29 July 2005 WO 02/ 060565 PCT/ US01/ 46539 AUTOVATED- | N- PROCESS | SOTOPE AND
MASS SPECTROMETRY BACKGROUND OF THE INVENTION 5 1. Field ofzgtjlg byt i on
This invention relates to a method and apparatus for in-process,” automated
anal ysis using a nodified formof Isotope Dilution Mass Spectronetry
(1DVB). More specifically, the nethod is an el emental and speciation
threshol d neasurement nnvwepo nmgoféso‘ 1 H

and near v hod
i s autonat ed and na oned for unattended operatlon of an

| n-pr ocess,%“éfﬂrﬁ L 6 cor GL S0 Mo 5‘(’5@"’ et bca@&rdn@wefﬁr(or@ OBP| - V) .
appa it

The | P- AP - atus is designed fornm bIEEE f g@ﬂﬁgwny?%atlon
of el enmebblighedcont am nants or conpounds and’ speC|es In f ds. 15 2.

Descri pt ot ffrt@dperigeeArt |t has been known to enpl oy nass spectrometry
instrunmentation in neasuring parts per billion (ppb) is frequently used as

the techni que of choice in neasuring ppb and sub-ppb | evels of elenents or
conpounds in aqueous and other solutions as well as in gases. Mass
spectroneters are typically operated and 20 regularly calibrated by
experienced technicians. In many cases, however, unattended operation of
the mass spectroneter is desired. These cases may include renote
operation, around the clack nmonitoring, or operation either in hostile
environments, or where human interaction nust be mnimzed. One such case
is that of contamnation nmonitoring and control in the wet process baths,
such as, for 25 exanple, the sem conductor industry which requires a clean
room environnent where mninmal human interaction is desired. Installation
of real time, in situ, sensors into clean roomprocess is a major defect
reduction challenge in the industry. International Technol ogy Roadmap for
sem conductors 1999 Edition: .



Defect Reduction, Sematech, Austin TX, (pg. 270) (1999). | 29 July 2005 WD
02/ 060565 PCT/ US01/ 46539 In order to acconpl i sh unattended Qﬂﬁhﬂ&b t he
met hod should automatically nonitor el emental concentrations at t
threshold | evel, accurately and wi thout the need to conpensate for the
|neV|tabIeV§y®m@M@ﬁ|c errors associ ated w th instrunent PAF/USE1/46539
Quantitation of elenental concentrations may then be 5 obtained w thout t he
need for traditional calibration once the threshold |evel has been
exceeded. Traditional calibration techniques use calibration standards to
generate a calibration curve which relates instrunent response to
concentration of standards. The calibration curve is used in order to

det erm ne t he concent r stioMATEFIN-PROEIOMOTOPE AR RassAPECrRIMERRY Cal | bration curve
is illustrated in Figure I (curve A). 10 Traditional techniques wll not
yield accurate results if the instrunent response drifts or there is a
response shift caused by a difference in the matrices between the standard
and the sanple. Mass spect pQFRiEE: ORSPRRIRIVENTIGN¢EPt i bl e to rapid
drift causing a change |W4%ﬁ?7%§$%¥§rr6Tﬂ?ﬁﬁﬁﬂﬁe*as shown in Figure
(curve B)5 THis [ of the Ifventioasul ts in the need for frequent

recal i brations that arg .narnmal.l erformed 1 xperi enc d.techni ci ans.
The effort of matchi ngf ip YRR ‘%/ég‘é‘teéfmt?tén?'g??g%%f Bara%‘f AP ETHES be
nmade i n or defutohRtdd EmdlySis itk Z2inbQific@ fbint o€ Nidpe. Dihﬁﬂ:hzlﬁlhésoﬂsecﬁbm&hess' on
or enhancenents remain identical between sanple and standar Viscosity

di fferences KEIMEEn Maie spepiigally.oihg methor &y ap ﬁ‘&ﬂep@bémhﬁl?ﬁc‘aa% dhreghpld
-unequal i “Sﬁﬁédétﬁ&hv%mﬁﬁﬁx a‘%{lﬁg i a&%ﬁﬁﬂ&gﬁ%&;ﬂ@ln%tm%@mal

i ntroduction rates ich are in V|t e inreal wrld situations. Mutrix
ef f ect s dPt edetegticgolimits.onThe theesholdymensuicoentz methed iefanfamasedc gnd amayr bsul t i n

calibration ¢ ha%%& forin gijﬂenﬁéd (?Jep#%ﬁ/g?af ![rgptrggesk Aﬁl’tﬁ"s%l%ﬁQPres%e RERHEAL

inventi on USES er to achi eve neasurenents that
are optinm zeddssr Spaeirbinttyr aEBS-APRMS). dfhe INAMSAS appatatusmentdebigdet efot i on

limts wthou e need,for d|t naI rat| i upon
the addition ‘Eﬁnilg tlé?ﬁtaf‘%ﬂ'éaﬂhth ?ila grapyag °§§%P%%%@Sp§ﬁ1§f yzed.
See, general yfluddsS. Patent 5, 414, 259 the di scl osure of

15 2. Description of the Prior Art

It has been known to employ mass spectromeiry instrumentation in
measuring parts per billion (ppb) is frequently used as the technique of choice in
measuring ppb and sub-ppb levels of elements or compounds in aqueous and other
solutions as well as in gases. Mass spectrometers are typically operated and

20 regularly calibrated by experienced techmicians. In many cases, however,

| unattended operation of the mass spectrometer is desired. These cases may include

remote operation, around the clock monitoring, or operation either in hostile

environments, or where human interaction must be minimized. One such case is

that of contamination monitoring and control in the wet process baths, such as, for

25  example, the semiconductor industry which requires a clean room environment

| where minimal human interaction is desired. Installation of real time, in-situ,

sensors into clean room process is a major defect reductiom challenge in the

industry, International Technology Roadmap for semiconductors 1999 Edition:
Defect Reduction, Sematech, Austin TX, (pg. 270) (1999).



which is expressly incorporated herein by reference. After equilibration of
the sanple and standard, the natural isotopic ratio of the FATRY o | |
have been altered by the enriched standard and the new isotopic’ratio is
measured by a mass 30 spectroneter. |If the concentration of an enriched

| sot opi ¢ sWardasadses- i s known, as 2 29 July 2005 WO 02/ 060B6BURGHESIH01/ 46539
well as the enriched isotopic ratio, then the neasured ratio of altered
natural elenmental isotopes provides the el enental concentration of the
sanple. This nmethod has only a very few well-defined possibilities for
error. Each of these possibilities can be calibrated and el i m nated,

| eaving the uncertainty | i ' | f he two..i sotopes as the
final error for the négs%@eemta?c#ﬁqlg’ﬁﬁ]r?g@% dg(?n(fpfra?igﬁ’bglseegwm(?a %Lhﬁél%nass
spect r onet er awomdichilt yon@onakmenial coricamiatiphscal dibir ARSI IAEE Nkeurhbly- t he
enriched isotope. standard of known concentration is introduced, in"a
precisely ¢ Y”(Sl?q“ég‘ef Bee; 18 rompgnspls ok iepipevitshle) Sysiematig prrersrassaiciated

i nt erferencegiRri h d : hogl I | asur ed.
As only the glltiﬁelrﬁsetgjn:lés%tr%gg rga%'%miﬁ%ﬁngggeg %ﬂ ?(% ng%%#lﬁ&t E’gygtgﬁlggjﬁt ration
of the sahpl ehtainddewithesi thalneedhdorc radtiioal calitiriiemeomesthe fthreftobiMavelt Basand

ioni zation efficiencies e.essentjally eljmnated. Therefore, IDMS is an
ultimate corgr’eggﬁxfi?le 'C hﬁ.irrf%ﬁjtéor\agrcaﬂb%ﬁ’f}f’i it -'ﬂ‘_é‘?sn’_t’%?nﬂgl-’é’ﬁ%’r"fl- YA it r urent
drift, as WadnkrafSa eRlibth@dH BEve WhichPRGkds AaRARGL tEDhEAsE 5 LBR@ntratMnSof

procedure, in general rovi des accurate detection for the iInstrunent and

process neceXamaiiss Jrheqpalibiation verve dnesed in prienka determing theaontepsation dfn

addition, tradifi I begn_ge gved ..0rLl ily. with both

Mduct | vel y ESTbFEARRpE T At R RIT Y E R iR s My T Bl

loni zat i th MBmditiope edchaiéewil ol lyidh) acclaicretlis-ifMBe atuhtAedpasderdsiTaNt at i on
are not deened suitable for operation in an unattended node. Fassett, J.

D., Paul sen, ompthety, is| & gesppasedshifiiqenwd s 3 differengeoinetheymatbicesabeiween the20
el enent al an, | 6, - : N0 Ly

eanmnn. K a3 B i Vs (et BORY Sotectil R GRIMB Mg 06 i
HPLC/ | CP- M5 cafising b lebargeduribd ealibedtion nespatisecn shbwe lie Fipntal (QpecBEs Thisr eseni us

J. Anal, Chem 1994) 350 221-227; Rott n,. L., Heumann, K G,
Det er ni nat i on@Tdr’l(fE&@‘éél\}ﬁtﬂ%ﬁ need for frequent recr;?igrations that are normally performed

15 by experienced technicians. The effort of matching the matrices of the sample and

standard must be made in order- to insure jonization efficiencies, ionization

suppression or enhancements remain identical between sample and standard.
Viscosity differénces between the sample and standard matrices may

also cause unequal instrument responses associated with changing sample

20  introduction rates which are inevitable in real world sitvations. Matrix effects
altering solution viscosity or ionization efficiency can result in calibration changes
such as shown in Figure 1 (curve C). The present invention uses modification of
IDMS in order to achieve measurements that are optimized for quality assurance at

and pear instrumental detection limits without the need for traditional calibration.

25 ' IDMS is based upon the addition of an enriched isotope standard to a
sample to be analyzed. See, generally, U.S. Patent 5,414,259 the disclosure of
which is expressly incorporated herein by reference. After equilibration of the
sample and standard, the natural isotopic ratio of the sample will have been altered
by the enriched standard and the- pew isotopic ratio is measured by a mass

30  spectrometer. If the concentration of an enriched isotopic standard is known, as

2



Interactions with D ssolved Organic Materials in Natural Aquatic Systens by
25, Coupling H gh-Performance Liquid Chromatography System V\Qg‘tﬂ“g%%

| nductively Coupled Plasma Mass Spectroneter. Anal. Chem, (1994) 66,
3709-3715, Heumann, K. G, Rottmann, L., , Vogl, J., Elenental Speciation
wi t h Li qui WO 0@p8FPat ogr aphy- | nducti vel y Coupl ed Pl asna | BSHBI&46389 ut i on
Mass Spectronetry. J. Anal. Atom Spectro. (1994) -? 1351-1355; Horn, M,
Heumann, K. G, 30 Conparison of Heavy Metal Analysis in Hydrofluoric Acid
used in Mcroelectronic 3 29 July 2005 WD 02/ 060565 PCTI US01/ 46539 I ndustry
by I1CP M5 and Thermal |onization |Isotope Dilution Mass Spectronetry,

Freseni us J. als. < 1.ng._an-1ine

| DMS as an i%@grﬁalthggt&giﬁg%{{r (353%\%%%%%%?%% %Wﬁ@]?@%} %Eaas%‘i?geﬂﬂ%ggested
with an enri clemdntakisotopispretidesdhe eleinentaigconfenaanidn sftbel sdrple NThBdyERe | Nt 0
the sanple s{ream and m. xed (al|owed to equjlibrate) prior to introduction
into an | CP- ?‘i&tar‘i?ﬁ}b i wﬁi‘ﬁ?‘%‘l‘&ﬂrﬂos@‘m‘%ﬁﬁﬁﬂf' E%‘C@f, thessRnssibiient of an
on-1ine | sot epeodchlifirhtod ad® eRingie®, Wabilg HR-frdefinYSinf Qg i 3k e
deterninati on of el enental species. Frlegseni us g&m%ﬁglgh&de%%@?%‘g% 350
221-227; Rot theetrme, isetopeside iwafinal exgor &1, thBenesuremeti dFhioinddeaingy Mbabd 10

| nt ti L h D | ved O .C Materi I n .Nat | Aquati c_Syst b
Coupl g 1 oRY B P SRS P B, 8 il s oo Bl P RS Ml vl y
Coupl ed Pl asemidied SissepRe ktaiaRd OF -knodRal contéifition (J 9RA0dubl, R79GrdAdedy

Heumann, K. G, Rottnmann, L., Vo}gld, J., Elenental Speciation wth Liquid
Chr onat ogr apFSriIoHad &shiea) ip e sampdeloplliae Al nosmeabipterferanoesi an cminpted for

Spectronetry AL A . 51-1355. An_on-|ine
oL oot Vet O pects Bhe RRRSIA: A9 fulY bl el iid in W pled o

publ i shetf) heasytaireha bsncktraioniof theCamples XBs phydicalandchaiicst Alfferaices sf wer e
measur ed usi a H gh Resolution ICP-M5 w ¢th either an iron, copper, a

mol ybdenum eﬁgw_ & cfd ppaigation efirdrneies agsscsperiially pinatedi Bherefosn HAMR duar d?r
Selection of abialnebaiRibn RERNIR fr Yok 16ANERIIRR W idRfuhitaPhagent Lo

be anal yzed in the sanple. Rottfrann, umann, vel opneht of an
on- | i ne | sot apwelbias wobmeritfeodmspgetecosedpit intBif@encEP- Tis fposcetitee, in general,

provides accurate detection for the instrument and process necessary for quality

15  control in ultra-trace analysis. In addition, traditional IDMS has been employed
primarily with both Inductively Coupled Plasma Mass Spectrometers (ICP-MS) and
Thermal Ionization Mass Spectrometers (TIMS). Both ICP-MS and TIMS
instrumentation are not deemed suitable for operation in an unattended mode.
Fassett, J. D., Paulsen, P. J. Isotope-dilution mass spectrometry for accurale

20  elemental analysis, Anal. Chem. (1989) 61 6434 — 649A4; Rottmann, L., Heumann,
K. G., Development of an on-line Isotope Dilution Technique with HPLC/ICP-MS
Jor the accurate determination of elemental species. Fresenius J. Anal, Chem.,

- (1994) 350 221-227; Rottmann, L., Heumann, K. G., Determination of Heavy Metal
Interactions with Dissolved Organic Materials in Natural Aquatic Systems by

25  Coupling High-Performance Liquid Chromatography System with an Inductively

Coupled Plasma Mass Spectrometer. Anal. Chem., (1994) 66, 3709-3715;
_ Heumann, K. G., Rottmann, L., Vogl, J., Elemental Speciation with Liquid
Chronmtography—lnductively Coupled Plasma Isotope Dilution Mass Spectromelry.
J. Anal. Atom. Spectro. (1994) 9 1351-1355; Horn, M., Heumann, K. G.,
. 30 Comparison of Heavy Metal Analysis in Hydroftuoric Acid used in Microelectronic
3



accurate determ nation of elenmental species. Fresenius J. Anal. Chem,

- (1994) 350 221-227, Rottmann, L., Heumann, K. G, Determ naiggﬁqx@fogl‘,-lgavy

Metal Interactions with Dissolved Oganic Materials in Natural Aquatic
Systens by 25 Coupling Hi gh-Performance Liquid Chromatography Systemw th
an | nduct i Y& 066Upl ed Pl asma Mass Spectrometer. Anal. Gpwse1/46s5994) 66,
3709-3715; Heumann, K. G, Rottmann, L., Vogl, J., Elenental Speciation
with Liquid Chronatography Inductively Coupled Plasnma | sotope Dilution
Mass Spectronetry. J. Anal. Atom Spectro. (1994) 9 1351-1355. It was
stated that "quantitative 30 chromatographic separation of the species to

be anal yzed" higusop 8y qbpige Iyy,,: A 569 PCT/ USOL/ 46539
precondi tions fotira_',nt%i s met ﬁgg ]ziggw(%g%(?l%?a%é%gggg@ﬁ?’éﬁ’{a&ﬁ%@”é’%&t i al
before the Epswiingy. stiep Cleues(IfIAB80 C86L9A speci es-unspecific spike)." It
was al so stated that | é}‘fbeg afSﬁeci es-unspeci fic spike), equilibration

bet ween t he separ at ed 4 o4 LT xEE og, Rg)&?s‘"{s aPdniginal saderidwith an BgP-hi gh
tenperature NS tilderugicHO Mad | RENBufdeiel Goi p tioaon, L. umrann, K.
G, Develaéprrent of an on-line | g% og_ec% utl gﬁﬁc@gcﬁﬁgaﬁesw & 1 cP- M5

for the atcufeitiBuenstyeintiofieced dufodlie sinplesram spbaives. (WSO NtgUiibatey N2l -
Chem , (1994).; . 27, - HPLC ation and | CP- M5 neasurenent are two
essenti al pa%?ﬁflﬁﬁé%%ﬁgwt%%ﬁ%@ﬁ SBEHYBERD AR et dHesman, K.yGon t he
purity of chBeseirpignt of arl On-ine Hofops DINkGh ARcHIR decﬁﬁif Ffﬂ@{ﬁﬂ-ﬂlﬁ'%’r Wf ers.

' W not” work”"1t s,

| mpure chemicals tend to result in devices that
therefore, ifHEIHaftemBnaion el vieaertat speciest Fresdnémi X alnal. Cheint) (1894),350ur e, or

adequat el y puirerr ho deter nd ni urity tend to be
expensi ve, sl 0\%, 78‘1@ | nng’wgﬁémg%%ﬁ&'g’nagzg’s.E%Wi'”gmfﬁo&bloén{{e%cm

enhancedlOn tihfecamivinn veth dissblved Orpinil aRreAals (NP Vel @s@éﬂﬂ“ 5 waf ers
[ | aboratories tend

SRR T Y AL U IR, G
Chow ber A Ra5h, W SRt B R T 18 S AL e
Heumann, K. G., Rottmann, L., Vogl, J., Elemental Speciation with Liquid
Chromatography-Inductively Coupled Plasma Isotope Dilution Mass Spectrometry.
15 J. Anal. Atom. Spectro. (1994) 9 1351-1355. An on-line HPLC/ICP-IDMS method
for elemental speciation was tested. In the case published, heavy meials in humic
complexes found in natural waters were measured using a High Resolution ICP-MS
with either an iron, copper, or a molybdenum enriched spike introduced as the
IDMS calibration standard. Selection of which element standard was contingent
20 upon the element to be apalyzed in the sample. Roftmann, L., Heumann, K. G.,
Development of an on-line Isotope Dilution Technique with HPLC/ICP-MS for the
accurate determination of elemental species. Fresenius J. Anal. Chem., (1.994) 350
221-227; Rottmann, L., Heumann, K. G., Determination of Heavy Metal
Inzeractions with Dissolved Organic Materials in Natural Aquatic Systems by
25  Coupling High-Performance Liquid Chromatography System with an Inductively
Coupled Plasma Mass Spectrometer. Anal. Chem., (1994) 66, 3709-3715;
Heumann, K. G., Rottmann, L., Vogl, J., Elemental Speciation with Liquid
Chromatography-Inductively Coupled Plasma Isotope Dilution Mass Spectrometry.
J. Anal. Atom. Spectro. (1994) 9 1351-1355. It was stated that "quantitative
30 chromatographic separation of the species to be analyied" is one of the
4 .



It has been suggested to enploy in-line ICP-M5 in a nmethod of 20
‘onitoring concentration of metals in silicon wafer cleani ngadagiyPoosee
Using ICP- Ms for in-line nonitoring of netallics in silicon wafer cleaning
bat hs <http://ww. m cromagazi ne. com ar chi ve/ 99/ 02/ shi ve. ht ni | > (Feb. 1999)

| sot ope dil P2850568.s s Spectronetry for ultra-trace anal y8EHUBH&6H8en

previ ously known. Fassett, J. D. and Kingston, H M, Determnation of

- Nanogram 25 Quantities of Vanadiumin Biological Miterial by Isotope
Dilution Thermal |onization Mass Spectronetry Wth Ion Counting Detection,
Anal . Chem, (1985) 57 2474-2478. In this publication ultra-trace analysis

uses IDVS in Al | it ] ically enriched spikes in
bat ch spi ked %?%r?ggl? S?dr_?tﬁgssgleﬁf@%ta‘g%egu%nﬁgz&ﬂg6?3%;3}'%%{5033{;% cierenteat i on
sanpl es and Ispikinesstepn thken plasp ot @sspediéoinapéciins 'il&RﬁO IRV %@@%he
bat ch sanpl e et hod. .Cog%lfet, transformation of all species is 5 July
2005 WO 02/ 060555 HREFFHEISPPUHS 3BIKE): fqutlibetian bptweep tbe separated: epetios rndt | DVS

protocol s to spievmRt blakiddled SR (H;[i@;tﬁm aftkd Sidnd grﬁwglr,a?‘i}gﬁhch@ﬁ)k"ed

simul taneously. In addition, thi stornati on ev
i sot opes and Kateamump.e Hewwawpek. f GonDevelaptrieny of nundiohline elBétopd @iligssn f Or m

As I t, | | I nat i d eval uati i di
both ar e not TEMEREN B HPLEGCE S T I e Rt minaiyn ohdenadiispraeal | VS
t echni que. U.FSesehai e0tinal. 0@%@5%195@@5952?-2%2931—1@ﬂb aﬂé‘ﬁé’fﬁncf?éﬁf poes a

3

met hod f.or 1isotope nonitoring for gas that is an on-fine conti AUO

conmbust i on f ARFYEGEN2ES tioespentialpaststod teirsneghod.n t he det ermi nation of the
Thi s, nethod requires,

origin of objects base on -12 .and C-14 ratj os. )

a combi nation of gas c'ﬁr o'rra'%d(;)sgtrpgdﬁa‘glﬁ%?mfﬁmfﬁeyrrémi i Uiy i ghemicaloto (FI D) |
and pal | 46i unreEpabahiofonadesticex FORNsIlARY §£0rsC ORMSd LiRMiEAAREOto Eésh'ngrmt 0 Mass
spectronetry.. The &iﬂat hod requires the use of the conbustion chanber, and a
pal | adi um se gV 5eSothat Wil mot avorke Tteiss theprberer gmpareant to Rnew gulwithenfa it s

0, 2 AL, B! S A, LR ey 0
15 using C 1PUEifydtegd 14, beTlompepsive, slowatdfblind chamipslr fotyzeis aqRisapabysh s Of
transition Obecomes enhanced with continued device shrinkage as in the move to 300-mm
15  wafers and copper interconpects. Captive and contract analytical iaboratories tend
to produce chemical assays and time frames ranging from 24 to 72 hours. One of
the consequences of this lack of timely information is the failure to know when to
dispose of these expensive chemicals.
It has been suggested to employ in-line ICP-MS in a method of
20  monitoring conceniration of metals in silicon wafer cleaning baths. See Using ICP-
MS for inlive monitoring of metallics in silicon wafer cleaning
baths < http:/lwww.micromagazine.cpml archive/99/02/shive.html > (Feb.1999)
Isotope dilution Mass Spectrometry for ultra-trace analysis has been
previously known. Fassett, J. D. and Kingston, H. M., Determination of Nanogram
25  Quantities of Vanadium in Bioloéfcal Material by Isotope Dilution Thermal
Ionization Mass Spectrometry Witk Ion Counting Detection, Anal. Chem., (I 985) 57
2474-2478.  In this publication ultra-trace analysis uses IDMS in the traditional
way with isotopically enriched spikes in batch spiked standards. These isotopes are
spiked into low concentration samples and blanks and any species information is
30 removed using the batch sample method. Complete transformation of all species is
5 ,



other nmetals and quantification is not based on isotope dilution
nmeasurenents. This nethod will not work for netals. U S. Pajephly20052, 024
di scl oses net hod and apparatus for quieting the introduction info a nass -
spectronmeter frominductively coupled plasma (1CP) 20 devise by

mani pul at i N S&%r cone di aneters and pressure. The i nREHPSIMH6338 an

| nprovenent of ratio precision neasurenents over well known |ICP-Ms and M P-
M5 (microwave induced plasma) technology. It describes nodifications to a
mass spectroneter inlet that enables nore precise measurenent of isotopes.
It requires a plasma device and al so reduces the sensitivity of the nass
spect r onet er .tra2fiddally aPareRGhisi & %030 DS BIARSE B @gwrﬁsmeﬁx féa%%egfegm
conpositions for organic conpounds that enable callbration g a broad
mass spect r aleXistagdn rsamelleégwtemdy da@éd@pacmmdmsfnwatm pretentsatheet hod

of using the ran 0 calibrate S

spect ro?ret er %&F%églﬁnpo Veh on QF‘&‘% ngéori(f“ég’él mﬁlét% g’?@%‘?ﬁeég?q‘? ‘g%@ed

cal i brant correas, talmtaamgedntsnuétﬁm;ﬁaixoﬁ@mh& Chlu@tions %r&\hem SEAR a:éondBf these
cal i brant corrp05|t|ons 29 July 2005 WD 02/ 060565 PCT/ USOL/ 46539 U. S.
Patent 6, 932,938 lﬁlaﬁ‘%P@%@%\Pﬂq‘éﬁm‘é\b)’éhé@ﬁﬁh@@lﬁ;ﬂlﬂ]BMSttﬁémlq]unproverrent of

loni zation in an t r | ur.ce and bstitute a
nore easily ioni zedgcggﬁﬁgﬁrgmg%%ﬁf(gﬁﬁgasp%%nfgggaagless Fe- ﬁff aI'f‘"f]eeth gl EDEI osure
is specific flmtolyamomxmjngs‘bs ganﬂiatr B sekind b@ltﬁltlhl&tdohibtwtm Rbmt b@asias
stream 5 and the use of g hollow el ectrode prior to a nass spectronetric

measur enent . SPRPEREHISO st 4y {heideteRgination of g rigiy ¢f qbﬁéﬁs tagedtshihe £-13 based
measur ement s shhat 14" herwil QG d g Fl ow
I nj ection Anaal ySi sm(rlgztll&,g\) ri[‘?ll%r oduc?klf nLR!f%ongﬁlﬁﬁ%gldnl\/ﬁe e%%%@gﬁl%@

Vi ezi an, 1M kifbse imegationd rdatettas AFID)y , angdi paltadivvié sgpazatok M’Cm;ygékﬂ cihrgBar nes,
OnLlneIsotoeDllutlon and ' Fl ow I nj.ectjon and

I nductivel y CSHBPFden FSF%%%’"%E’S‘“"%&&B?CFB?P%'F% ﬁ?/? meAhod) requiges the wiseed the

(1990) 5 12%ohBdstiohndhambes hRd QUSaIMERA: Rpirdk@ Plior tohﬁelxﬁ&t.: %@é&aﬁa‘ re'n’ru ched
spi ke and the sanple prior to introduction to the ICP he spi e and

sanpl e are i ri§cioakof Wisrmethethand gyt foremparizemwithian hsqﬁomc standardlto carri er
liquid prior eEthlHéﬂt {sQQPE A8 FoR carbon for origin identification of gases specifically

15 using C-12 and C-14. There is no attempt to perform trace analysis of transition or
ottier metals and quantification is not based on isotope dilution measurements. This
method will ot work for metals.

U.S. Patent 5,572,024 discloses method and apparatus for quieting
the introduction into a mass spectrometer from inductively coupled plasma (ICP)

20 devise by manipulating skimmer cone diameters and pressure. The invention is an .

| improvement of ratio precisior} measurements over well known ICP-MS and MIP-
MS (microwave induced plasma) technelogy. It describes modifications to a mass
Spectrometer iniet that enables more precise measurement of isotopes. It requires a
plasma device and also reduces the sensitivity of the mass spectrometer,

25 U.S. Patent 5,872,357 discloses a series of calibrant compositions for

| organic compounds that enable caiiliration across a broad mass spectral range for

~ electrospray mass spectrometry, as well a method of using these organic calibrant
compositions to calibraie a mass spéctrométer. The invention provides a class of
new organically based calibrant compositions and limits its application to the usage

30  of these calibrant compositions.



15 the I CP-M5. The volune of a fixed sanple [ oop controls the amounts of
spi,ke and sanple. Physical mxing of the two solutions occupsjfgt20esn the
confluence point and the nebulizer. As in traditional |DVS nethods species
information is unavailable, as the. enriched spike is species-unspecific.

I n addi ti oWO @2e0sbechni que suggested on-line dilution usCngsamesioner t
reagent; a technique that is easily 20 acconplished using FIA An
automat ed cal i brant apparatus was disclosed in U S. Patent 5,703,360. It
introduces a standard reference solution automatically into a mass
spectronmeter ESI or Atnospheric Pressure Chem cal lonization (APCl) to

calibrate or tune the S ctr, N, ln this t ent swi tching val ve
is used to introduce 25. tﬁ%a%%?aﬁggg’gagsdlagg?eﬁeé thgﬁ?vﬁedﬁéfo r fﬁ\’PCﬁhg As the
standard ref dnproensol Wi DRizadwh ik N SAAWpReFOpretsuR) igifatioh Obatd fpaent

sources matrix_effects are not elimnated. U.S. Patent 5,703,360 discloses
that one or tSRBStWER RE Asikt ionipsd dearkier gasefRte thsosample 28s stathe Jded to

{ne, the, MRSSyRRGh BTRLES: # b LERRR s P 1eTIER Ny e A S

the functionality of the in unen
i nstrunentd Teaidghd eehufiaghmdlonf elécnbdopiicn 10 il spatrabiziricametatentenat THB
standards wll . 7 29 July 2005 W) 02/ 060565 PCT/ USO1146539 not elim nate
the short or FYRGOE%MngE EpRlicalle dn the, igtopally dgsednmpasursmentscthabare ®ger at i on
Oof a mass spepbisYTRhEpesenthfeditonS: Patent 5,703, 360. Atnmosphere pressure

I oni zation (APT) techniques Includes electrospray (ES) ionization and

at nosphere pressure chéiMSatsiigKRloralijeatiof ARGlykis (FRAThiredeeioh b gineldPas been

wi dely used.t hayacterize bio-mglecul es such as. tides, prqteins,
el ef o ac 4o S bt LERIBRYAT 1P RS AR Laliof g e A SR wnss
Spect r onety y:MFBagreOhdise ISB@%E BIRSIbR ah@ Samp oD Hntont by Fiow ﬂ?&ﬂor\lvdnéy &
Sorts, Inc.: New York, 1997. It is also used to qualitatively determ ne

t he presence f#uctively (gupleé Plasing Mesepesttametrand. durbpHione Spaetal (199655 but
gquantifying that;,20 ihto : | rnﬁi.p a.si.gnl ficant, chal |l enge. Hi gh
backgr ound du@ﬁﬁm&%%ﬁ%‘h‘%%&%%ﬁ%ﬁ, gn%% lg(t)}%%lgagfgsf’i“f)lﬁ e(dns&}ﬁ% ?(“d;&f’ect S)
appear to be saingleupier womtrodiictivn kdthe ICP-MS. The spike and sample are injected

simultaneously to form a zone within a neutral carrier liquid prior to introduction to

15  the ICP-MS. The volume of a fixed sample loop controls the amounts of spike and
sample. Physical mix.ing of the two solutions occurs between the confluence point
and the nebulizer. As in traditional IDMS methods species information is
unavailable, as the enriched spike is species-unspecific. In addition, the technique
suggested on-line dilution using an ‘inert reagent; a techmique that is easily

20 accomplished using FIA.

An automated calibrant apparatus was disclosed in U.S. Patent
5,7'03,360. It introduces a standard reference solution automatically into a mass
spéctrometcr ESI or Atmospheric Pressqre Chemical Jomization (APCI) to calibrate
or tune the mass spectrometer. In this patent a switching valve is used to introduce

25  the standard as desired to the ESI or APC]. As the standard reference solution and
the sample solution are from different sources matrix effects are not eliminated.

U.S. Patent 5,703,360 discloses that one or two ftraditional standard
reference solutions can be used to tune the mass spectrometer with respect to the
mass axis, and to assess the functionality of the instrument and to re-calibration the

30 instrument. This technique of introducing two sequential calibration standards will
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factors for the quantification of nost analytes. Stewart, 1:1.,

El ectrospray Mass Spectronetry: a Tool for- El enmental Speci apg gﬁgy2005
Spectrochim Acta. Part B. (1999) 54B 1649-1695. Colli sion-induced

di ssoci ation (CID) generates energetic collisions 15 and can sinplify nass
spectra, r&que060362 - background and i ncrease the sensiti wcrusoyddsssever ,
stable operation is |limted to a narrow range of solution conductivities
and can cause inherent non-linearity signal response during the
guantification. Speciated |Isotope Dilution Mass Spectronetry (SIDVS) has
been devel oped to assess the quantification of species and also their
transf or mati gRSel; . 4 S a.predet er m ned
_species is sggtc(iﬂglﬁglgtlel %Qisggl'?o%lji:g&gg%r géiétl tgéts gar?dblgn #’%@é&? tu gtgc('f‘gﬁcwpl i sh
t hese neasur eperaticn of Bieass ppetiemetend. SaatidSe Phteits, Po3e3goous! y known and
specifically evaluated, In summary, a nethod and associ ated apparatus have
been devel oped to accOWSPRIRE uEFERISd e PDFRERN (AR Dof tashnigssar tnclides hat

wi |l aut omat beakdsprad@S) 2miAkioH 228 SdospRaL t éssﬁjeedaﬂﬁﬁfcgi %o%%gﬁkéﬁg on

threshold I evels, identify, and quantify I enent contam
conpounds? andbispgechnigye has bdenivddely St RNaraeTdbib-MAREIOMCENS pepaEent

i nvention e ifications of traditjonal | met hods t hat enhance
and i nprove }Og%f%sr’ reITBng'ﬁ‘tc ag{%lsgﬂcgcgggl}ydﬁg@. (?é’?ee%t Po%’ﬁ‘fﬂ’%{"”gaﬁ@ Massy 2005
WO 02/ 060565 SR bAgR. AhEARe MBS SRR AR £ B@{ﬂi@&?}%ﬁ@ Tl Wiz{ya&' 8

an

provided for quality assurance of both ultra'trace elenenta Speci at ed
measur enent sPPCFHeEPHo o/ 993d Mppatsatused &F quatitativelyvdaterigue the meseher ably t o

be used wit P- - lnst t ipnstead of.an |I.CP-M5. Neither HPLC
nor | CP-MNB i @O@ach épksmédr\lz'?eltgpéi %@ﬁ%@é’%‘% 5@i Wtafnlc{nﬁ’e Gup_ aintifing piliat ot us.
I n the pil@semfornatiotas wmainkd ansigm@andttialefe PRI bRRzrbsnd &RUb (REmicANe

equi librium betvggﬂ Spi ke and_sanpl e ?fpeci es is achieved by dynam cal
pr et r eat nent *%fh Slﬁ’%; SHEPTESHR Euatrip gffecis)i apgear igr beptharppemiosh timitinganpl e -

and spi ke 1 ofabloN firoMme) dudfifidafiod RE AATBNIPRS! Sewhfl 978 g[e?t?osgtoagfcﬁ%sr ation

and determ nati on.
Spectrometry: a Tool for Elemental Speciation, Spectrochim. Acta. Part-B. (1999)

54B 1649-1695. Collision-induced dissociation (CID) generates energetic collisions
15 and can simplify mass spectra, reduce the background and increase the sensitivity.
However, stable operation is limited to a narrow range of solution conductivities
and can cause inherent non-linearity signal response during the quantification.
Speciated Isotope Dilution Mass Spectrometry (SIDMS) has been
developed to assess the quantification of species and also their transformations. See
20 U.S. Patent 5,414,259. In SIDMS a predetermined species is specifically
isotopically labeled and introduced to accomplish these measurements. The species
of interest is previously known and specifically evaluated.
In summary, a method and associated apparatus have been developed
to accomplish unattended operation of an apparatus that will automaticaily and
25  accurately monitor elemental concentration threshold levels, identify, and ﬁuantify
elemental contaminants or compounds and species in fluids.

SUMMARY OF THE INVENTION

The present invention employs modifications of traditional IDMS

methods that enhance and improve measurement at and near the detection limit of



10 In the present invention the |abeled species (frequently nmultiple

speci es sinmultaneously) are being created in solution and arzo hdy 2005
previously determned in conposition and structure until evaluated for
structural information. Quantification.is of the elenental ion and

speci ati onYPA¥#%at i on first established in- process threCkBSIdMeRE C

equi librium established with a non-conplexing salt of an 15 enriched stable
i sotope in real tinme and in process. The methods provide dynam c | abeling
and duality of mass spectroneter. Additionally, sinultaneous species nay
be eval uated wi t hout separation in one enbodi nrent and sequentially in

. anot her.  TheagdydpacidifetadTh ideddok f t net hods.
Unlike traditional |1 DMS thi s&qmq?ﬂ%igggﬁsﬁgﬁgﬁ&gn?fri%ﬁ%v%%GW%%m enent
at and near Wltietrges demensl apd spaciatedd messsrementst r onet ers. An apparatus  has

AL mosphori o Pressur e THE SRRyt BRReaRe) Borre bt o b psbl - v
The | P-AP! -wifh apIARLMS isriiask 6edd bPan [CRMS. No&aL! BPLENM JPRIL Y cati on

of elenmental contam nants or conpounds and species in fluids w thout
rel i ance dupdi® SSHRAtAY igsirumentaiiondn the iPeA Bl-MSrmppitamsalnf e pegsuit méthodymaor
requiring a sat | . | to sur nt. Di.sclgsed herein,
there may bedﬂgén(q)%{}?%%ﬁ ggér?e%lglé?aﬂe@hgg%arir‘hgtc@sﬁﬁﬁg}lmgb%ﬂ?fpc?p( € ‘ﬁ'gi H1gMd gas)
haridl i ng’ i n-spedieseissachineesishys i gietteatidit, MRick BaY Bes@IpMK, | d¥ideidn St aﬁ' e

I sotopic ratios for_in-process autonated and unattended operation. Bot
qualitative OIQ@ Hhﬁg’rﬂ'i

er, of g G 3udispiks ta apsfesm them tg the semerspecicshedomerire: and

speci es i nf Qoi@hbiion sadaihallis,, 9 29 July 2005 WO 02/ 060565
PCTI USO / 46539 The met hod uses a nass spectroneter interface that is an

At nosphdfic Pressure I ¢ pedseutninvéiion shes tabetedl hpbcipe (fibdientp asheple

I nformati on _and quantitative el enent-al gval uation. The fluid handling

syst em ni xesSpﬁ? or 5vY a5t Ssue Craly nﬁ‘n-S‘PlPB‘H’n&ﬂdf‘t‘mel@ir PECVIQUSIY y

exchangeabl elelei:gied id edmipositivh aﬁfd%ﬁﬂﬁé‘ﬁhﬂ%uh@@tf&pﬁﬁcﬂﬁ%l fﬁﬁ)r?xaﬁgﬁ.' m zed
I'm

for ratio neasurenent at and near the apparatus detection permtting
ef ficient tuastetadionisrofithe tlameriabionuad spaciation énfevmition firsirestablished én-

errbodi nent, p}&%sm}&%ﬂ d?ﬂ:ﬁnf%pe%%fh%tr#usn established with a non-complexing salt of an

15  enriched stable isotope in real time and in-process. The methods provide dynamic

labeling and duality of mass spectrometer. Additionaily, simultaneous species may
_be evalnated without separation in one embodiment and ‘sequentially in another.

The dynamics and sequences are very different from known methods. |
Unlike traditional IDMS this method enhances and improves
20 measurement at and near the detection limit of mass spectrometers. An apparatus
| has been developed to wse the method for In-process measurement, using an
Atmospheric Pressure Interface coupl'ed to a Mass Spectrometer (IP-API-MS). The
IP-API-MS apparatus is designed for identification and quantification of elemental
pontamjnants or compounds and species in fluids without reliance upon the high
25 . temperature argon plasma for equilibrium or requiring a HPLC separation step prior

to measurement.

Disclosed herein, there may be provided a method and apparatus for a fluid (liquid and gas)
handling in-process, mass spectrometer (IP-MS) that uses optimized stable

isotopic ratios for in-process automated and unattended operation. Both qualitative

30  and quantitative analysis of ulira-trace elements and species information is available.
_ o _



enables the IP-M5 to be operated in an unattended manner that is a
supstantial departure from attended operation protocol wherg apgRedbsr
calibration and anal ysis 10 are typically perforned. Direct conparison
agai nst a calibration curve is unnecessary through the use of ratio
measur enenwe.02/8uses | s a departure from traditional instipgmeeiyeeneration
where concentrations of elenents are made in conparison and where
instrument drift requires frequent re-calibration required for
quantitation. The ratio is optim zed-for accuracy and quality assurance-at
and near 15 the detection linmts of the nmeasurenent. In anot her

nbodi t, t IP-MS t th
quant i tati ve TS eden 4 g mpRE SRR, SFBRE Tt 5an ABSGPHROBEROIF | | 1 ¢ s
by optim zi npnidagor (KPIF &pslerh St PRBnHPépesies T8I niabo® %&ﬂuﬁdﬁeanvé %Emeetal Thi's

met hod permts _an optinumisotopic ratio at and near the limt of
det ection t hexaluatien.nithe faid/handiing Fysiare sbxen éha sppaested| mpto;pesdetaemmhgmhnd t he

t t t f
docect ron | it SDEAARRUSARRI. Kt ARR! TP LA sBhotelitBbisrbchs .
nat ur al a‘fld optiniizgl for eatid RERdrenkat ANAA nbat thé &) lebRoh Iiﬁm@ﬁenﬂfmﬁ@e same
el ement. This inproves traditional |DMS nethods. wherein this neasurenent

i s uncert ai ncfgigpt tﬁ”ﬂ?’@?’?fhwﬂﬂ‘én?%ﬁtj’e‘l“a%af{vel‘?fayéﬁmnanot her enbodi ment, the
nmet hod and apparatus quantifies e'ﬁ%ﬁ@&rﬁbc}%&é}ﬁm @pﬁfemhl o | {’}; tion by

m xi ng known enriched isotopes of elenents In’a sem -continuo ocess
with the in embleeshe SRMS do erquarated imnm mlnettﬁntlednmhezsﬂiaulis Qrbﬁbsia&mag

eval uated. The ionizati on@ggl talge IS B ief ul I “set_atypically high
enough to el {RATYELIUR airrded OREIaiag, PF ?FO here: R aé‘ff ¢alibratign apd aglysiss0 t he

Mass spefs I offet fipidafly Optirfdiiné®. ! NSiréd ok agiborf ;‘ngtt at 'chbral#thx 29rvduky 2005

WO oxi ab0565 P US01/46539 I n still anot her od| ment met ho and
apparat us ni wmscassary Ith@aghl tm)almj Otﬁrratn(ealhdawrbmgamd it | ivi z depaemrel Eoad

i sotopes al | ow.n Qr ormations. of t enri ched i sotf opes
oo e dorihifibal SeeRBEEL SPershon iert, e SRRisR ot Flemibiss it made, o
bei ng i nt er r @@giaficon AiCHEere RtrubRnOaSt RS Freqstht Ye-calibration required for

quantitation. The ratio is optimized for accuracy and quality assurance at and near

15  the detection limits of the measurement.

" In another embodiment, thé method and ‘apparatus
enables the IP-MS to enhance the quantitative evaluation of the concentrations at or
near deteci:ion limits by optimizing the enriched isotope ratio used to spike the
sample. This method permits an optilémm isotopic ratio at and near the limit of

20  detection that definitively establishes the threshold of detection and the uncertainty
of the measurement. The optimization of the ratio for detection limit and near
detection limit are achieved by mixing bo'th natural and multiple enriched isotopes in
selected quantities of the same element. This improves traditional IDMS methods
wherein this measurement is uncertain over a very wide range.

25 ! In yet another embodiment, the method and apparatus

“quantifies elements w1thout speclatlon information by mixing known enriched
isotopes of elements in a semi-continuous process with the in-process sample stream
from the chemical solutions being evaluated. The ionization voltage is purposefully
set atypically high enough to eliminate species information difectly at the source of

30  the mass spectrometer to optimize the elemental quantitation.

10



5 eval uated using-very |ow voltage and softer ionization conditions
preserving the species information of the sanple solutions 28Udly 3008 sane
apparatus automatically controlled in alternate nethods. In still yet

anot her enbodi nent, the nethod and apparatus uses additional solution

mani pul at i WR 03085 | ntroducti on of the stable optin zed PESHYHILES3P0 10
alter the chem cal species to permt optinmumionization for maxi num
sensitivity and detection limts. O her solution manipulations may be
performed to change the matrix of the fluid to permt optinmumionization
for maxi mnum-sensitivity and detection |imts. In still yet yet another
enbodi mrent, the net hod Iasdl ajpger ahhsdinienk eite md&hddd apiaratisatgesst abl e i sot opes
with the sanple and:the resulting solution is separated or

pr e- concent r ACBUIEAYL BuBHwx wegkly ligand ppitmiged ensichedeigoloprsi lowingafor apdcisn,

optim zation AR bt dh Al -onewnr d ' ty . the
nmet hod of alﬁa%mn_gt ed Pwo%g%Ft%q g%toﬁggsﬁgpggtﬁnﬁéﬁy@i%ﬁ%)% Q§thrhgvi di ng
a sanpl e to IskepEtry ef fhezergentgifering Geing intepogstedn Thehrespesien bledhémditaflgs of
el ements @r ' fecti equi |l ibration

t her ebet éen%@ﬁbetagéiglﬁk ?%?jgtkgevg S %t?éeegx’?d;% er?ﬁ%%na?oédﬁﬁg%ggeﬁ%?g‘& 8 to

at nospheri c ppessunratnnzaf the sampleisohitions wsity the shme gperathy alremagcally

i ntroduced into SS,, Spectr ter for isotopic ratio determnation and
delivery of {lhgﬁ@k%%&#ag%mf’&g%t he determination to'a 25 microprocessor
whi ch in turn through @R s@PRk bt EmBddiBsH SheRBRLSPindabpLRE AL on of the
met hods. Infornpatign is al so 1cAeI,l vered fromthe m croprocessor to the

syst em bei _ng"’Ld fing! golaton Janiy ﬁ‘é?"c?ff?ﬁpﬁ?"dﬁ%té’f‘ ahihsr Sabie eRsimized inetapcsitevel s

may be nqoi t Qietkhabhentibg spédidsdo pERGEoPEMRh idnikaRad s nSIRhEN S siti?ritﬁrr%ﬁd

sem conductor, industry, in the cleaning 30 of wafers an early wafning or

al arm may be ds8cinelimitas Jather velution mapipnistinenmey die nerforged o whagesthwD

02/ 060565 P / liev p ﬁggﬁpi- 3 r alimk in the

case of war %Agiﬁgirégc |%gt80ééhufe%x@;ee |nd&? e gg@g%ﬁaﬁ&p{%@ %gélgw r£kalzrll al arm
letection limits,

In still yet yet another embodiment, the method and apparatus mixes
15  the optimized stable isotopés with the sample and the resulting solution is separated or
pre-concentrated by element and/or species for sequential evaluation, optimization
and maximum sensitivity. | |
In one preferred embodiment, the method of
automated isotope dilution mass spectrometry includes providing a sample to be
20  analyzed, spiking multiple enriched s;table iostopes of elements or species related to
' the sample and effecting equilibration therebetween. The equilibrated spikes and |
sample are then subjected to atmospheric pressure ionization with the ions
subsequently being introduced into a mass spectrometer for isotopic ratio
determination and delivery of the information from the determination to a
25  microprocessor which in tam through a controller effects control of operation of the
- methods. Information is also delivered from the microprocessor to the system being
monitored. ,
-In a particular use, wherein contaminant levels may be monitored at
the ultra-trace level in baths employed in the semiconductor industry, in the cleaning

30 of wafers an early waming or alarm may be sounded responsive to a contamination
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Correspondi ng apparatus is provided. It is an object of the present
invention to provide a nethod and 5 apparatus for in-processo auly®@uesed
anal ysis enploying a nodified formof Isotope Dilution Mass Spectronetry.

It is yet another object of the present invention to provide such a system
which is aW&@es¢or automatic and unattended operati on.PCT/US0/4653¢ anot her
obj ect of the present invention to provide such a 10. nethod and appar at us
for qualitative and quantitative identification of elenental contam nants
or conpounds and species in fluids. It is a further object of the present
invention to provide such a system which is adapted to be enployed in |ine

and to provi qggeh LAl L8 6 RS, til equl.ring highly skilled
personnel for t hea_{)%]f))er atgﬁonggﬁérttﬂ\eé&g%yng&ﬁ%qﬁ% ‘TS %Wi’%e?r %@f‘éﬁ@ %f the
present i nverskpesdingdhgyaniinthesaelof an slgsh.em for unattended operation

wherein operator calib Lon and analysis and,direct conparison against a
calibration curve is ngt%ﬁ?sg’aﬁll?%?paﬁak‘%il%prav ﬁq’t her object of the present
invention to enploy isiit BpirCobjaiti 6f th@epreseit Mdiehiduds td BRfvidee R UntiRodagi M ze or
elim nat e nstrument SIabI|It¥ ‘Para ters as . 20 sources aof error in

quant i t at Pve HRBATP éelfeProqess Fuiomated anglysis epplaring grmedified: fasgenf Ispiopent i on

to provide sumifution3¥8% Spacrshibey) may be operated in one node to quantified
anal ysis of a species or elenment and, in another node, to provide solely
rel ative analysis of tHelSogh@nother gbiech pfdhy Prasensfinyantion te puenidé meenei on to

provide a fulsbyed Witk Ghpted 40t aﬁ%ﬁﬁ'ﬁé{ﬂ.ﬁ@%&‘ﬁ@meﬁ%@ﬂ dical chemstry tool

that in rapid and accurate fashion w termn ether a wet bath is
cont am nat ed and t her eByisichiandter ahigeé redithe preserd dueamtloy ite Ipgievidkiendhoa such

Conk e 14 Stk e AL SERLe o ORI B PR
and to ext endoﬁt@iﬂah&s@scmﬁpouﬁdb aipprsdsieflvidagent s used in such baths. . 12
ggcﬂugysig?g ml ;[Nh: iha C;ﬁ ri§ Q ‘Ia‘urrth%rb J)b?gc;[t ogfthetpq‘gsegtr i%xsrglrt}gn I1:on£)/1%9itdlﬁ %Qck;[ :? S)Ff)s[;;é)n\ll | de
which is adapted to be employed in line and to provide a reliable sensitive system not
requiring highly skilled personnel for the operation of the same. ' |
15 It is a further object of the present invention to provide such a system
for unattended operation wherein operator calibration and analysis and direct
comparison against a calibration curve is not required.
It is a further object of the present invention to employ isotopic ratio
déterminations that tend to minimize or eliminate instrument stability parameters as
20 sources of error in quantitative measurement.
It is a further object of the present invention to provide such a system
which may be operated in one mode to quantified analysis of a species or element
and, in another mode, to provide solely relative analysi's of the same.
It is an object of the present invention to provide a fully automated,
25  comprehensive, analytical chemistry tool that in rapid and accurate fashion will
-determine whether 2 wet bath is contaminated and thereby minimize expensive,
reduced yields due to such contamination.
It is a further object of the present invention to provide such a system

which is usable in clean rooms having silicon wafer baths and to extend the lives of

30  expensive reagents used in such baths.
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provide reliable assays in an automated fashion a nunber of tines per hour.
It is a further object of the present invention to provide such a system
which is adapted to accurately and rapidly detect ultra-trace quantities
of a specie within a fluid enploying isotopic ratio dete@iJwly 20 In a
first aspect, the present invention provides a nethod of in-process ratio
mass spectronetry conprising providing a sanple having an anal yte,

provi ding an isotopically-enriched spike related to said anal yte, spiking
the sanple w thlitike fispickébj@ndf fhe presdot inventidg td protitié Llith AyHEE Which can

t her ebet ween t|n sai d equi r.at e anpl e to atnospheric
pressure |on|d}§%u§ 48 1?55?'5("%% (iira?lﬁglf%?%ﬂ(’ﬁi%ﬁslpszllfg’?ng said ions into
a mass spectroneter such that the nass spectroneter forns an anal yte
response and a spi ke res ocessor. u5|n ara of the
el yte:r esponsdt BiduiE O RL RaLmeRsarEY Biratida Uit STHROMBIT of ¢ he
anal yte i nadd;mdsammumxelzaﬂmraﬁldge@aMWumMc& quahiités pf @ Spdtie wWithieatfivah provi des
an appar at us fo 1500]3 )CS (% rattlo nmass spectronmetry conprising sanple
recei ving appa Bddpted T8 Fa%ei ve a sanple having an anal yte, —spike
i ntroduction appar atus for introducing at I east one isotopically enriched
spi ke into said ermttln equi.libration therebetwen, 13 29
July 2005 an at nosgﬁersf’%c e%rgﬁ:flt m‘f’%‘ﬁ‘?’i PV T%féoé‘iﬁllrhﬁmg%ff FUSERS i br at ed
sanpl e andspespmhﬁryeaodlpnmg zing the sanme, a mass spectroneter for receiving
and processing said ions to forman analyte response and a spi ke response
and a processoPreyidips e sarple bswngan analyde,of the anal yte. response to the

spi ke response to characterize the amount of the analyte in the sanple.
These and ot hempravidigg isisofopichiRy-Emvehod ke Mlatdd b SaidRiQytE Ul | Y under st ood

spiking the sample with the .spikc and permitting equilibrium to occur
therebetween,
subjecting said equilibrated spike and sample to atmospheric pressure
ionization to create ions therefrom,
introducing said ions into a mass spectrometer such that the mass
- spectrometer forms an analyte response and a spike response, and
in a processor, using a l;atio of the analyte response anci the spike response

to characterize the amount of the analyte in the sample.

In a second aspect, the present invention provides an apparatus for in-process

ratio mass spectrometry comprising
sample receiving apparatus adapted to receive a sample having an analyte,
spike introduction apparatus for introducing at least one isotopically-

enriched spike into said sample for permitting equilibration therebetween,
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fromthe follow ng description of the invention with reference to the

drawi ngs appended hereto. - BRI EF DESCRI PTI ON OF THE DRAW2dGHlf2008e 1 iS
a plot of response versus calibration in illustrating calibration curve
drift. invention. Figure 2 is a schematic diagramillustrating a nethod of
the present Figure 3 is a schematic diagramillustrating a form of
apparatus of the present invention. Figure 4 is a plot of total counts
versus tine ill usir@dmpshesé prasge icﬁﬁ&etfdsm&yﬂﬁg%ihfetquﬂig%agégﬁ 5Iei S 2 pl ot of
concentration in parts per billion versus tine also 11 ustrativ8%f nass

spect romet er spikefdnd idriigitg theGamee Pl ots of de-convoluted concentration and
ratio versus tine Figure 7 is a plot of concentration versus tine. Figure 8

shows bar -graphg gfs ikON_versus conventjonal calibration and.
IDVB. Figure 9 is a pl %{ggg&%@t 'g?)rnﬁlefi?'ﬁingoa“go?fe%‘?ﬁ?’&tﬁa@nmﬁértgLfgmsphked._
concentrati O”an];lg{ anpl es.” Figure 10 is a plot of de-convol uted

e reEVer al s
concentration versugs giﬁ?‘é’d’sf’ AePAPseAdon. Figure 11 shows a pair of mass
spectra. ‘13a 29 July 2005 WD 02/ 060565 PCTI USOL/ 46539 DESCRI PTI ON OF THE

PREFERRED EMBODI RENI%SSHcadapiedhto sise i edtioarsf tepdvalied rdipbit o Shalshik ef er to
el emental species, ionic species, nolecular species, conplex species such

as organonet &sppuse te pleracaizankt andun®biGE aSME iSihe Wthsl My be adapted for
qualitative and quantitative 5 analysis using the present invention.

These and other objects of the invention 'will be more fully understood
from the following description of the invention with reference to the drawings
appended hereto. .

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a plot of response versus calibration in illustrating
calibration curve drift.

Figure 2 is a schematic diagram illustrating a method of the present
invention.

Figure 3 is a schematic diagram Hlustrating a form of apparatus of the
present invention.

Figure 4 is a plot of total counts versus time illustrative of mass
spectrometer drift.

Figure 5 is a plot of concentration in parts per billion vesus time also
ilustrative of mass spectrometer drifi.

Figure 6 are plots of de-convoluted concentration and ratio versus

time.

Figure 7 is a plot of concentration versus time.

Figure 8 shows bar graphs of concentration versus conventional
calibration and IDMS. |

Figure 9 is a plot of de-convolufed concentration versus spiked
concentration for several samples.

Figure 10 is a plot of de-convoluted concentration versus spiked
concentration.

Figure 11 shows a pair of mass spectra.
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The term "spi ke" as enployed herein shall refer to an enriched isotope of
a-specie and/or an elenment. As used herein, the term"ratio"2¢liqlkl20ngfer to
an isotopic ratio of a specie and/or an elenent. 10 The term"fluid" as
enpl oyed herein in respect of a mass stream containing either "specie or
el ement” oV OYYMORS" or both in the formof, but not |i nPERESOEES3e | quid or
gas. The term "thresshol d'. as enployed herein in respect of a |level of a
"specie or elenent" above which the "specie or elenent" can be determ ned
15 quantitatively using present invention. The term"quantitative detection
limt of an instrunment” nmeans the |owest |evel of concentration of a
particul ar el ement ODESGRIPEIONDFTRY PREFERRFE EMIRAOIMISLPS !
gquantitatively. In this invention the isotopicallTy enrl standard spi kes
added to the 20 sanpl’dcakEmal'pesied as ocmplnyed: bersine chak refguitd | demermMi t h t he

i orati on Phosnong e, dhodollef BB TERle e ek of onafpumetin of t he

i nfformati on then ‘becones aval

enri chnment nipreicoamipariynotia spbutes wiith maf oe aﬂwtémm?hgﬁgﬁQVQh ﬂﬁ&ﬁtﬁﬁi@ t he
threshol d. detection. level is not enployed in traditional nethods as
quantitatlv PEATRE R PrEsephiBYentiRBn t hr eshol d detection is the 25 , goal .

The nethod and appar atiyg @ff "é?iﬁ@" gl )ﬂlgyeﬁrﬁ)%gﬁsshgﬁtoelrtﬁdﬁj%{j - trace
e SI'S. 0

el ement, contam nant, and specles ana I's Thve for a
met hod and dppepeaeisspede andfdrandlenand! i ng i n- process/ mass spectronet er
(IP-M5) analytical a arsg%ﬁs I hat uses optim zed stable isotopic ratios
for in-process automated™sd EhHt BN g oPal} Befelole. amisetpigualie v8ei ve and
quanti t at i vepadi@hyFoSaOdledédty a-trace 14 29 July 2005 WO 021060565

PCT/ US01146539 el enments and species information is avail able through the
method afd in this The term "flnid" as employed herein in respect of a mass stream

containing either “specie or elemeni” or “spike” or both in the form of, but not
limited to, liquid or gas.

The term "threshold".as employed herein in respect of a level of a
“specie or element” above which the “specie or element” can be determined

15  quantitatively using present invention.

The term “quantitative detection limit of an instrument” means the
lowest level of concentration of a particular element or specie which an instrument
can detect quantitatively.

In this invention the isotopically enriched standard spikes added to the

20 sample are allowed to come to species equilibrium with the isotopes in the sample
prior to measurement and quantitative and species information then becomes
available in the same solution. Adjustment of the enrichment mix fo optimize the
ratio for mathematical evaluation at the threshold detection Ievel is not employed in
traditional methods as quantitative information rather than threshold detection is the

25 . goal.

The method and appai'atus are usable in in-process automated ulira-
trace element, contaminant, and species analysis. This invention provides for a
method and apparatus for a fluid handling in-process/mass spectrometer (IP-MS)
analytical apparatus that uses optimized stable isotopic ratios for in-process automated

30 a;ld una_ttended operation. Both qualitative and quantitative ahalys_is of ultra-trace

14



~apparatus. The nethod uses a mass spectroneter interface that is an
At mospheric Pressure lonization (.APl) systemthat allows bgd by 2005
quantitative el enental neasurement and species evaluation. The
handl i ng system i ntroduces the separated and 5 optim zed isotopes |n a
hi ghly excReg8%85e 1igand formthat is dynanically trafs¥6Hd o the
species occurring -in the fluids being tested. The stable enriched
i sotopes are. optimzed for ratio nmeasurenent enabling efficient nonitoring
at and new the threshold of detection. The present invention in one
enbodi ment enpl oys dynanic mixing of 10 the standard enriched spike into
the sanple iciemenieraztdos;febfemim‘aﬁmﬁmdﬁshvﬁdblaﬂhfdugh thd nRdhcd ahBSH this
spectrometers_ar 'f‘lt] rr@n%s t hat are not qenerally operated in an

I’Sl‘o f c

unat t ended 58517 S pUEF RS rs e agsthakeernafMaesplienco a week

at a tine. PRE‘EEHiZ G APDHPSed Ihdt ABSRs bAS LiAATRATSeIahiRS rﬁéaeﬂeeﬁ%ﬁ'ﬁges
that occur in 15 stability in_the calibration and operational conditions

t hat subst an?IPdaFH’e)‘ileéI@c"é’Pattqﬁ‘e The dvid handlipg sysipmbintedupes Bisasrperatddnandeagent s
and sanples ghispizéd li&AdpesaaSsa TligWy a&éh%n%%é q%jancf;% Lhang ﬁgnatrmg% ly

i nstrunent and change with tinme. Al se “si tuati ons
deal t with t#asiyyme mtmws aeaeiTing de teniidds beieg telstccat The sahlt ensiched

calibration {23% PQst Brel SRR ?%ona%'%txﬁ 2 enf”‘Qn%b u'e c }qllglnl[%gﬂgfte io be

t he present nvent nmet ho appara
operated in mrﬂrcahrteetmdtbddemamuner that is a substantl aI departure from
attended operation pr ere erat or ga i bration and, analysis are

typically performed. é)éft'se dﬂ’f?gfl?% ong FRYediment epploysdynamismixing of |
elimnated tiheQuaRald @ridid Plkerifol @e @E}ﬁﬁl‘érlﬁ%% lhfRR Pksik&RharfD d tine

dependent alterations are renoved through the reliance on 1sotopic rat| 0s
that 25 renoWféectshe i nstrunment stability pararreters as sources of error in
guantitative measur engnt.. oce I sot utio J'ret hods of

the present invention caﬁpéé?réﬁgtfs E%ﬁlt“f Er}e&ﬂye?&er ¢ i gnal
suppr essi on amghatiended mavear foséxgemied ltlﬁfenmnsds, sﬁdh@& eé\&m dapkiongweek at a
quant i i cat | g O rhBShORHGuS) BB idithnedD HBRLSNAS0,OPRLAION fieasi bl e
15  stability in the calibration and operational- conditions that substantially alter the
quantitative capability. Changes in reagents and samples also affect mass flow and
physical conditions of the instrument and change with time. All of these situations
are normally dealt with through the manual and independent calibration and re-
cafibration of bcpthr the mass spectromieter and fluid handiing systems. In the present
20 invention, the method and apparatus enable the IP-MS to be operated in an unattended
manner that is a substantial departure from attended operation protocol where
operator calibration and analysis are typically performed. Direct comparison against a
calibration curve is eliminated through the use of ratio measurements. These physical
and time dependent alterations are removed through the reliance on isotopic ratios that |
25 remove the instrument stability parameters as sources of error in quantitative
measurement.
Using the in-process Isotope Dilution methods of the present
invention can significantly overcome the problems of signal suppression and non-
linear signal response, therefore making quantification of inorganic elements and

30  wunattended operation feasible.
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WO 02/ 060565 PCT/ US01/ 46539 Referring now in greater detail to Figure 2,

a,preferred nethod of the present invention will be consi des®guly2005
conveni ence of disclosure, reference will be made to nonitoring of wet
baths of the type used in clean roons for wafer production in the

senmi conducW&y 0206t ry, it will be appreciated that the HeVHYI43°5 not so
limted.. The present nethod has the capability of perform ng both
gualitative and quantitative analysis regarding specie and el-enental
contam nation levels at the wultra-trace |level and at the quantitative
detection limt of the instrument. Traditionally, a plurality of baths,

each -containi ng aqueoRsfeingQlodARigfeab @t FRbds | PRSrerRl v Wi th
the wafers to be cl eaned belgng squﬁent iall yotgquien 'f r'omc% gl}leg{(@a#fﬂﬁe?o t he

next- As a r @swent inyentipewdhbe considored arffor tconcaicecanoindisoldvatd) eeferencntvillti nant s

i n each bath.ar ithin.tolerghle Jimt The faiture to do sg can result
in very experii’giI\S/z(’laa,‘\allaércl’dmf’ﬁu R s %’%ﬂg BE?EOQP%PB H‘t?le%é?oﬁse n¥affhvent i on
cont enpl at es peéduasen Bedie §ethicatduadr indubigy Ot wsReb abfk%&at@& tRdt MY ERABAYS

anal ysis of sanples fromtwo or nore baths. It also provides a neans for

ascert ai nPng M8hsa Weitads Hhesreseat mpthod has the sanabilitiodf neformiag tboduduatitatipeci e or
el ement whic 9y ' . ' lon if . .contanjnation
exi sts. One %&i ﬁg;%lst%du gtggﬁrl fﬁlén%g?’ﬁg@os%%%? rrai]?d glgﬁg&%ﬁ‘o%ﬁ %ﬁ"ﬁ%‘ﬁfl l%v§ e% fhoits
speci es conpadid-irar, lévee andnmponheat quhtitatiee bivtdodomninitt be wbergakedteact i ons
occurring therejn. Elenmental, Species are controlled by the chem stry of 't he

sol utions 20 &HBONNIY ¢ AcPIPRalitye 85 baths., epghecanbuning | agueaya ners prgpnig pwlvent ons
that are in S : I Ll ] gﬂﬁ% | e the
cl eani ng and@{gl&:%ci i ﬁgar b@% lgﬁf(ﬁg{mger%&eﬁfggc@ﬁ%%g@n t g{qgéqﬂgfg%?g@g{nt _
speci es @6t abhé dathdta thetieate 4uneresut, Uit ibeommdsyimpdamitniandetamiinn whetpd ex

formati ons such as ueous. hydrates, fluoride, chlorjde, _ammnia, and
hydr oxi de. THe® It VcﬁP?@{'ﬂé%&fl‘f%alﬁﬁlg@%‘ﬁexﬂe&%@}faﬁﬂd%fr et 25 i | |
be nai nt ai negh iverynexhii®s ahd d@RdcoNsihing 1B50Be brddRtd Bl NERRs idRhtdd 1S

introduced. As a result, the netal ions in the high purity solutions of I
% 10% HF aqGewesplatss pithensagyenisl analysit of epeh Hathi avatimdltingowshanalysiiopf de i on

1 920 COME eyl Sh i S0t ORI e e YL g0 nan
progr essil¥el pasivoé iddndfitatioh | dfahe garticular specie or element which specific bath is
subject to contamination if contamination exists. One may also determine the origin
of a contaminant based on its species cotnposition, the component of the baths and
the chemical reactions occurring therein. |
Elemental Species arg controlled by the chemistry of the solutions
20 and by the processes in the specific chemistry operations that are in process. For
example in the semiconductor industry where the cleaning and etching baths that are
described in table 1 are present species established in these pure solutions by
dominant anion complex formations such as aqueous hydfates, fluoride, chloride,
ammonia, and hydroxide. The stability of these ligand complex ions and molecules
25 will be maintained if no other ligand with a higher formation constant K is
introduced. As a result, the metal ions in the high purity sclutions of 1%-10% HF
aqueous solution by volume will be dominated by the fluoride ion ligand complex.
In solutions of HCL:H,0,:H,0 (1:1:6 by volume) the dominant ligand will be the
chloride ligand. For example iron(Il) has progressively more stable fluoride
30 - formation constant of K, Kg, and a K, of 2x10°, 2x10° and 4x10", respectively,
16



30 - formation constant of Kfl, Ka, and a Ka of 2x105, 2x109 and 4x1012,
respectively, 16 29 July 2005 WD 02/ 060565 PCTI USCL1/ 46539 (¢ htwy2069nbi ned
Kf of for all three of 4x1026) and chromun{Illl) K" 2x10, K, 6x108, and Kc
of 2x103 ( ezﬁjggg ned Cr(H') for a [CrF]conplex is 3x10'% is. In the HC
sol ution oY a K,, of approxi mately 3x105 and for PFEHRYBHISY Kk, Ka,
KO andKf4 of 30, 134, 9S and 1.0, respectively, The other solutions also
have 5 differential |igand formation -constants for hydroxide, amoni a,

wat er, hydrogen peroxide and sulfate. If the iron is present as a fluoride
conplex or as a chloride conplex or as a hydroxide this wll change the
fundament al diwithisstapbingdd Khef fomilbdaed bOMEL0PN ahd ehRAIRSAS K NBc0eagti ons

are equilibri dhat will be controlled b the sol ution [igands and the
reaction pr ooéi‘gbs?‘n‘ii ﬂaﬂf&ixl@o fthfecqﬂé%@eé&f&IXQﬁﬂk%ﬁcﬁﬁfl&mplws i%lﬂ%’) ist okn thxanpl e,
in a plus thrge Qxi ; t | ' aapd, ch as a
nitrate, the 1|i ganégg]t‘c‘itz eﬁg%ilﬁieoﬁmé&?ﬁxg%t%g%gm‘?gplfwﬁéﬁg@?aogﬁ‘e%ﬂ’i o the
speci es that andKgarfi 3xnf34,n98 hamds by trespactivaly. s Ukire gthentsbintivhs hlse Gavki br at e

dynam cal ly opzline,.qr in-process wth the el epental species contam nant in
the cl eans?/ ndﬂﬁ%ffﬂ’abﬁ'géﬂfg RO, CoRStAnLs %"thyér%ﬂ FUPOH R WP SRR s i n a
process, for pkmxeteadial Qifated MRhEfrofk iSHRN0as 2 HLEAGL bée}l?mplgﬁ gp é% F%hl%i-ih{:ca |

matrix and maski ng reagents nmy occur andalt may cr f'eren
speci es, Fe(|womplsk Feps 3 hydexide-thisrgilindmspalthe fondamesthhbhanibtingafdhe peci es

it may al so resent dn.solution and a different |i species Wl | be
evident in t ﬁgtelgﬁg%n%ébe%e R%@ss % B‘S&F?%Pnse%{&ﬁ‘%!ﬂ’ifg 8 matT‘ﬁﬁQg? g‘Pﬂgﬁﬂ%Bﬁ i onal

i nf or mat i onalthaehludn Bindoved Y RMbHSrERIcROdBy tAudingemt e iikdigoehen cal
i nformati on heyond el emental species-contam nayi on and adds the dinension

of cheni ) dilefn exappla, gninplus thrpy exidationcytaies sneeips in a veddivedloligandf a

cont am nant PTe] | ; ' : . the HE bath and then is
measured in 1(‘.% h&etghés]%%lﬁgatt%qggtl Qlth)d;gi:/\glg gﬁ:ﬂ%&ggﬁﬁet y%a?lfcaﬁ%ﬁrﬂnﬁ%?m)}n@etbﬁi nits
li gand of or isgéaespehati ist idogidane ini dentsoliticnt addn sabsefiR@ng O RiIRdqRAbE0E
source. This data iﬁr an_additjon to the conplex 25 information that wll
be obt ai ned FRGAHG ORIINE Grelnrgeresy Withhe (simestab Sardiesneonanipang g el at i ng

or conpl exi NG1daMiag Bath WM dHemical process, If a chemical reaction occurs in a process, for
15  example, in wafer cleaning, a reaction with the silica matrix and masking reagents
may occur and it may create a different species, Fe(ll) or Fe(lll) or Fe-
organometalic or a stable ligand species it may also be present in solution and a
different ligand species will be evident in the speciated mass spectral examination.
This is an additional informational adjustment over previous methods that extends
20  the chemical information beyond elemental species contamination and adds the
dimension of chemical specificity to the in-process chemistry. In addition, if a
contaminant originates in a solution such as the HF bath and then is measured in the
sulfate bath or water bath it will very likely retain its ligand of origin permitting the
identification of the contamination seurce. This data is an addition to the complex

25 . information that will be obtained employing this method.
In 4nother embodiment a strong chelating or complexing reagent will
be added to both the sample and the spike and the quantitative measurement will be
made as the complex. This chemical transformation of the species controls the

chemistry of the solution and enhances the measurerent and enables control of

17



be added to both the sanple and the spi ke and the quantitative neasurenent
will be made as the conplex. This chem cal transformation ofgbhig RECI €S
controls the chemstry of the solution and enhances the neasurenent and
enabl es control of 17 WD 02/ 060565 PCTI USOL/ 46539 chem stry paraneters that
may ot her WoP296056%t ri nental to the detection of the anBfY/P/46%9 nterest.
As shown in Figure 2, a sanple fromone or a plurality of baths is
provided to the systemat sanple introduction 2. A portion of the sanmple
(the singular 5 will be used as a convenient neans referring to one or a
plurality of baths as the source of the same dependi ng upon whether the

sanpl es are tpksl A REEUSE Inay BFeMbi I t -b-bthﬁg s or
si mul t aneousl y aﬁt(?a(?gr- m ngl gg%? vﬁ”i I ﬁigiémg%]%#r%gggeen%lﬁgn@% %éﬁ:g&%’é ?@e
anal ysi s st agralpeswkinteiest.det er mi nations will be made regardi ng whet her the

sanple is at the desirgd pH level , has the a%e uate anmount of 10 reagent,
and the desired physi cgf S‘g"ﬁ’ﬁy Blrﬁgﬁ‘?nﬁcaafa"ﬁﬂl% Qﬁl‘t?r@s‘?r%ﬁwlﬁ%(’féﬁ%émture.

Thi s i nf or mapiavided so inatsysaehierdmplatiftrédietion I ARbARASS Ok Sgigpl!e[qﬂ% Siabfd: by the
dashed |ipe f?rb handling in a manner to be di scussed hereira . As the
present sgst il ibe used a3 agonnisabiears [FHATIRG o ekE, ohe phwalite @f bads @sfhwat i on

of specie i deqfréd bEatel e dwaicﬁﬁga{,ﬁaf@lynetﬂmthg%ﬁg%& afeit tr\él.ﬁéry andof,rﬁgé SOpnt

al
15 identification, qualitatively and quantitatively, ree ne S may be
enpl oyed wi t Hidividualg ¢t asteath-byathebasis) ér simultanedusly rand doemihgtedy mviillebe

qual i tati vel y-lih&dPhesSH2 { (o] Q’ﬁ‘ anpl e .f rom sanml e :
introduction is Fﬁefjr o%uce%glpﬂ eo&gﬁgﬁcgrgggr% %a eﬁ%}jl fFpitegs 3%‘8@3’31‘??“ wher ei n
i nformation pgewdingehdther thessampleisan teydrisisedpH devel, haohe adefER andddntod | have
20 enter d 0 tion and anal s's#-\/\tgich, in turn, distributes the
i nf or mat :ﬁgn %%gen%%%ﬁ&fssﬁsdé%s SIS%I %“dé‘lfn o Pmﬁﬁ",“eﬁlrﬁléhf‘? FRRREEAPEE-
provi des an Ghispufbrsitgndd mabdeel inleRd ndropoc@bMoGadicHadiyf the Asheiide to
provi de what ever (@% ust nent i nget(pe chemisiry, such as pH or reagent
content, or %ﬁ?‘éﬁ’ £ Uh B fele ‘%‘i&‘éfr‘?dz;@mf‘@ erature, to the sanple prior
to the next stage of SE¢THHeCprRYeAC SRMmMTs addifedSRMMoSide 3DattRdid i Afbmdiss t hen 25
delivered to, the so]ution-handling unit which if the objective is
qual itative, defernipaiop s specie identification, qualitatively and quantitatively, or elemental
15  identification, qualitatively and quantitatively, three methods may be employed within
the present system.
If it is desired to determine, qualitatively, the presence of a specie, the
sample from sample introduction is iniroduced into the chemical modification step 12,
wherein information provided from sampie analysis 6 to microprocessor 10 will have
20  entered data collection and analysis 14, which, in tumn, distribuies the information 16
which is passed onto coniroller 20, which, in turn, provides an output signal along
lead 24 to chemical modification 12 to provide whatever adjustment in the chemistry,
such as pH or reagent content, or physical properties, such as temperature, to the
sample prior to the next stage of sample processing. The sample, as modified, is then
25  delivered to the solution-handling unit which if the objective is qualitative, evaluation
of the sample will deliver the same to atmospheric pressure ionization unit 32 which,
in a preferred form, is an electrospray ionizer. This unit serves to ionize the
components of the solution including the elements and species and, if desired, de-
solvates the sample. The oufput of this unit is delivered to mass spectrometer 36,
30 which may preferably be a time of flight mass spectrometer, or quadrapole mass

spectrometer, The information from the mass spectrometer is delivered to the
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of the sanple will deliver the sanme to atnospheric pressure ionization unit
32 which, in a preferred form is an electrospray ionizer. Jdigy$abk
serves to ionize. the conponents of the solution including the el enents
and species and, if desired, de- solvates the sanple. The output of this
unit is deMYEE63 0 nass spectroneter 36, 30 which nay pceAisnalssy be a
time of flight mass spectroneter, or quadrapole mass spectroneter. The

i nformati on fromthe mass spectroneter is delivered to the 18 29 July 2005
WO 02/ 060565 PCT/ USOL/ 46539 m croprocessor -10 into the data coll ection and
analysis unit 14,- which, in turn, delivers it for information

di stri buti onpli@obtdkdss l ., 0, teh, | e . | gyed in
controlling op_ergl?i_ on&g}o tuﬂgqihénr?%ﬂra u%él\r%%uo\?ivi ﬂds %Iliea%fSEe)sdeggE" mg’ é‘hrtrYfP’e

i nt r oduct i ond8livespitk forj inforpatinnt fdismibaion ehenitck. rMnirhativat whioh 12, oSk Ut i on

handl i ng 26, | & 0r re i-Qpni zation 32, an SS spectroneter 36
for appropri g@gﬁgg? ?rggﬁ{&oﬁjun%t (ﬁ%?aﬁo?é) f’? %Ingjg(r?[gﬁft v %gﬁlﬁ’?ﬁé" ianfa8iPiat i on
may invol ve aiwépetiont?; spike inhnducties B8, etlemicainaedificaioh 0, sefutieR RhfiMnp 2Rt s, 1 f
an early warpj }ile%ctoslsoue pr ov't.deg or .an alert or shutdown ordered, the
information ;o oS0 oI TVEr B Phdnd Rass Reremsiri0eion aPRIpRIENE adtiont r ol
the oper at i oRuxttierf thehqxyeai Rabhictytht afomiitioh na§ iReRA JPAhl-O5ed achesﬁQF 10

i nstrunment. This .infor r}at ion,may al so he provided to operational personnel

who woul d bESPHAMBE! FPRATIGES o 1P saHy WimiRg iyioabripravided of Ak elareer on, but
al so data r sigadciiiiiabile hORRAHEGERLRALI 10 hOUMELEILBEE S nGnd ot her

information of interest, including optimzation Informtion: Fder i ng
anot her nodeCStrofptheatpegmtionod! thaephysictlosystent vihichi 5 biing metitbied it dien

quant it ajp Ve detgLdn 1 . an el : sanpl e.i ntroduction 2
delivers a slarrpl eérgﬂon?héegg%ﬁn%fgoﬁ#ta O@%ng% BFPR'P%%;‘? i°88fg89&?érpé’55ﬂme ¥ hed
separ at ed i sHPWEe prowided xadi rioh odlyl the evating aneé aldrtyinfunpliay ibag aB dRawher e
they are' m it Rt ) e _and subjected tq equjlibration. The

equi | i brat edﬁ; Egrgir?%l tehei QE? hcgﬁgjbtars?%@ﬁgsf ﬂ?’%ﬁ]%ﬁ“c‘ﬁﬂﬁf’ %I% Agr anfenaation @b and
sol ution hanidreny iR@udifig optinataatih inforgaes. tConsidetihafotHep FRUOOE 8Pkt and
then to at rmgﬁﬂg;ﬂ gbc@'rﬁstsure.zg i&\}r}i.zat lon 32, after which, it is subjected
to speciatiof prot S Bgeyed IR Gtrinpptitatys deferminationgef an slsment divet er 36
wi th t heldbut gudplofntiodectizh eSdaives t Afpleto M8isPlte introduction location, wherein

enriched separated isotopes are mixed in dilute or a weakly complexing mode where

they are’mixed with the sample and subjected to equilibration. The equilibrated
sample is then passed through chemical modification 12 and solution handling 26
from which it goes to liquid chromatograph 48 and then to atmospheric pressure
20 ionization 32, after which, it is subjected to speciation processing 50 from which it
-passes t0. mass spectrometer 36 with the oufput of the mass spectrometer being
processed in microprocessor 10 and, as appropriate, passed on to controller 12 and/for
system interface 40. For the elemental mode, the voltage ranges from about 200 to
- 1,000 volts and preferably about 350-400 volts and for the specie mode from about 2-
25 30 volts. In this approach, an enriched isotope is provided in the spike introduction
38 for each specie or element of contaminant sought to be monitored. If the sample
were a gas sample, it would pass from solution handling 26 to gas chromatograph 56

and follow the process. ‘
Where quantitative element determination is to be made, the output of
30 atmospheric pressure ionization 32 is delivered to processing by elemental mode 60

from which the process sample enters the mass spectrometer.
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-processed in mcroprocessor 10 and, as appropriate, passed on to controller
12 and/or systeminterface 40. For the elenental node, the f@h+$gﬁ05anges '
fromabout 200 to 1,000 volts and preferably about 350-400. volts and for
t he specie node fromabout 2 25 30 volts. In this approach, an enriched

i sotope i sWREUHEH in the spike introduction 38 for ealhTwpHEIESOr

el ement of contam nant sought to be nonitored. If the sanple were a gas
sanple, it would pass fromsolution handling 26 to gas chromat ograph 56
and foll ow the process. Were quantitative elenent determnation is to be
made, the output of 30 atnospheric pressure ionization 32 is delivered to

processing by el ement aRefgo@ t6Pigufd DM sGHodDS O apiers, the
mass spectroneter. 19 29 JuF_y 21(%(‘)15 \7\0 02/8060565f%@%rﬁ%gg%§16§§;m§”i ng to
Figure 3, thd%hqdsoistie wresanttigyention wihpspesifigsrefesabt do janprefeered mediivaidasof t he
present i nveRfhisfRedhiddesiacl il - ferred nethod as

i Ilustrated and dg_scri begﬁjfég l%gorgﬁg‘%ﬁkgﬁﬁ%l%ﬁe% S&Eé’??or?ﬁaénp 1BV e Ssanpl e
reservoirs 100 ppwviseiagrerigomef the sample to lile smpl! iatrediatioh epgaatid B02. NfHeoduct i on

appar at 10 be..i.ntrodyced entjally for independent
plrogc ess??\g or%mnglP Seﬁg)él&?gﬁj?g 0;98%%’(%1{8%%f&cféﬁmg?pﬁﬁqefsigﬁ’g’fﬁénﬁ OF’)CI)‘F d%%‘-eil%' ‘Hfgloed
processi ng. Antpun¢adeimufantdislystanpb-gninglyd pleeseify. i Wepsitod 6f fRERhEleansl yzer

106 whi ch determdnes certain ghem cal jand physical _characteristics, such
as, for exarr%?élgiwﬁﬁ 0§ ﬁ@@ﬁ?&éﬁ??@ﬂ#ﬁ%ﬁ'&cﬁ%&%ﬂ?@l ajghplpssicali n turn,

delivers thechathqutistitsp siRIC bQPloPCRESPle, DL, & A%@ltr@dﬁf:aﬁlraﬁ&?saﬁﬁrtcm{é&a rn, 10

has the data ¢ollection _and analysis unit therewithin 114 process the sanme

and deliver Y BtypaQaiivers thy ctpytiiemisepressser 10.6The wipregpeshsor,lia turn,
I nf or mat tON FRYHLPE . | riate f back as
thl atd @cﬁﬁ‘:@ﬁbﬁ $hd a?:Qﬂ’Elﬁ ‘ﬁhié g%gle%fftthm 11? fg&!%gsot@le a‘%rrne %rbdecge?ly%rct

needed to the chem cal nodification ratus I'n" or
adj ust ment of° fHEMBHEhfickibuten upih)idf dmim whivhrtbe irdoinstion snayf bd fasaiwpl e

the. chor cal TuRT: eort o, sBirbAnle s REREME o i SRefRr SRR
appar at us  138pHaretus ridinier onder efonleéfecr edpisisent lo€dihe Thkermighipuhd Ofhysiod _
chem cal | MOkl ER 08 FRRELANS whirc IRl i Y dilple S Rlctbn Spariinld,"0 UM ¢
15  cooperates with both the chemical modification apparatus 112 and the spike
introduction apparatus 138 in a manner hereinbefore described. The output of the
chemical modification apparatus is delivered to the solﬁtion handling unit 126 which,
in turs, depending upon whether fluid being processed is liquid or gas, will
respectively deliver the sample to gas chromatograph 156 or liquid chromatograph
20 148 from either of which the sample is delivered to atmospheric ion generator 132
with the output thereof being delivered to mass spectrometer 136 for processing.
Ordinarily, a mass spectrometer will drift and become unstable with
time, as demonstrated in the two examples provided here in Figures 4 and 5. In these
~ examples, an Electrospray Mass Spectrometer (ES-MS) and an Inductively Coupled
25  Plasma Mass Spectrometer (ICP-MS) demonstrate normal instability with time. In
both cases quantitative capabilitj( varies and is degraded over relatively short periods
of time. It is further demonstrated that relying on isotopic ratio measurements
normalized these instabilifies and restored relative quantitative capability. Using
isotopic ratioc measurements the antomated unattended operé.tion in a stream of
30  process fluids is enabled. The sequential analysis of multiple fluids of different

physical and chemical composition is also enabled. When changes in fluid
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in turn, depending upon whether fluid being processed is liquid or gas,

wi Il respectively deliver the sanple to gas chromatograph 15@.19@10&)&‘“ d
chromat ograph 20 148 fromeither of which the sanple is delivere
at nospheri ¢ ion ener ator. 132 wth the output thereof bei delivered to

mass spect VOIPYP5136 for processing. Odinarily, a mas¥ Hﬁ@éﬁheter will
drift and becone unstable with tine, as denonstrated in the two exanpl es
provided here in Figures 4 and 5. In these exanples, an El ectrospray Mass
Spectroneter (ES-MS) and an Inductively Coupled 25 Plasma Mass
Spectroneter (1CP-Ms) denonstrate normal instability with time. In both

cases quanti t:@hpos&mambamy feuiv@ink:afl edlibirdtidn ABQ ke clUraBv e teps itahé Mepy short
is further denpnstrated that relying on isotopic ratio

periods of ti
measur enent s areﬁ@mﬂtqdz%e{yﬁgs@t PhetliaipR.(uben disert salopisrratip praluation; e
quantitative capabilitieuldsd HQws 'th%%%ﬁmcmé@atl FQ &%@gﬁﬁqﬁgﬂq%@rﬁsaut onat ed

unat t ended operation in-a stream of 30 process fI uids 1s enabled. The
sequenti al an‘a&rwlmmuifes.nﬂppmMwnﬂl7uHH®3Manmﬁd®p@w anHSyMSdettrumedt. cheni cal
conpositign i.s al fluid_ 2Q 2005 WO

021 6605655 PSR ABIAT TS EHS FErom AT Ty SPUt FFdecier 7 & o at | on
and re-cal i bi:agd £m059% e of HIWS r&pbide, which iflybithlVef thelieabibiétg not on
calibration, but on direct isotopic ratio evaluation. Figure 4 shows the

Ag- 107 si gnaPefllQé‘sponse drift in API (ES) M5 over 15 minutes. IppmAg in | %

HNC3 was i ntroduced tgllj%@ E.fh'X@s'a [;ment?oﬁh\é? f)q\%h&g%r@?&guremnts

were perfornmed. The c |so give as arge as rift of

ES- MS respo naesampiu a@intdising YO pplaNi, C@lEIZnt hrd Hgaﬁwkenﬂapperpﬁrm@dd Siﬁej}lr e 5
shows actg nmeasurenents of the I1CP-Ms data with ti
1

cont ai ni A waﬁﬁwtmpwsé:wntrzﬁvcegﬁaoxgpm@@éﬁcd@aaﬁ\éﬁoliezreﬁenaﬁd |Iver) 10
was cont i nuokghie ﬁﬁ%ﬁ&ﬁ@&%ﬁ@é’mf\@ﬁ%ﬁ Rrddalidn R G Yigsdafst 10 S'X

10- minute intervals. The conventiona ation (an int roJuct | on of
known st andapusiucipg edaidhragorecured) lfdmthftsadrel@umsaw)vaa‘ prformed & the bdgiming s was

ESLLOESE 21 ﬁh?t hg g?? Lanl nghecla{rr‘grgP gdesu S for eagﬁ 10-1.;1%& perleo%rv?grg gonrlgasru ts for

to the calibration curves and the results are illustrated. This figure shows the trend
15  of the ICP-MS response drift in 60 minutes for Ni, Cu, Zn and Ag. For example,
_the response of Ag down drifts approximately 17 %, from 10 ppb to 8.3 ppb in 30
minutes; then up drifts to 8.7 ppb in next 30 minutes. This drift with the same
solution illustrates a mass spectrometer’s tendency to drift. Solution changes such
as viscosity, composition and other differences alier the signal output and these
20  further changes in addition to the instrument drift.
Figures 6, 7, and 8 de;nonstrate the capability of the present
 invention to maintain quantitative mass spectral capability for unattended automated
in-process analysis on these two instruments and demonstrate the effectiveness of
this method and the apparﬁtus necessélry to accomplish this method. Successive
25 measurements of the fluids used in the semiconductor cleaning process described in
Table 1 would normally require re-calibration for each successive sample. The
undesired instrument drift as demonstrated also requires frequent calibration and
prevents instruments operated in classical calibration fashion from operating in an
automated and unattended manner. These repeated classical calibration steps are
30 eliminated using the present invention, and direct unatiended automated in-process
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to the calibration curves and the results are illustrated. This figure
shows the trend 15 of the | CP-Ms response drift in 60 m nutesg figy Rbs Cu,
Zn and Ag. For exanple, the response of Ag down drifts approxinmately 17 %
from10 ppb to 8. 3 ppb in 30 mnutes; then up drifts to 8.7 ppb in next 30
m nutes. THAI28F956% with the sane solution illustrates BCHESE/46539
spectroneter's tendency to drift. Solution changes such as viscosity,
conposition and other differences alter the signal output and these 20
further changes in addition to the instrunent drift. Figures 6, 7, and 8
denonstrate the capability of the present invention to maintain

analysi o on 1 Rege: toanpied; THEBRRal ihniil s, BFMABRER o tird ”ﬁ{e?q‘i'wf'as?gpéﬁ o

anal ySI S on theSe two Instru S an em)ns

this method awith tehpecappwoanummaﬁq&mﬁyaltymmm@mwg Rnd B SCPT
Successi ve 25 neasure nts the fluyids used in the sem con uctor cl eani ng

f
process described in ih%J“?jraHBPﬂ‘bﬁ?“ﬁoq"éhﬁﬂdﬁes'ﬂteﬁﬂcég|mueraamrbd)byfor
each successilDeABB(RS) &S Tlaelppumjgm I%@H‘J@?Wa&'?ﬁﬁéd \g{ﬂ% AE' 139 qga rlgq}s%i at ed
ts 1ns ntis Oper"

al so reqw re fr&grent calibration and preve %d in
cl assi cal “calliif FPheaie F&W%?F“fsr‘b?fﬁ@pﬁ?@t@ﬂn@dcmﬂiamamamsmtrﬁdzoaﬂmons-

unat t ended nErHBEfountt NEISBothSP €6 St %93%.%&(33)& ta | ¢ egltdath %ﬁg@/ﬁﬁemt ed

el im nated using the present I nvention,
i n- process 2rabulad| VE 0GESUND 100y 650%5}79@ LS50 55691 malamh& whicgnabl ed.

The present ig far | Ci I'scl osure disclosed wth
respect to t\/\g&?ﬂé% ?%ﬁ% line"ig Ecgg‘l“ ']Itf% %wmﬁam a8 densoniutids.

Fi gure 6 showssedhm thatrhes@ed rﬂﬁr eRD Rhiukk w8S0lobs
APl (ES) lp(s A. lppm Ag in 1% HNCB was spi ked with *tgg)dsf@g fééént ﬁgm‘hvmy 5

Five replPcatdicheshomsarditiom ditlecinshe Figune)d BndemphiivenSeite Flgngd 1 UKok

condi tions Thg, nd .109. e _extracted and the ratio

of 109/107 was M"l“@?f at ehé%%@‘?aﬁeﬂag‘geu@e S R ST PIeezss;%o 016-

(1. 3% var i ano¥ervhe d¢st pstiodvef &S niihein Ofs tdsele Ths B&Bodsiraibd Bk-abdl 03
n

concentration s de-.convol uted_ based on the measured ratio, naI
result was 0964 Dotgdﬁ'ﬁ{ctvgﬂ?)e%‘i}%?’} af e meagyreping fordHoMS. as bottom line in

the Figure). By conparkgar MidwsfhIHE-CorfholdildRuits by applying the concept of
;5 the invention to an ICP-MS$ instrumeut for a 60 minute measurement. A sample
containing 10 ppb Ni, Cu, Zn, and Ag (Nickel, Copper, Zinc and Silver) was spiked

with a known amount of enriched isotopes of Ni-62, Cu-65, Zn-68, and Ag-109. The
spiked sample was continuously introduced into the ICP-MS and the data was again
collected in six 10-minute periods. The integrated result for each 10-minute period

20  was extracted and isotopic ratios of Ni 62/60, Cu 65/63, Zn 68/63 and Ag 109/107
was calculated. The de-convoluted concentrations were calculated and the results are
tllustrated in the figure. For example, the final result for Ag is 9.94 +0.03 ppb.

. This is much more accurate and premse measurement than was achxeved when
 traditional calibration was relied upon over an extended peried of time. A further

25 comparison of this implementation of the invention with conventional calibration for

all four elements Ni, Cn, Za, Ag is shown in more detail in Figure 8.

Figure 8 iltustrates the comparison of the conventional calibration

(illustrated in Figure 5) and the invention concept that is implemented on an ICP-

MS instrument in this example {il!ustrated in Figure 7). The four left columns in

30  Figure 8 are the results obtained from the conventional calibration, which are 9.1
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shows an approxi mate 25% vari ance there is a significant inprovenent in
precision over the test period of 15 min. in this case. Thig glapepsdrates
the ability of the invention to inprove the precision of the nmeasurenent
for ES-M5. Figure 7 shows the de-convoluted results by applying the concept
of 15 t heWOriR@SéSon to an | CP-MS instrunent for a 60 ni poI/eSc@esYUr enent. A
sanple containing 10 ppb Ni, Cu, Zn, and Ag (N ckel, Copper, Zinc and
Silver) was spiked wth a known anount of enriched isotopes of N -62,
Cu-65, Zn-68, and Ag-109. The spiked sanple was continuously introduced
into the I1CP-M5 and the data was again collected in six 10-m nute peri ods.

The i nt egr at ¢ f 10- i nut i od 20 tracted and
S0t opi o r at (EY 0P IE0URGH Tt B9 0.4 Db 65/5 CandlnaghdLog/ 1opectn
cal cul ated. Tie folg-1GMONMMESe %&n&%ﬁﬂ&'&%@@ﬁ@@%«f WRhER At e

results are illustrated in the figure. For
Ag is 9.94 03l meagmemerits Whes epplinde theceenataee 40.d1 pE@OBSS. STBAG05EMENT

t han was achi e tradi,tional .caljbratiqon was relied upon over an
ext ended perP%e%P\',&gf r%s% ﬁaﬁérqpﬁe&rﬁ’ éBrrérar“gdArg’(stﬁeﬁ‘i‘%eiY-rﬁhWtﬂé‘ti on of

the i nvensi oembisraarvie iinp@bme ih oM jreflsibiPind Rcheab P UrTnBleSIBRES N+ CU,
Zn, Ag is shown in nore detail in Figure 8 Figure 8 illustrates e

conpari son offHHACHUEAR ek Prsriss theal dopyentipen calftirhiionseven tied60 mikitgpeod) and
the inventioggggncept that is inplemented on an ICP- MS instrunent in this
exanple (illustrated in Figure 7). The four left colums in 30 Figure 8 are
the results obt ai ned f@mmﬁsteheixmmvamﬂtQm@bﬂppije&iﬂbﬁtah@@ccmzc{h Ahfiph 1 22 29
July 2005 WD 02/ 060565 PCr/ USOL/ 46539 0.4, 9.2 0.4, 8.8 0.4, 8.7 0.4 ppb
for Ni, Cu, ZRSLPRFCUEYners st vorely of iqzatiop dnterfacgh demensinatesthargsnerhe
resul ts ot apseRaldiey R RleVinbhibh %o b ' Ocystelio!

measur enment . en atgp_l i ed, the resﬁ%@g%eﬁsg%gﬁ%ﬁéﬁy%%? @%gn for9. 97
0. 05, 9.94 osgendspiperiods off timSund Zn radiwbe Alje erros pactd bel iystutias Qrificsnd ts 5
denonstrate [ J gvenent in both precision and accuracy. These
results are &WIQF@%Q(%{:%? %nd preci se than conventional calibration over

the 60 minute period It @éledt that IDMS. analysis is at least an order magnitude more
accurate and precise than conventional calibration over a period of 60 minutes.
TABLE 1
15 ~ Table 1 shows typical silicon wafer cleaning solutions and reagents

employed in the semiconductor industry.*

Chemical Typical

Solution Name Composition Formulations Purpose of Cleaning

1. Ultra—Purc Water H,O Ultra- 100% Primary Dilution

“UPw” Pure - Reagent

| 2. SC-1, RCA-1 NH,OH:H,0,; 1:1:5,75°C Organic Removal

“Huang 17 H,0 Metal Jon Complexing
3. SC-2, RCA-2, HCL:H,0:H,0 1:1:6, 80°C Alkali Jon Removal
“Huang 2" Metal Hydroxides

Dissolution, Residual
Trace Metal Removal
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Consi stent inprovenent in both precision and accuracy in multiple nmass
spectroneters with a variety of ionization interfaces dem)nsééglt“gzbbg
general 10 applicability of the invention to enable the nass speCtroneter
systemto function for extended periods of tinme and to reduce the error
caused by WEsR06ft drift and conventional calibrati onBCT/DS01i46S32| ear t hat
| DMS. analysis is at | east an order magnitude nore accurate and precise

t han conventional calibration over a period of 60 mnutes. .TABLE 1 15
Table I shows typical silicon wafer cleaning solutions and reagents

enpl oyed in_the sem conductor industry.* Solution Nanme 1. Utra-Pure Water

"UPW 2. SC 3, JRCA-ReA-Huanyd g0, P9 21: 1F-R046 FO . Ohemcat—Typi cal
Purpose of O eani«pg,Gpyposi ti onFormi ati ons %5 Ut %W[@ Di | ution
Pur eReagent NHAOH. H202; 1: 1: 5, 75COr gani ¢ Renoval HZOEPQ YR onpl exi ng
HCL1: H202: H20OL: 1: 6, 80CAl kal i |on Rermoval Metal Hydr ox?'§etspsBendye] on,

Resi dual Trage al Renoval 02/ 06056529 Jul y HagssMetal Removal
4 I\M?(rture 0? H2§84:¥\I?02 2:1, 90°C Y Organic Removal
Sulfuric

Peroxide, SPM
“Piranha”

5. Diluted HF HF:H,0O 1:10-100, 25°C  Native Oxide Removal

*(as modified in accordance with Kern W., “Handbook of Semiconductor Wafer
Cleaning Technology: Science, Technology and Applications”, Noyes Publications,
1993).

The method and apparatus goals are to provti'de close to real-time
analytical chemical metrology of comtamipant concentrations in these solutions.
Generally, the contaminants of primary interest may include at least one element
selected from the group consisting of" Ca, Co, C1, Cu, Fe, Mu, Mo, Ni, W, Na, P,

5 B, As, Sb, and Zn, but it is desirable to measure any additional elements present at
significant concenirations. The concentration range that must be assessed is mid-
ppb to low-ppt and continually will drop as the instrument detection limits are
gradually reduced. Thus the character of the measurement will remain the same and
will require the optimization of ultra trace measurements progressing but using the

10 same fundamental theoretical considerations. The technology is a critical quality

- control assessment tool for uses such as in wet process baths in the semiconductor

industry as in chip manufacturing activities. As circuitry on wafers continues to

shrink, these contaminants will have even greater impact on the viability of the fina
products.

15 The use of the methods of the present invention at or near the

detection limits of the mass spectrometer 'involves modification of the ratio

measurement. When elemental and species components are at concentrations in the
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PCT/ US01/ 46539 3. SC-2, RCA-2, .HO:H2Q2: H201: 1: 6, 80CAl kali 1on Renoval
“Huang 2"Metal Hydroxides Dissolution, Residual Trace Metal Reng V%Oﬂ

M xture of Sulfuric H2SO4: H2Q22: 1, 90COr gani ¢ Renoval Peroxi de, "SPM
"Piranha" 5. Diluted HFHF: H2OL-: 10- 100, 25CNati ve Oxi de Renoval *(as
nodi fi ed i Woae@peance with Kern W, "Handbook of Sem coruifgiodnssyhl er

Cl eani ng Technol ogy: Science, Technol ogy and Applications”, Noyes
Publications, 1993). The nethod and apparatus goals are to provide close
to real-tinme analytical chem cal netrol ogy of contam nant concentrations
In these solutions. GCenerally, the contam nants of primary interest may

I ncl ude at | eas enent ect ed fr th rou consi stl ng of Ca, Co,
Cr, Cu, Fe, ﬁ@&s ﬁl\febove\/thf\lade%eﬁ ion imifg G?% ‘Hﬁ?ter’t the sU%e8f r abl e

to measure aaymaﬁfhﬂnyomilawé ROBPsSs PORHRN Waen tb%kegﬂbéshfe%%ts%? Qib@t | ons.
The concentration rangie t hat nust be assessed is md pt and

continual |y @ fae Hreshold of dpjectionaf ﬂhmm@vmmteunqedmntlmmgnd«eeme gnalgsial | y

reduced. Thu acter nt LI 1 h e, and
will require (ﬁgedl ?ph zg |%%Lo%apur tgrﬁa%éa}%ingn&e ce"‘isa er?gn% 6869%2'9“?19 but
usi ng theSlOmmeﬁl&litdﬁﬂﬁﬁl’aﬂb t Tieoisetopieahtic ensShetenidi 0 Mo sp-ﬁhﬁg nerbRe! ogy is
a critical quality —control assessment tool for uses such'as In wet process

baths in t heOBE‘HZ@&H%iE?(FIPdPeaS‘Fﬁ’E%taF {heag levelsc Hipexsamler efchoyr thaty specially ti es.
Mren, beeas ot PRI BISALIME il b 0256 GARRAIIIOT, gttt "ove
the limit of c_letectlon is more dlfﬁcpit than measurements at nominally normal or
high concentrations. Establishing a ratio that definitively establishes the threshold of
10  detection and enables the uncertainty of the measurement to be known and optimized
for the IP/MS is a unique optimiiation at the detection limit threshold. The
optimization of the ratio for detection limit and near detection limit is achieved by
using matched quantities of spike optimized for the threshold level and /or mixing
both natural and multiple enriched isotopes in separated quantities of the same
15 element. This techmique is not present in traditional IDMS methods where this
measurement is uncertain over a wide range.

The measurement of eclemental contamination at or near tﬁe
quantitative detection limit of this instrument will progress as the instrument
detectiqn limit recedes in fufure instruments. Because of the needs of many

20 industries, such as the semiconductor industry, for example, the level of elemental
contaminatioh will continue to decrease. As the instrumental measurement
sensitivity also decreases the need to measure and make accurate measurements at
the detection limit of the mass spectrometer will remain in relatively similar
relationships. These concepts are durable detection limit threshold measurement

25 - optimizations that will progress with detection limit of the instrument and retain

| their useful atiributes as both the need, and capability recede simultaneously.

In order to provide additional imsight into the system of the present
invention, computer model studies were undertaken with the results being shown in

Figures 9 and 10.
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The use of the nethods of the present invention at or near the detection
limts of the mass spectroneter involves nodification of thezé@&u?@oos
measur enent. Wien-el enental and speci es conponents are at concenfrations in
the 24 29 July 2005 WD 02/ 060565 PCTI USO1/ 46539 fluids well above the

det ecti on WO t he nass spectroneter, the use of  cREFBYIIHER? y

avai | abl e i sotopes is possible. Wen these neasurenents are required at
the threshold of detection of the instrunent, uncertainties can nake the
analysis nore difficult. In these cases, enhancing the certainty of the
detection limt 5 neasurenent is desirable. The isotopic ratio can be

altered in the spiking atio a e t t hese
|l evel s. An exanpl e of ﬁcé/v'lj% gsrsér eﬁgﬁéfﬁ}r@sﬁoﬁ?@p ?rgla'e%t;r)%;k@;b%%éﬁghﬁt%f hese
measur enent s ihsihingeas quaititaRivt i detedtisalinik. dthe ek OQALatioh TR A ﬂnmttevﬁlﬁaﬁlﬁﬂ} ection

Is nmore difficult than neasurements at nomnally normal or

concent r at i orf$mopgFales| the GaRfitalive Ancasurerant 2 dhe Fﬂsfmméﬂltyql@%ta%‘{el gqﬁ@éloﬂ he

t hreshol d of fy ment to
be known and %%tt ﬁ?ntoggéiﬂ ) O%Hg]ﬁﬁﬁaﬁlg/ ql\féh%’ljsa&%ﬂjgﬁlﬁguﬁb }(S)Ed%{{e% zatlon at’ g

det ecti on 3 i ninstrunieme shatithtive Wietectiqt [nmtzmtdieﬁmdo:ﬁs l(helmfeatthal dfahe dahémdi on

limt and near detection limt is chle ed b usi ng natched quantiti es of
spi ke opti ni z‘%’amf‘?)‘i‘ O%H’é’ TN SRl dﬁ&q 2l to e Fqygre rl?BWlf‘ﬂ‘étsl&néﬁ and

mul tipl e enriphacthck$ahigRIThis %aﬁ%ﬂl%&%r&ﬁ@tﬂtlk Dl\%'éss@ci ad ?Qu&@r&? st%ﬁdzﬁhe”e”t

This technique is not present in traditional hods where th
measur enent idgviatiorof sich amsurammtdblonar@elo S’I'Ihelatmasunse:lmmmomm ﬁﬂe nt al

et romnt wReinglERE oo AR HriofndBE b Ml it ol BB

future i ngX r uikmbiSy diBebad auaibeisRvAE @0feadl valRNf (Rihd Netesdafd @Sdaod@F as the
sem conductor_industry, for exanple, the |evel of elenental contam nation

will continuel a5 agekisdetashe simplatige fomeach gpiknt The e of serplavolumeHe ispikei t v
al so decr easeg, 1s”ﬁ?d1‘h9u{18§éﬂﬁﬁs af‘ﬂe-l?@d% W%Cwn@&ﬁraﬁgﬁsﬂr gﬁ%ﬁﬁd%’s the

detection limt € mass spectroneter remain 1tnre y simlar

rel ati onshi psg0 %’hmﬁzlenwﬂeeeﬁtaf 260 siniativnb Gorckﬂblespxkarﬂ‘}lel giintilatidn eestiied ate

reasur ement s;hown in the remaining columns in Figure 9. These s:mulatlon results demonstrate

15  the applicability and measurement improvement using the threshold isotope dilution
method of the present invention to improve the threshold measurements at the
instrument quantitative detection limit.

There is a window of optimum spike concentration from 0.05 ppb to
0.2 ppb (third through sixth column) which enables a preferred quantitative

20  measurement of the 0.05 ppb Ni in the sample with improved precisién as compared -
with the traditional calibration method (first colmpn from the left). The tfrend
demonstrates an optimum spiking ratio range that can be established experimentally
and/or theoreticaily. This optimum range may preferably be used in quantification
employing the method.

25 In Figure 9, the measurement may be made by either convention
calibration or isotope dilution mass spectromeiry with betier precision being
demonstrated using IDMS spectrometry. The use of the present invention near the
detection 1omit improves the precision of the quantitative determination.

Figure 10 dernonstrates the capability of using the threshold isotope

30  dilution method of the present invention to evaluate the quantitative detection limit
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25. optim zations that will progress with detection limt of the instrunent
apd retain their useful attributes as both the need, and c Ik,|2w5recede
simul taneously. In order to provide additional insight into e System of
the present invention, conputer nodel studies were undertaken with the
results beWA@28H68n in Figures 9 and 10. 25 29 July 2008CTNB002¢5060565

PCT/ USQ / 46539 Figure 9 represents the threshold measurenent for 0.05ppb Ni
at the instrunent quantitative detection limt. The first evaluation (left
nost eval uation) denonstrates the quantitative neasurenent at the

i nstruiment quantitative detection |linmit (0.05ppb) using traditional

cal i bration C | s,case, ;the 5 [ nstrunent antjtative
det ection | |(r:r[1 e¥1¥‘o1<P gftiﬁ%gg&guémfg ‘f’ﬂ 0e ﬁﬁpl%fm?%eé‘h@tf%d?arlﬂs %‘Wa Fon of
the instr urrennstﬂmgznahuanmh.twél detectéiiliitt Olut ey Ggelahe inshQedf whdepshenal .

The uncertaint this traditiopal asur I s expressed as 3 tines of
st andard deﬁ“ﬁ?ltg?lsa&?e %’Bﬂﬁoﬁs tgg’i?rlnﬁéﬂ’l‘lr &Rﬁ,ﬁ oy hesting gofampin the ysed
to denonst r atFgiBq0 tRaRDGISAREN nRhsdréh@s BPHR SSRGS HRE nHRRaY poEdified. In
this apprqach, 200 sets of 10 normally distributed nunbers havi'ng a nean

val ue of arigeapse dhe, sample geyseatration §1-01ppbh jsebaleyy| the dnstgment quantitdtine i on f or
each spike. Thecdhd 1iRitQd. Ogﬁﬂﬁl emniRls IRy & QueaRiréfent R Bie! 1 gqialldet%%g)l

uncertainties of de-convol Utéd concentrations are expresse
confi dence ‘| dipaif isohadeogyantifighient Orhirarily thegawbuld i laclessTthen yalie kstgblished esul t s

are shown i '?Jéﬁ? e e%@l}:ﬂé H%a%?%ﬂémqs e:ghb&:edg"ﬂ & noTethtﬂgtS%@JZ%Lr%{:é? t'i1€SU| ts

denonstrate 1 I ca and neasurement
t hreshol d i scinopat df Ispnﬂ:e caddcdrmnithicls dfe trhqurrmﬁcﬁnbflanmemtthﬂnvﬁlﬁeuﬁw pve the

t hr eshol nmeasur ts i nstrunment quantitativ ection limt.
ey o s 0T RRAER BB T Soier i Moiie LR iPhenteod Bt BEEVRAIG 5 ppb

(third thr ough uﬁllqi(é Bmd:éblp!dﬂ“ﬂ:)anﬁdﬁljr eh ﬂ&ﬁﬂalﬁl:ﬂ@ @taﬂﬁ@%@rﬁme%ﬁc@tsbmbﬁ vige 20
nmeasur enment of t t he sanp l e ,Wlt | roved preci sion as

compar ed wi t Fo4shae P?’é‘iﬁll |q8f‘F§}tat8’§rY WB‘E’F"O‘W ﬁ@ﬂﬁﬁcﬂ"(“ﬁnﬁ% e afrmakkes 9f t he

left)- The tngegst. ARRRAS tisf AdiBSnsiite® Mt @T}Ul‘lrat@@isgﬂoﬁﬁ dpBlitOcdmRfRbiddr can be
est abl i shed ex 1etr |0rgentbal y
0 U.opp

15 Figure 10 demonstrates the capability of using the threshold isotope
dilution method to evaluate the detection limit threshold when the sample
concentration is just below the instrument detection limit. It is shown in the first
column in the Figure 10 that the (uantitative measurement of the sample is not
normally possible because the sample concentration (0.01ppb) is below the

20  instrument quantitative detection fimit {0.05ppb). However, by spiking with an

| optimum Ni-62 enriched isotope concentration (0.1ppb, 98.83% enriched, {fourth
measurement from the left}), a threshold easurement is established which is
quantifiable at the 0.01ppb level of Ni in the sample. In this way a measurement

below the normal detection limit is made quantifiable. Ordinarily there would be a

25 less than value established, but here a specific measurement is enabled. It is noted
that a specific ratio is preferred and that this is a critical value that epables the
transformation of a less than value into a quantifiable valve. This spike ratio is
unique for each element and the .optimum ratio is unique and experimentally
established for the spike solution that must be mixed to quantitatively evalate the

30  specific elemental group of analytes of interest.
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and/ or theoretically. This optimumrange may preferably be used in
quantification enploying the nethod. 25 In Figure 9, the eSS JWiiGFBHs MRy
be nmade by either convention calibration or isotope dilution naSs .
spectronetry with better precision being denonstrated using |DVS

spect r onet wp.02éisssuse of the present invention near the pcptRauéssn |imt

| nproves the precision of the quantitative determ nation. Figure 10
denonstrates the capability of using the threshold isotope 30 dilution

met hod of the present invention to evaluate the quantitative detection
limt 26 29 July 2005 WO 02/ 060565 PCTft S01/46539 threshold of the

I nstrument when the sanple concentration_is just below the instrunent
quantitative detecti onin Figixe 10 fhedgmensigten Oéth%esh%memmenm 0ddeptat ed
under the safg peRRMHkhRs: : L. EL QL | bn . the first
colum in the Fi gﬁh?gé 10 ttﬁgatntut ﬁzggétj%ﬁtg#?g{ltfer\;ge%L@gtd?%%ﬁ%%#mftﬁ%m%npl eis
not nor nal | y sigosk isokeuab thetbe square Hreots afniice signalc dhe natcemainty OofOtpditignal s bel ow

the instrune [.tat ] e . i m . Q5ppb Ilpn this way a
measur ement beﬁa%#v&?%ﬂet '%oelfxﬁ%fsegeﬂ%égp#% of Ftla?éatré %gwﬁgcg‘ez’{] E}&’ﬁtffl?ﬁs'gﬁFlglf\llt--
Ordinarily tMonde Wodb dinpdation ie sisedt foatemwalise tsteaiablishheq, of irthdietgng

speci fic nmeasurenent is bled, It js.noted that a.,specific range_ of the
anount of spi%%enoé’ glgaﬁlgﬁ'?éﬁégts Pﬁ’éorf"rag%@[sﬁlbﬁﬁflinﬁﬁ‘gﬁqs hﬁ‘%}‘%%g‘%&ﬂu?&f%e i nto
a 10 quanti f iaadh etauddrd Geviditunsofd pirk ppliad {oQhé Sirunitial Soreath §ACNTRL AHBRE and
the optimumrati I.s uni que_and experinentally or theoréticall

0 I _ N¢ y
establ i shed FHRPIEhEOEPrKE sBilt Fefumeni 1:imiShe ucrraiatisst of danevaluted vel y
eval uate t he 6RRGiktidhs & WRREALD 95 0P MnABR! ¥bA% %00 LMuRHGR! for/%ar: end is
denonstrated that illustrates isotoplic species concentrations for .01 to
0.5 ppb. 185 FP&re 10 denonstrat es the capability of using the threshold

| sot diluti t hag, .t t ' L t.cdh hal d th
Sanpl e concent rat i on 127 BE Boan e, AF SEMR il e el o T

: e instrunen on
shown i n t heopéradan o tHeURAMS rinttivenefi. gQnantifivatidwasf thhelapeantn thatfluid and

e e e ST ik B, D B R R b SEFEL S o
limt (0.05pphemistdpthmvizroccursinginiths prgcess isklestmibed by both of these parameters. As
15  both are desirable and must be used to describe the total chemistry of the process,
both have been intégrated into the method and apparatus.

_ To obtain quantitative information about the element and for the
purpose of determining the isotopic ratio, the species information within the fluid
can be eliminated. This is accomplished by changing the instrument operational

.20 parameters to collision-induced disaséociation (CID) mode. The CID can serve to
simplify mass spectra, thereby reducing background and increasing sensitivity. For
example, purposefuily set the ionization voltage high enough to eliminate species
mformation directly at the source of the mass spectrometer. Voltages of about 200

~ to 1000 volts on the sampling cone and on various components of the sampling

25 systeni are used fo eliminate the molecular information and to obtain relatively
isolated elemental signals. Figure 11 demonstrates the optimization of elemental
information in this instrumental configuration. Molecular information may obscure
the ratio measurements being used for quantification, and conditions are used that

clarify and optimize the quantitative aspects of this measurement.
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optimum Ni -62 enriched isotope concentration (0. 1ppb, 98.83% enriched,
{faurth neasurenment fromthe left}), a threshold rreasurerrenighlﬁyzuos
established which is quantifiable at the 0.0lppb.level of NI In'the
sanple. In this way a nmeasurenent below the normal detection limt is nade
quanti fi abw@ 2@wusharily there would be a 25 | ess than vaCTies®@a6abl i shed,
but here a specific nmeasurenent is enabled. It is noted that a specific
ratio is preferred and that this is a critical value that enables the
transformation of a less than value into a quantifiable value. This spike
ratio is wunique for each elenent and the optinumratio is unique and

experinmental ly estably f.qr spl S td t st, be mxed to
guantitatively eval uatﬂelsélﬁg-c @OCI?B%& sf?llhﬁﬁgl %Lﬁén#g{&ag?%hﬁe% bﬁﬁﬁr s of
interest. 27aiDindrehse AOGENSIMRIG2TRS CaGriREGT bf hS0Adriéh Ieahitedtg WeRgld, t he
denonstratio f.threshol d nmeasurenment. for Q.0lppb i bel ow_i nst runment
quantitati veﬁﬁ'&%ﬁsme?ﬁ Rder 1 %Reéﬁ’i'{"]‘&rcﬂmg@\’)} g:t%f’%i’i" et 3¢9 B D si gnal
is equal to thiRitaUBsR viMake &f 300MPisSheRR! ThE RBpsGREthih I&Imefeﬁec hd(bft i onal

measurenent i s expressed as 3 times of standard déviation of suc

measur enent . SEpINVBYted iasolgtion ol NatGrp A Ag tisléa HNOxeeasarsd uades thefnprmal

est abl i ShMentofiidhnTRS Rl shits is UG Iy
distributed nunbers havi ng Si”ol{‘:%rreanmval 8%?1 8mg%%q33§9§%%§%%“§g\}ﬁﬁ§%an of 1
are applied the GMR«ondifiomati on for each spike. The ratio of- sanple vol une
to spi ke volune is 1: T e LNt of “gonuglut.ed ; concentsations
are expressed as 90% E:Tglr?fllklgleeﬁp%l%%(g{% %‘k}?%ﬁvgﬁ%ﬁ g ﬁ%n.s %Fic%'g‘:l}ﬁl spi ke.
Two types of mokbdansgiccien oaceriny ai babiglon. UEhasg edalfiftimnente nadeen ohalteegder at i on

of the 1RsMS;instrunment., Quanptifjcati.on_of, t elenent in the flui.d and
speci es- E%ecp?l:a AP PHh ey bsﬁp(’g%{lﬁf ﬁ'&’ﬂg figrds dm%’ F@@Fﬁr@?ﬂsmﬁ?‘@tﬁ Yy t ant .
The  chem stthy IPhEIS, ithe QERIULY iop@ated ih e rdhQpeS& dsstllemes kst byebaidh of

t hese paraneters. As 15 both re(%g_sirable and_nust be used to describe the
total cheni sEFUBEnt (iR OPERAtTd dnder sqii oRIZRtRE CORSEEPTS el PRl <Pt Bolage: net hod

?Ed appar at UslowdiOcsat gisNfisi adidl il idéQolvid A TBRlpePurdbBinchis Shft! RBEBNL and for
e

complex ligand or molecularly bound forms. are revealed in this operational mode.

15 These complexes that indicate the chemistry occumring in the process are extremely

valuable informational components used for qualitative evaluation, and to identify
condifional trends and process alternatives.

To quantify these species and evaluate the chemistry, isotopically

labeled species are created dynamicaily. The method and apparatus create the species

20 occwring in the sample from the optimally prepared spike reagent solutions. These

' spike reagents (emriched isotope solutions) are optimized ratio-separated stable

.isotopes in a solution of non-complexing or non-ligand forming or weak ligand

forming counter ions. Nitrates are. good examples of very weak ligand forming

counter ions. Nitrate ligand formation constants (Ky) are generally and uniformly

25  several orders of magnitude smaller than fluoride complexes, and several orders

weaker than chloride and sulfate ligands. When solutions of enriched isotopic spike

are mixed with the sample reagent solutions (for example, isted in Table 1), the spike

or isotope ion will conform to the solution species in the reagent solution. The

contaminant concentration (in this example, but deliberate concenirations in other

30 floids) is very small in comparison to these relatively abundant solution components

and will cause the formation of these species that are occuming in solution. The
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pur pose of determning the isotopic ratio, the species information within
the fluid can be elimnated. This is acconplished by changiﬂgdl_t"g%oo
i nstrunment operational 20 paraneters to collision-induced disassociation
(CID) node. The CID can serve to sinplify mass spectra, thereby reducing
backgr oundwendobozes easi ng sensitivity. For exanple, purpeppédilsbsseset the
i oni zation vol tage high enough to elimnate species information directly
at the source of the nass spectroneter. Voltages of about 200 to 1000
volts on the sanpling cone and on various conponents of the sanpling 25
systemare used to elimnate the nolecular information and to obtain
relatively isol atcgfd | ement.al signals, Figure 11 denonstrates the

opti mi zat i on“SPUG n*@ﬁ?eaﬁpe%?wﬂﬁ%%labﬂmgﬁﬁ geqongiiphpdedynamicalbnfor de at i on.
Mol ecul ar i NhRcERink Ofhid® Y f OIRGH Gafe At rrg%ﬁw j for
quantificati gn, .and conditions a\rgzcl.ef tglghehtaiﬁh?or cla f“?mﬁglggﬁ?rgh éz@gghe
quant i t at i veSHuims vdthgtheserfluidshsiablishentan same gpepios that gre 2005 MOCARYOS G565

PCT/ US01146588.d &1ty a8d £ 1] id iBRs SRECL L&, educe.t he
background and increase g’ f?g éegggsélaat@}lﬂ f@#ét e co?rlﬁgg?cg%%a%(??s P B 8hent
measur eneAt DR ueing BRI atiosessuresrentsunder normal operation condition

(cone voltage is 30v) d. CL.D .condition (cone.valtage. is 300v) i's shown.
The upper spectrumis ecoén&é%ath%ﬂgooo#h g‘eﬁéﬂﬁrﬂit%"?@ﬂé flﬂ'ﬁ’éat’é’Bl‘rWWWS N, Cu,
Zn, Ag in | %niiNGRtorasaitbit frodehe sdiee hetramént cpenttd inOdifferbiecdn@iiBhs $PECt rum
is the spectrum of tae same %O!il'fjéi on- measured under, the CI D condition. The
mol ecul ar s pdeHa¥e #ad nEeessarK forl anfgystanding And evabiaine of Anids described &t ul ar
Speci es 0cCUMHebd\gkaiipl@hd i Sther KABHRs.CHBIURL LYRBIAEEN Q%:%%l&ﬂst&ﬂﬁeh{ gred 10
fluid strﬁanﬁ and on isotopically [abeled fluids. To nmake these
ts

measur em} il he I P-M5, the APT is operated in a non-species _
destruct|ve manner, 1-Fhe dildfatioh Bothé HIRMmbf PRSI ALLLalPhe R hiffH 24t ! ON
conditions such as |ow cone voltage, slower cone gas-flow, nd - 1d ’
de- sol vat i on°f kqihapantifatve apil aualifateye tigasuromenfrofisnme poonebsefiuids, ghrid floid

nol ecul arly ed | ], S erational node. 15 These.
conpl exes. tﬁg'? &lgirlllg?% te ?c%gméﬁségﬁﬂs f/’érglc%:%*sr' ﬁ% ‘?"ﬁ“‘%’ﬁe%ﬁrsﬂﬁg‘g énaé’?lée
extremely véiredylenibifedr with iaonalralizugp agrantisr theealljisanen wdlpH. atdoneider
eval uati 95 ?ﬂ]ﬂie’ﬁg ﬁ"ogne patbiJ Y, NH,OH (a base) and acids HF, HCI and H,S0, may require

neulralization or they may be combined to neutralize each other. Combining these

samples with other solutions that have acid-base neutralization capabilities is part of

fluid handling. Direct neutralization of an acid with a base, or base with an acid, is

also part of the fluid handling system. In this latter case, a reagent, rather than
20  another sample, becomes the neutralizing solution.

Other components of fluid handling are the collection and
accumulation of metal jfons on chelating, ion-exchange, and normal and reversed
phase chromatography columns integrated into the fluid and sampling handling
portions of the overall system. These manipulations may be undertaken to optimize

25 the qualitative and quantitative measurement and evaluation of the solution,
Other components of the fluid handling system incorporate antomated
 derivatisation and chemical enhancement of the signal through the addition of
modifying agents such as ligands, chelators, surfactants, solvents, and/or other
reagents that amplify the ionization and/or the signal in the mass spectrometer.
30 The fluid handling instrument component incorporates mixing,

chemical modification, metering, dilution, pre-concentration, and other aspects of

30



conditional trends and process alternatives. To quantify these species and
evaluate the chem stry, isotopically |abeled species are creahygd 2005
dynami cal ly. The nmethod and apparatus create the species 20 occdrring in
the sanple fromthe optimally prepared spi ke reagent sol utions. These spike
reagents (wra2obeses i sot ope solutions) are optim zed rati pepeganedsed stable
i sotopes in a solution of non-conplexing or non-ligand form ng or weak
ligand formng counter ions. Nitrates are. good exanples of very weak
ligand formng counter ions. Nitrate ligand formation constants (Kf) are
generally and uniformy 25 several orders of nagnitude smaller than

fl id 3 d s .. ard ker th hl ori de, and | f at
i gands. wnen SR BRdsGF HERRARG S aviTRLE prvialpe it hpumple e

sanpl e reagentresnl uti ons (for exanple, listed in Table 1), the spike or

i sotope ion will conformto the ﬁ‘?{l ution species in the reagent solution.
The contaninant concefPPEPTgH spitvarenvhicl masmbe develened dgithase slailed in the

concent r at i ongi, ivillobd ehpRYed |i19ic9§t}oliix§g[ Y Mo BY hﬂei RethBd R iaﬁ;?ﬁat{lé) ahfiese
rel atively abundant solution conponents and wll cause the*fornmation of
t hese speci ePresstingdaia oieined thergfiom: sol uti on. The 29 29 July 2005 WO
02/ 060565 PCT/ USOL/ 4653%,; I . k eci -and i sotopi.c | abeling
i s acconplished dynam ?grﬁﬁ?%ir&?ﬂgl{cc%?gégggfoﬁg ‘%%gll%gasoﬁee%?lg?eggﬁr%f er
material s, fon erapss diredied itovprd fnonhierimppofkeontapohants mnseividatts ehdpised fik ui ds

establishes t cies that are natuyr Yy occurring in. these
sol uti ons and T%rlg@l eizlqg%sée%gﬁ?q Petor wgus&& g?‘ﬁ* héam{gqlqtect@%gbmqvgqqo&}g ina
sinilar 5 namokso lisiited andOhOPIL bé appabeniBRA Shise BEMES in THeewt iidedat ioger Of bot h
the quantitative and qualitative neasurepents information available from
fipas, efidnedn
%

the same PnstPRifEHpD SPEOSES A eaRronIasial nhgpeacpgical, higtechnslegyand

necessary f orfoddiplocth3thg! Shedmioi! HardRdned A 3irbRRES of ktkiztits Q&F%}«%ﬁ’s,i n
t hese exanpl es _and i n_ot her exanpl es. Both ‘are capable froma single
i nst rument  adothRyeRpEdionagd gertiftpation Wik bepopsipedrent he thope skilled amibk erti s al so

necessary for the opti figatbOihprddfatddOldreita b @t | yegerﬁ%ﬁgﬁ%&gigky&

measur ement of some process fluids. This fluid p ocessi .
acconpl i shed metheskapd ralptedapparatphior &llyravlamatedrompashshdveanplybieal chemistry

15  tools which can monitor on-line in-process solutions in an accurate and rapid manner

for contaminants and thereby enhance the efficiency of manufacture.
Whereas particular embodiments have been described herein for
purposes of illustration it will be evident to those skilled in the art that numerous
|

variations of the details may be made without departing from the invention as defined

20  in the appended claims.
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directly conmbined with a neutralizing agent for the adjustnent of pH.
Consider 15 solutions fromtable 1, NHACH (a base) and aci doHkly BObs and
H2SO4 may require neutralization or they may be conbined to neutralize
each other. Conbining these sanples with other solutions that have
aci d- base neutralization capabilities is part of fluid handling. D rect
neutralization of an acid wwth a base, or base wwth an acid, is also part
of the fluid handling system In this latter case, a reagent, rather than
20 ariot her sanple, beconmes the. neutralizing solution. , Qher conponents
of fluid ?indligg are the collection and accunulation of netal ions on
chel ati ng/== xchange, and normal and reversed phase chronmatography
colums integrated. into the fluid and sanpling handling portions of the
overall system These manipul ati ons nay be undertaken to optimze 25 the
qualitative and quantitative nmeasurenent and eval uati on of the sol ution.
Q her conponenA setHodtolfn-protiéss rdti@nadss g cByRctBMonpeisibgor at e aut onat ed
derivatisation and chem cal enhancenent of the signal through the addition'

of nndifying]ﬁgﬁ3ﬁ§a§ﬁﬁ cddvihj 92 Addyte Chel ators, surfactants, solvents,
and/ or other ‘reagents that an%lify t%e ionization and/or the signal in the

mass spectroneter..,. 30 The fluid handli. i nst.runent ,conponent i ncor porates
m Xi ng, chemPcE%‘f‘ﬁ'%ai‘f%"g"aﬁaﬂ%‘?"?ﬁ?@Fﬁlﬁeg’,"la&%‘ﬂ?*}q%ﬁ'}a‘ f'e- concentration, and
ot her aspects of 30 29 July 2005 WD _02/ 060565 PCT/US01146539 fluid handling
used i n qual i tsRikinge thenspmple it thei spikengnd permitting pauilibiiye 0| QFCH sanpl e
stream Appropriate software, which may be devel oped by those skilled in
the art, theicbetivecignpl oyed in controlling operation of the nethod and
apparatus and 5 processing data obtained therefrom Wile for conveni ence

of illustrati C&Bbj@ém%aﬁié daBRibRR&N spike @ad R b afibsPRAMEPpRSsufll I ect ed )
toward nonitoring of contam nants 1 n wet baths enployed in clean roons in

the sem cogﬁgg&o%ﬁaic&g{éﬁéé%ﬁpeljghow |1 be appreciated that the invention is

not so lim € apparent to those skilled in the art,

numer ous ot her, . iy .
intfroducing said ions into a mass spectrometer such that the mass

spectrometer forms an analyte response and a spike response, and
in a processor, using a ratio of the analyte response and the spike response

to characterize the amount of the analyte in the sample.

2. The method of in-process ratio mass spectrometry of claim 1 wherein the

act of providing a sample comprises providing a liquid sample

3. The method of in-process ratio mass spectrometry of claim 2 wherein the

act of providing a liquid sample comprises providing an aqueous sample.

¥

4, The method of in-process ratio mass spectrometry of claim 1 wherein the
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10 applications, including in such uses as environnental, pharmaceutical,
bi ot echnol ogy, food processing, chem cal manufacture, and proogigboes of
reagents and standards, both preparation and certification will. becone
apparent to those skilled in the art. It will be appreciated, therefore,
that the present invention provides a nethod and rel ated apparatus for
ful ly aut omdt ed conprehensi ve anal ytical chem stry 15 tools which can
nonitor qn-line in-process solutions in an accurate and rapid manner for
contam nants and thereby enhance the efficiency of manufacture. \Wereas

particul ar ﬁn‘?odi nent s haYe been descr.i bed he" %g.nf Qr ‘H(Y;g poses of

i 11 ust rati 8 Of Proyidme 1Rmple epmprisgs,PPYEng aspmple AP RRYEP A5 PRt numer ous
variations of the details may be nade w thout departing fromthe invention
as def i nedor mere cppfamip@nisppended clains. 31 29 July 2005 CLAIMS 1. A net hod
of in-process ratio mass spectronetry conprising providing a sanple having
an anal yte, providing an isotopically-enriched spike related to said

~anal yte, spiking the sanple with the spike and permtting equilibriumto

occur therebei e ﬁpﬁlﬁ@é&@ﬁﬁ%&&@%&dﬂé&&%&?ﬁﬁﬁé ke and sanple to
at nospheric pressure ionization to create ions therefrom introducing

said ions into_a ss.spectroneter s t hat : oneter forns
an anal yte ressﬁglﬁfs%e%hv %apgg{a@ arﬁ%’g%%%geege'v%ﬁ(fra&ﬁlegﬁ%?lggElgaﬁtg’ using a ratio
of the anal yte response and the spike response .to char.actn?ééze t he amount

of the anal yt Pik§ Paduction| @ppamtusTi REPHEMEP! 675, 0B dSaloRiclyy nass
spectronetry of claim1l wherein the act of providing a sanple conprises
provi di ng enricheflispikesntophid s8mplEer peatitiing eshilibration tweghi 0 nass
spectrometry of claim2 wherein the act of providing a |iquid sanple
conprises pr OVanHuﬂesfpa&i@gﬁmt&ioﬁﬁepfoe -rec@iviﬂs@gﬁid’raidilﬂﬁated sdniplpamtess ratio

mass spectronetry of claim 1l wherein the
spike and iomizing the same,
a mass spectrometer for receiving and processing said ions to form an
analyte response and a spike response and

a processor adapted to use a ratio of the analyte response to the spike

response to characterize the amount of the analyte in the sample.

6. The in-process ratio mass spectrometry apparatus of claim 5 further
comprising
a sample analyzer for analyzing said sample and delivering sample analysis

information to said microprocessor.

7. The in-process ratio mass spectrometry apparatus of claim 6 further

comprising
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29 July 2005 act of providing a sanple conprises providing a sanple having
an anal yte as one or nore contam nants. 5. Apparatus for in-gyaqe2ppsatio
mass spectronetry conprising sanple receiving apparatus adapted to receive
a sanple having an anal yte, spike introduction apparatus for introducing
at | east one isotopically- enriched spike into said sanple for permtting
equi l i bration therebetween, an atnospheric pressure ionizer for receiving
said equilibrated sanple and spi ke and ionizing the sanme, a nmass
spectroneter for receiving and processing said ions to forman analyte
response and a spi ke response. and_a processor apted to use ratio of the
anal yte respor?s@‘?wﬁ%g"rsﬁf’?‘&mgr‘@g’ﬁ%%?@ ?%Cﬁﬁeéfgﬁtséﬁi PRCESHE unt of the
analyte in the sanple. 6. The in-process rati o nass spectronetry apparatus
of cl ai m Spovidingdeedbacknfp other pertianssispitl epperatsy zer for anal yzi ng said sanple
and delivering sanple analysis information to said m croprocessor. 7. The
in-process ratio mass spectronetry apparatus of claim®6 further conprising
33 29 July 2005 a controller for receiving information processed by said-
brocessor gand oMl SBlls 'R810ARK . Bl 9r haimabdnappar at us. 8.
The in-process rati’o nmass spectroretry apparatus of claimb fturther
conprising sanple nodification apparatus for altering characteristics of
sai d sanpl €M 8%8onsi ve to signals fromsaid controller prior to the sanple
entering said atnospheric pressure ionizer. 9. The in-process ratio nmass
spectronetry Sppaleanpdifiegtion) appars Jhetliarng shagetensics of 1said saapkonfi gured to
coordi nate operation of said sanple receiving apparatus, said spike

i nt roduct i mepoapipartatsignalss font ssdpbmroiled ipfibc &4 itlen sample entering said

atmospheric pressure ionizer.

9..  The in-process ratio mass spectrometry apparatus of claim 8 wherein
said controller is configured to coordinate operation of said sample
receiving apparatus, said spike introduction apparatus, said sample modification

apparatus, said atmospheric ion generator and said mass spectrometer.

10. The in-process ratio mass spectrometry apparatus of claim 9 further
comprising

solution handling apparatus interposed between said sample modification
apparatus and said atmospheric ion generator, and

at least one chromatograph operatively associated with said solution
handling unit for preconcentrating said equi}ibfated sample and spike prior to

delivery to said atmospheric ion generator.
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apparatus, said atnospheric ion generator and said nass spectroneter. 10.
The in-process ratio nmass spectrometry apparatus of clai m 9 Zguniipenos
conprising solution handling apparatus interposed between said sanple

nodi fication apparatus and said atnospheric ion generator, and at |east
one chromat ograph operatively associated with said solution handling unit
for preconcentrating said equilibrated sanple and spi ke prior to delivery
to said atnospheric ion generator. 34 29 July 2005 11. The in-process ratio
mass spectronetry apparatus of claim 10 wherein said chromatograph is
selected fromthe group consisting of a liquid chromatograph and a gas
chromat ograph. 12. The in-process ratio nass spectronetry apparatus of
claim 10 wherein said sanple receiving apparatus includes a first outlet
condui t §ln  Gdwmmpiogessirasie mdss spesapnietgpapparatustof oldinme 1§ whergippar at us which in
turn has an outlet conduit in comunication with said sanple nodification
appar at us anghid chieecpilaphoRdstldctddn frommimengapi isivirighof ai Hquanpl e

nodi fication apparatus. 13. The in-process ratio mass spectronetry

“appar at UghRfnafd ﬂﬁ'aﬁdw’g%&]&&nﬁ@gﬁp}@t nmospheric ion generator is an

el ectrospray | |zer

12.  The in-process ratio mass spectrometry apparatus of claim 10 wherein

said sample receiving apparatus includes a first outlet conduit in
communication with said spike introduction apparatus which in turn has an outlet
conduit in communication with said sample modification apparatus and a

second conduit in communication with said sample modification apparatus.

13.  The in-process ratio mass spectrometry apparatus of claim 5 wherein

said atmospheric ion generator is an electrospray ionizer.
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