

subst r at & printhesbambers hifaiecausSsthe bresswe fifferentiel ghuged@ df thedlowont r ol
system The dhpwabiboss Fegrs&er\éq:lréseﬁre%aenlaalam isGREFOABNG GleSridionGh e

end to an O%o&qgtegp{he gasﬂ?\rougﬁgm nozzles %\20ndar y

fn operati-on. a pressure differential signal is sent from the pressure

20 differential gauge 70 to a controlier 148, which in response to the signal, adjusts a flow
adjustment valve 158a,b connected to the input gas line 150a,b of a substrate
processing chamber 138a,b, to form a closed loop control system. The flow adjustment
valves 158a,b are each connected at one end to an‘output port 64b, 68b of a secondary
flow splitter 60,62, respectively, and at another end to an input gas line 150a,b of a

25 chamber 138a,b which feeds the gas distributor 126a,b in the chamber. The flow
adjustment valves 158a,b control the flow of process gas passing through the input gas
lines 150a,b in response to a flow contro!l signal received from the controller 148. In the
version shown, the differential pressure gauge 70 is positioned before the flow
adjustment valves 158a,b. Since the gauge 70 has a high flow impedance, the gauge

30 70 has a minimal effect on the flow rates of the process gas passed through the valves
158a,b and gas lines 150a,b. Thus, the differential pressure gauge can also be placed
in other locations along the gas supply channels.
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flow splitter 60,62, respectively, and at another end to an i nput gas
| ine 150a,b of a 25 chanber 138a,b which feeds the gas distributor
126a,b in the chanber. The flow adjustnent val ves 158a,b control the
fl ow of process gas passing through the input gas |lines 150a,b in
response to a flow control signal received fromthe controller 148.
In the versi »o28to¥wse t he differential pressure gaugePTOUSS07/012348
positioned before the flow adjustnent val ves 158a,b. Since the gauge
70 has a high flow i npedance, the gauge 30 70 has a mnimal effect on
the flow rates of the process gas passed through the valves 158a, b
and gas lines 150a,b. Thus, the differential pressure gauge can al so
be placed in other | ohathaiersdBag dahalsgds usetdd anclobiaes €33sthat sdhe as
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may not pr O\atfgﬁenaaner&e&s n{a%ui 5r§v.déw& bR hid, SRy 1BGd %%ruvw Bhik t

fl ow bet wee petwo n' ) Avant%?dﬁ?%ﬁ ferenti al
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1% of t
resol uti on. flow rates, which repfeﬁ%BtSéﬁBé'm%Fegﬂeﬂﬂewm"ﬂ%" for exanple, a
Producer Tmwith twin chanbers 138a,b from Applied Materials, Santa

Clara, California. T HRbfatRl148E806S Krialaripe, mﬁéﬁ"' Jev?’tﬁ%wp chdmbers
di sposed 0”?3@ bt9¥ rom Applle%thpa?erla% garﬁa E‘E-lrz? rEEaWc))rma pIrhe pair D‘F processmg
25 chambers 138a.b is disposed one above the other and each chamber provides the
' capability of processing one or more substrates 160. The chambers 138a,b can be
used, as one example of many possible uses, for the deposition of silicon oxide fims
using silane gas on substrates 160 comprising silicon wafers, the wafers having
dimensions of 300 mm. In one embodiment, the chambers 138a,b include identical
30 components to camry out identical semiconductor processing operations, or identical
sets of processing operations. Being identically configured allows the chambers 138a,b
to simu[taneousiy perform identical chemical vapor deposition operations in which an
insulating or a conductive material is deposited on a wafer disposed in each respective
chamber 138a,b. In other embodiments, the identical semiconductor processing

17



capability of processing one or nore substrates 160. The chanbers
138a, b can be used, as one exanple of many possible uses, for the
deposition of silicon oxide filns using silane gas on substrates 160
conprising silicon wafers, the wafers having di nensions of 300 nm 1In
one enbodi nent, the chanbers 138a,b include identical 30 conponents
to carry out wioderi#263 sem conductor processi ng oper aPCoNS2007012348

I dentical sets of processing operations. Being identically configured
al l ows the chanbers 138a,b to sinultaneously performidentical

chem cal vapor deposition operations in which an insulating or a
conductive material is deposited on a wafer disposed in each

respecti ve chambes 1 amaarb usédhfooethigng sutistatesten, suchidseasilicorewafesatypically

sem conduct Qﬁm%]ﬂlfbfaﬁiﬁ 9@ a M%ﬁ?érﬁ@%@%&@ﬂ& %R%é&tﬁrbém&%eg

138a, b are us etchin bstr at u i con wafers,
L o I P PP s et A SRbIE ShEbcel terb SoBs SelrBol: "mmaks ng
| ayer on th@lr@um%éymthe ReanyhereF38ady such s plasmagpar depesiiiop, epitaxial
sem conduct QdyeP@poditior Br 62A BRINGPFIREIT GusH 48k RBAOLLEH YadkorisPEcer etch

chanber s 13%%-:%5\??.“&5%&& Bla.s%ﬁﬁ@u %%Q%mé’gp%%ﬂw Bbe%:on‘?{é hﬁr’é@.ﬁﬁgh@yer

deposi tion, cesses osuch ack, or
spacer et ch cprigEesHesysiay dﬁﬁq"Pecb@e’ﬂBscrl bed, t he choi ce of such
operation is arbitrary within the context of the syst em descri bed

herein. Substrates 1§Qayhes '1'6623 BSuchla L.E.ﬁ%&ﬂm »)é\ﬁér@%ﬁotﬂér h%e@’eh dohBetor

sem conductor .10 wafers, are ransgorte to eac

rest on ¥ siF&¥ &E%"%‘&B%th TP £hAMPRE 3Rz, Bb"o@?‘r%{‘["’e’*@ﬁ‘bﬁﬁ P‘Eppféégz%b ‘can
i ncl ude a t dspesubistiate sepnert1gea, Esdlalnb‘ummpsmﬂge aorehitda b qoppfiging at he
substrate 1¢@aento Hedtihe isﬁli)sm@teg@a bl evYBaliing @agibvishiEroGdaub ensmbked8a, b

aj one does 19k DGR A oY n@BUBHNER DL TARRRSIG Blds bPLBRuR LA Co

t he sane processing nstance
there may stPrIcPssH9 f9%H“F é&tf"?)ﬁ%ar’l@'ﬁ H8eRe FOr INRARIS tfﬂ?e@%%“" 8B &AFO% her
f act or s sucln tas fitrethioknieatesr diedo dtherfectos suemab teinperafuecdifigredres asdthet he

gas distribybssy bﬂemn%@&i &%m@%@m H&Qﬁsﬁtemﬁm typarper at ur e
I s adj usted I_%/ var% %1’ rrB,er sbt atte su g%%
1620, b usi ndPRAREES AR BB 0] rBRte OB a R SR PP
using a s pa@ﬁln@tmmwmm@&@aﬁ@ 164min eBnasihgtivadiystedsisingtarspaeing canyol t
162a, b. 20 163a,b connected to the substrate support 162a,b.
20
' The chambers 138a,b each have exhaust ports ;1653.b connected to
separate exhaust lines 166a,b that join to form a common exhaust line 168 which leads
to a vacuum pump 170. in operation, the chambers 138a,b are pumped down to low
pressures using a pump, such as a vacuum pump for example a combination of
25 roughing, turbomolecular, and other pumps to provide the desired pressure in the
chambers 138a,b. Downstream throttle valves 174a,b are provided in the exhaust lines
166a,b to control the pressure of the gas in the chambers 138a,b.

When used for plasma enhanced processes, the chambers 138a,b, can
30 also have gas energizers 180a,b. The gas energizers 180a,b can be electrodes within
the chambers 138a,b, an induction coil outside the chambers, or a remote plasma
source such as a microwave or RF source. The gas energizers 180a,b are used to set
the power level applied to generate and sustain the plasma or activated gas species in
the chambers 138a,b.
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The chanbers 138a,b each have exhaust ports 165a,b connected'to
separate exhaust lines 166a,b that join to forma comon exhaust |ine
168 which leads to a vacuum punp 170. In operation, the chanbers
138a,b are punped down to | ow pressures using a punp, such as a
vacuum punp for exanple a conbination of 25 roughi ng, turbonol ecul ar,
and ot her pum®20e7g428%00vi de t he desired pressure in theCeiisamyanzs4s
138a,b. Downstreamthrottle valves 174a,b are provided in the exhaust
lines 166a,b to control the pressure of the gas in the chanbers
138a, b. When used for plasna enhanced processes, the chanbers 138a, b,
can 30 al so have gas energizers 180a,b. The gas energi zers 180a, b can
be el ectrodes within the chanbers 138a, b, an induction coil outside

the chanbers, or a r%ﬂpﬁﬁegtahgmrﬁ@wmam@n%mﬁqe%%fm&mnﬁfn H3E
source. The gas energlzers 1

Oa, b are used to set the _power |evel
2Pl i od 1o JEABPEVEES Ir T rumeres PiHESTPRRTES Brine Brerlt Je SRl r g
i n the chantistesdeti3@he bxhaustive or to limit the inTéndion tor pregisafgrmsedeseribeti b6or of -
various egrbqghmpRt Smiddirkdis brvEHbdPRinb@HioR RRY bR LS 18 athtdhahrek REmore

purposes of Wnders! AAl0G. Ble 4Rl BUED Mol b IRSNL Bl it

i ntended to D& exRausti Ve or oﬂl mt tThe 1nvention to prectse forns
descri bed. P63y keqoRfigused te PIRSEFHIIRYIRNEPUSHBOT thad QR "‘fafﬁ%e'%?‘i"ﬂ?ﬁ"%y be
used t o mat oluniehsue encaificativhe acheanbtiors ardossibiedn viegméthe teagbings alfovehe
chanbers in the multiple chanber system may be configured to process
si mul t aneously nore than one wafer. Accordingly, numerous
nodi fi cations and variations are possible in view of the teachings
above. What is clainmed is: 1.A gas flow conparator conprising:

(a) a gas control nounted on a gas tube, the gas control conprising a
gas control feedback loop to control a flowrate or pressure of a gas

passi ng through the gas tube; (b) a principal
flow splitter conmprising an inlet port to receive gas fromthe gas
tube, and a pair of output ports; (c) a pair of

flowrestrictors that are each connected to an output port of the
principal flow splitter, each flow restrictor having a restrictor
outl et; (d) a pair of secondary flow splitters
each connected to a restrictor outlet of a flowrestrictor, each
secondary flow splitter conprising pairs of first and second out put
ports; ' (e) a differential pressure gauge
connected to both first output ports of the secondary flow splitters;
.and
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(f) a pair of nozzle holders that are each connected to a second

out put port of a secondary flow splitter, the nozzle hol ders capable
of being connected to first and second nozzl es, whereby passage of
gas through the flow restrictors and the first and second nozzl es
causes the pressure differential gauge to register a pressure
differential proportional to a difference in flow rates of gas
through the first and second nozzles. 2. A conparator according to
claiml1 wherein the differential pressure gauge is adapted to: (i)
nmeasur e a WhasisWwisimnedige of at | east about 1 Torr; or (ii) have an
accuracy of at |east about 0.001 Torr. 3. A conparator according to
claim1 wherein the principal and secondary flow splitters each
conpri se a T-shapedl.gas Agapfi@v coripdratwwpepeasiay: according to claim1l

wherein each flow restrigt or ' ;
5. A conparator accordi r*g toagagﬁ?ﬁhqﬁaﬂ%rr}g]ﬂn&% ﬁg\%gﬁégﬁeaﬁ%éﬂl%&-
hol der s ar®MRHIEHEEBPASFHH! obfgadkaakdepntorconial 3 fiowifate op eressure q§ agas

di stri _but QYassifg rBigie@eyashapder, the gas distributor conprising a
pLuraly ty o7 "spaced apally MOZ2l S8l o spitercooes i BRABAHTS e
nozzl es ofgaatfroirethetgas mabey aad mgpeir affoutpuepgs di stri but or, thereby
3' ! Z"Vi ng measurement of r@ 923 gfalr%‘f"ﬂéﬁ?é‘stﬁé%%!{ﬂﬁ ér@%a&k‘?@ﬁr?e%d tp an
: conmparator according to claim conﬁrl sing a sanpl'ing probe to
output port of the principal flow splitter, each flow resirictor having a restrictor outlet;

{d) a pair of secondary flow splitters each connected to a
restrictor outlet of a flow restrictor, each secondary flow splitter comprising pairs of first
and second cutput ports, ‘

{e) a differential pressure gauge connected to both first output
ports of the secondary flow splitters; and

4] a pair of nozzle holders that are each connected to a second
output port of a secondary flow splitter, the nozzle holders capable of being connected
to first and second nozzles, whereby passage of gas through the flow restrictors and
the first and second nozzles causes the pressure differential gauge to register a
pressure differential proportional to a difference in flow rates of gas through the first and

second nozzles.

2. A comparator according to claim 1 wherein the differential pressure
gauge is adapted to:

(i) measure a pressure range of at least about 1 Torr; or

(ii) have an accuracy of at least about 0.001 Torr,

3. A comparator according to claim 1 wherein the principal and
secondary flow splitters each comprise a T-shaped gas coupler. ’

4, A comparator according to claim 1 wherein each flow restrictor
comprises a baffle with an aperture.
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sanple the flow rate of an individual hole of a gas distributor
having a plurality of holes. 8. A conparator according
to claim7 wherein the sanpling probe conprises a first tube :
connected to a second tube, the first tube having a first dianeter
and the second tube having a second dianeter which is smaller than
the first diameter, and an O-ring seal nmounted around the opening of
the second tube. 9. A conparator according to claim8 wherein the
O-ring seal conprises a silicon rubber ring. 10. A

conpar at or accordi ng to gLterhparatdr deédiingee R Jivitieréinkthé paif of nozzle
rat.or

cal i bration, nozzl es 11. A.co accardi ng. to

Chal m 1 WiBKBR Seapiep tespapacienli o pRUTRE e Yo HighBURP pyprocess
second nozhhmben tipr gaedistibuted compdsing apheditg of spaced apart nozzles. 12.
A gas flow controller conprising the gas flow conparator of claim1,
and wherein the first and second nozzl es each conprise flow

adj ust ment val ves that dof eCTBRATAE AERPrdINI dn &AM § qoFPAIsHgRIIRYRARtgsLIP seal

port of tReohdtAE PBEAEY of At¥ast Bhé GLisdraANet tAé gad alshdutd NHefddyRIBRg
inlet tube of the stgﬁstraltﬂewproctﬁs& H%w(iha er, which feeds a gas

di st ri but STe3SHTE I OhAF58 oW dRlg throug YA ™ he gas flow conttoller
adj usts the flow adjustnent valves to control a flow of gas through

t he flow adj ust nent- val v, j i . - iy
the pressure differenti ﬁ%’%ﬁ?&ﬁﬁaeﬁ&m&% E'Qﬁnql%wﬂsg‘g?%ﬁnﬁ pP8Be to

cont rol | esampledhaifiy rete ofiag individuaiihalepia aardistibifos Aaviae Aatyraliy of bales.
conprise mass flow controllers. 14. A substrate

processi ng appar at conprising, the s flow cantroller of claj 2,
Bnd wher o' the apgir at cheriaifict B6odfipe o Sl 2bistan e Sl i ffode
chanber s, ceawliseshafitsé tubsmepnededtp a sgeand tubeithe (st tubsativing afighdiameter
di stribut gy tﬁéé%%ﬁrt @f%ﬁ}*ﬁgﬁgﬁ%&cér@%i&ﬂe@@mﬂ:ﬁ&s dinahiéd (RS e firsifardBter,

exhaust port roug s I's exhaust ed.
and an O-ring seal mountéd around the opening of the second tube.

9. A comparator according to claim 8 wherein the O-ring seal

comprises a silicon rubber ring.

10. A comparator according to claim 1 further comprising a kit of

calibration nozzles.

11. A comparator according to claim 1 wherein the first nozzle
comprises a test nozzle and.the second nozzle comprises an adjustable needle valve.

12. A gas flow controller comprising the gas flow comparator of claim
1, and wherein the first and second nozzles each comprise flow adjustment valves that
are connected at one end to a second output port of the a secondary flow splitter and at
another end to a gas inlet tube of the substrate processing chamber which feeds a gas

distributor in the chamber; and
wherein the gas flow controlier adjusts the flow adjustment valves to controt a

flow of gas through the flow adjustment valves in response to the signal received from

the pressure differentiai gauge.
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13. A gas flow controller according to claim 12 wherein the flow

adjustment valves comprise mass flow controllers.

14, A substrate processing apparatus comprising the gas flow
controller of claim 12, and wherein the apparatus comprises first and second
processing chambers, each chamber comprising a gas inlet tube feeding a gas
distributor, a substrate support facing the gas distributor, and an exhaust port through

which gas is exhausted.
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