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29 July 2005 WD 02/060565 PCT/ US01/ 46539 AUTOVATED- | N- PROCESS | SOTOPE AND
MASS SPECTROMETRY BACKGROUND OF THE I NVENTION 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 clock 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). I '



29 July 2005 WO 02/060565 PCTI USOL/ 46539 In order to acconplish unattended
operation, the nethod should automatically nonitor elenent a%]g‘j_ulyz 05
concentrations at their threshold | evel, accurately and w thout” the need
to conpensate for the inevitable systematic errors associated wth

i nstrument W06 Quanti tati on of el enental concentrati oRET/HBO1/46338n be 5 .
obtained without the need for traditional calibration once the threshold

| evel has been exceeded. Traditional calibration techniques use
calibration standards to generate a calibration curve which rel ates

i nstrunment response to concentration of standards. The calibration curve
is used in order to determine the concentration of unknown sanple. A

typi cal calibration cuivesasssinpredssskedrs ANdigesisescirdvtive A). 10
Traditional techniques will 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 spectroneters are

especially susceptible to BAPRGROUND v e in the calibration
response as shown in Figur . 1 T rift results in the

need for breduent Fichtaf thofventions t hat are nornmal |y perforned 15 by

experienced techniciang.. The effort of matchj the matrices .of the sanple
and standard nust be HEHSPTFHG defates g ?ﬁ%ﬂ#(@’g%ﬂi%ﬁfﬁ% 8 1P ETER es,

i oni zati on  SURRAASINARse usRE hAMeified terk SFaidopedBiitios Al aficsprerbmey P! € and
standard. Viscosity differences between the sanple and standard matrices
e

may al so cakd@MShedeip sperificallyethe mebybises clmenial arbapsriatian dhramgldg
sanpl e * 20 i pirodugl t?ﬂebggogttgzﬁ Wit Rza ©r GRa) hablagcd 4 ah& Bbar W¥iuthental

situations. Matrix eff tering solution” viscosity or i1onization
ef fi ci end) calatestigulimits.n Bhel thashelit oneashugmgols methed his saytokabedn andh nRiygbe e 1

(curve Q The t ' ﬂH%'g o, 1 [ to
achi eve neas %@%@%&gortdﬁﬁe%géde%ﬁ#ﬁﬁl%{ Eeﬁg Ilr0 %S%l’al ?1%03{‘1}%1 S %ﬁ%‘g I‘gf["'gg‘%hd near
i nstrunent al Mt eBpdcanmbtem {B-ARI-ME)ut Tieh dP-234MS orpphrabidi s ciesilgnedl fiobr at i on.
25 IDMS i s ba_%g upon the addit.ion.afl an enrjched, i sotope standard to a
sarpl e t o’ be AR adguntfiaies 8f AomAaloniii: & 2Biouds PGt L) oour e
of which isiegpiiessly incorporated herein by reference. After
equi libration of the  sanpl nd it andard, the natural isotopic ratio of
the sanpllé wid | h@ié"—%@%—ﬁiﬁif—@&—r 9 18HATL
' 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
_rembte 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).



by the enriched standard and the new isotopic ratio is neasured by a nass
30 spectroneter. |If the concentration of an enriched isot opifgﬁlgggggd i's
known, as 2 29 July 2005 WD 02/060565 PCT/ US01/ 46539 well as the enriched
i sotopic ratio, then the neasured ratio of altered natural el enental

i sot opes pwevizEensss he el emental concentration of the sanpteUsiiabss met hod
has only a very few well-defined possibilities for error. Each of these
possibilities can be calibrated and elimnated, |eaving the uncertainty in
ratio determnation of 5 the two isotopes as the final error for the
measurenent. This uncertainty is based on the nass spectroneter's ability

to make this isotopic | t e riched | sotope standard
of known concentrati o%ﬁ?‘iﬂdl&nt@?g‘g%@@?ﬂiur?aaéng%gc?pgg%n’ @1& egﬂoheglo? shi on,
to the sanpl atematicilive moaitor plemendal cancamtfadomngeseiarthresoldrisvel, ededrtly each
el ement or sgr%ci.es bei ng measured. As only the altered isotope ratio is
needed 10 t o*WpVihant theenced e SompgRsatsop the; inaviable iystematit expRy sistogiatednd

chemi cal dif g engRmndt aff oW dof QR ' Lglaencl es. ar
essentially elimnated. 'I!her e%’?%t?at?%l\/gf %aneg%ah %n?%n’?tag&%oﬁagcq}?%ﬁm
t echni qued f oebtiotdhwithowy- the rneedifial ghditidnat ealibrativst onoeethe thbesold levelshasel | as

brovi des. accliPhcaeiupler Mol SIS Fonbmies R beets iudShaey for
qual ity 15 combfel a bﬂjﬂthﬁd@cﬁrﬁ@%ﬁli@n@iﬂeﬁiiﬁstrdnﬁbn@?&bbﬁs@rhi) cbﬁélﬁﬁédo%”@é | DVB

has been enployed prinmarily with both |Inductively Coupled Plasma Mass
Spect r omet er Handpids- R catibiration enrrvelis wssdiie ardepto detemmispthctoondrptiation ¢fT| VS) .

Bot h | CP- M5 NSk r tatdon are not.dee . SuUi t ab for,operation
in an unatten e%l%rm aple. I'—és@@?@,c%‘?mﬂ’f %%fsslgﬂ&z’ggéjﬂl. ﬁgg%'t}og%ﬂc?i N(jtion '
mass speil r of\ditiynd] eschaigaey Rilnol ied fawaicalsl af the ifstruMBi respoBRMriffs1989) 61

643A - 649A; Rottnmann, L., Heupmann, K. G , Devel opnent of an on-line

| sot ope Di |.uth BACTEChAEROBSOWR qapsedy hycp-diderencsy i e malcigesabewerst theri nat i on
of el ement al PSS -£5- [ l.,. . 1-227%, -
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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 he;ein 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



_Coupl,ed Plasma Mass Spectroneter. Anal. Chem, (1994) 66, 3709-3715;
Neumann, K. G, Rottmann, L., .Vogl, J., Elemental Speciati osy yj,Bohsquid
Chr omat ogr aphy- 1 nducti vely Coupl ed Pl asma tsotope Dilution Mass '
Spectronetry. J. Anal. Atom Spectro. (1994) 9 1351-1355; Horn, M,
Heumann, KWO@/0603& Conpari son of Heavy Metal Anal ysis i nPERE0MM658dDric Acid
used in Mcroelectronic 3 29 July 2005 WO 02/ 060565 PCT/ US01/ 46539

| ndustry by I CP-M5 and Thermal |onization |Isotope Dilution Mass
Spectronetry, Fresenius J. Anal. Chem, (1994) 350 286-292. A nethod of
using on-line IDVMS as an internal standard with an | CP- MS instrunment has

been suggest gy Wst fhedBur | G < (o] oY ?&% ' 5 tinuously
i ntroduced into tshe esarrgzpéed g%bf%édﬁét%odpﬂﬁ%gﬁf a ug?ég,&tpg ogqalljtlﬁ bf rg.r pri or
to i ntroduct lementat otapes|poiidd theelememsintoncdiautisrmsfithe bamplble MiRNAethéd G |

Devel t of -1 I t Di | ut.i. Techni ith HPLC/ | CP-MB f
the  acour at B AreRafaoH SR RIed RoRt BN ioE PBer. Esdief fges ppssiaies Chom |
(1994) 350 2Zlpe2diibrited bR Bliminkted, 1HRVAR M undSrtai zin[l%liﬁrd&eﬂﬁ}daﬁ:{;h g% Heavy

Metal 10 Interactions with Dissolved Oganic Materials in Natural Aquatic
Systens by teupioi isgfopds gl -Refifidd reomn der tbe qusasir@ned el iy nageTiainGy it wavedvi t h an

I nducti vel y | ed- Pl asna Mass .Spectrqneter.. Anal..Chem, (1994) 66,
3709- 3715; it > R ‘?etiﬁosc?ﬁﬂi‘_ﬁn‘? rpak® ‘%ﬁdf‘?“’lﬂ? Tatg BRSteenspe dhat i on
Wi th Liquid efiuhedebaigped fiadatd @8 atnowal sontstisnties iPlidsdRcdE %Oﬁ?r&iéey I on
Mass Spectronetry. 15 J. Anal. Atom Spectro. (1994) 9 1351- 1355, An

on- | i ne HPLCFentpollpdiashiont teghie sqmple en-tipe ralinormpkintenfieicppesymrs climbated. fof n t he

case publi sh JSR ) P ' c es nd.in natural ters.
were measur egﬂgy ng\ﬁg(’%%%gésl(ﬂﬁ Eltléigg(‘)l%dr ngg}g% )ﬁlvﬁ %l{??eé i Pe rgﬁo it %Wfl&@opper ,
or a nol ¥bhdetwwushtsinrihe bastespition of e ediplee dhaphyshal add¥entall idifeaérices of
standard. Sel ection qf which el enent standard was_ contingent 20 upon the

el enent to bHOYHAIRAAdoRiFRlioR sTlidsasice areepenvalin climinatede Fhergfore, KDNES is
Couc! Bent S B SERAGE 0 LA AR08 S M Rl GBI [

(1994) 350 as well as countering non-spectroscopic interference. This procedure, 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
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221-227,, Rottmann, L., Heumann, K G, Determ nation of Heavy Metal

~Interactions with Dissolved Organic Materials in Natural Aqugd hgy2ee5ens by

25 Coupl i ng Hi gh-Performance Liquid Chronmatography Systemw th an
Inductivelxv Oog(gl ed Plasma Mass Spectroneter. Anal. Chem, (1994) 66,
3709- 3715; WOL#MAN, K. G, Rottmamn, L., Vogl, J., El emenusdi4&peci ation
with Liquid Chromatography-Inductively Coupled Plasma | sotope Dilution
Mass Spectronetry. J. Anal. Atom Spectro. (1994) 9 1351-1355. It was
stated that "quantitative 30 chromatographi c separation of the species to
be analyzed" is one of the 4 29 July 2005 WD 02/060565 PCT/ US01/ 46539

precondi ti ongdue¥y bhi y | | ration _is essential
before the spi k?ngpélg'}gg?%é%‘gsﬁgﬁ%g&??%%&gﬁbs%é%ﬁz@ﬁ%mrgﬁ’ffcémglﬁ{’]ée) It
was al so st afeadenivsal. Anali@ema, @929i368 286:3pxCi fic spike), equilibration
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Chem , (19945°rdmuouslyinrpducedinie theepamde stocanaant hBRJINGHowePd BBl € tWo
essential pagt f. e hod , conduct or_ manufacturers rely on the :
purity of cﬂlglrrlﬁﬁctgl "51&?@?{“1%%}5? &ggﬁi‘@)-‘w&e%ﬁt' ftrmews k. dfewsonn, FonGuaf er s.

| npur e cheni Ratetoprrendof @n be<ink Tsotdpe DIONoR Sk % PR UICHOLS fol e S
therefore, inportant to know whet her a wet Cch‘ rﬁ%‘:”gf Ellpsl%t/{n afff’r,E ure, or
adequat el y WA PERatiou o slezrewnl shsties.nFrasangus Joulnial. \Chemn) (1094) 50
expensive, sigwa0f haki chem alyzers. This probl em becones
enhanced with continde ’evpéeffsé%'ﬁlga 2 g;rs i Rerem e % oHeBn- M5 waf er s

and copp¥¥  ilntessationneritis DiGalved \Organid MRRMACtn MR | Ldlyid %939% %{gi es tad
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of "the. concauRui JRGR R e Liaied FreroEr oS O s Undudiabur 6 o
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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 .



20 nmonitoring concentration of nmetals in silicon wafer cleaning baths. See
Usi.ng 1CP- M5 for in-line nmonitoring of netallics in siliconzgahgrzoeseani ng
bat hs <http://ww. nm cromagazi ne. coml ar chi ve/ 99/ 02/ shi ve. ht Ml > (Feb. 1999)

| sotope dilution Mass Spectronetry for ultra-trace analysis has been

previ ousl y WhB%6Eassett, J. D. and Kingston, H M, DePE€FHFH4633ONn of
Nanogram 25 Quantities of Vanadiumin Biological Material by |sotope
~Dilution Thermal 1onization Mass Spectrometry Wth Ion Counting Detection,
Anal . Chem, (1985) 57 2474-2478. In this publication ultra-trace analysis
uses IDVMS in the traditional way with isotopically enriched spikes in

bat ch spi ked ; T, L Sot ope. . spiLked.into | ow.concentration
sanpl es and bﬁgﬁf&gﬁgﬁfgn@?ﬁﬁg@?ggﬂ? nﬁgfﬁ{rtrg " ﬁe?%%?(.’)‘ Perirbd bripisgthehe
bat ch sanpl e spiiipsicp Ghepplte (for anpbaesmisp@Ficodpid) " SROGACAsd Sated o July
2005 WD 02/ Q§{3565 PCT/11S0L/ 46539 traditionally a prerequisite to nost

| DVS pr ot ocol ¥4 FREEGEHRSPREHIE SBike). GauHibeation defveden ribe isepardiesl spenish end

si mul t aneousl|gpikelustBidintal t hiy$ 1 ' .n I.ked
| sotopes and ?he sarrplée %ﬁgigetegpe?f@%@n%é%%%ﬂﬁ% 5%?%&@%@38@@&@3 form
As a resdlt Rasmsnental Hepwaires KdeGer Devedpnens ofnth eN-dineialsbons IRGvh di ng

bot h t i bl in fact ted by the traditional |DVS
Cechns que. U TBARSN BPERGCRLGS i ind Goelta Ehiramettyy of elgminatepeatnes o
met hod for iRedenms Jomiat oCha, f(PoogastHats ﬁ@L@“ﬁégLﬂaﬁoﬂﬁﬁ ?@#-‘M@

conmbusti.on fromorganic conponents to assist in the determnation of the
origin of obj"¥AFWeRedsr bYP ¢shentid pazts of tikitGndiod. at i os. This nmet hod requires

a conbination of gas c ph.and 10 flame ignization detector (FID),
and pal | adi um separ at o$ a'n%idgl%ge’ﬁa%“ﬁ%%% 0 fBuFi B LecthsmigHs & to
mass spedfr owedateysubkhieroeddvizgs FrOgLsIliE WikersUSRupfe tiGnicAORBY RS FQM Ghanber,

and a pal | adi,um s%nglgrat_or gri or to the mass spectronmeter. The goal of this
met hod and i GEYIFEHAE Will nobmesk sBriswmiberefore, impartant ¢o maw duliether » vest abl i sh

15 ustng C 15 anga g 1 BER S, O WBakiTBle, SRl i d R ive o o1
transition opurty tend to be expensive, slow, off-live chemical analyzers. This problem -
becomes 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
measurenments. This method will not work for netals. U S Patepbiy20b52, 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 preci se neasurenent of isotopes.
It requires a plasma device and al so reduces the sensitivity of the nass
spect 1 onmet ef irididkally aPhbRRhis & holb IDMSSHIAREE B BRIAEmAtipkALIRLAN!
conposi tions for organic conpounds that enhable calibration Bcrd8s' A broad
mass spect r aleXisHagdn fhgrsample sispultongonsly. fasddisipecthisarasfoymatina pretdntsatheet hod

of using theseg. i | i brant . con itions to calibrate nas
spectronet er %ﬁé%n%\yg% | odﬁgmsﬁ '5@9%0%9%5’?&6% mrﬁ‘é@?ﬂ’?@%‘?ﬁ%gﬂ‘?‘ ‘g%@ed

cal i brant conpaf, tdlanmtAngedidsnildiemiisdiond Rhé Chhudibrk PrbNigineSEAs arddef t hese
calibrant conpositions. 6 29 July 2005 WO 02/060565 PCT/USOL/ 46539 U.S.
Pat ent 6, 832, Botsiblgiand prsda fachpienfeshbydhe rediaral IBMSttpabniquepr ovenent of
loni zation in an t j r eIl i urce and .substitute a
nore easily ioni Z%ﬁb%ﬁﬁbgé%ﬁfcggﬁ%g aspg’%]f@gaa?esz Fe- ﬁss aI'f‘"f]e?ﬂlo:‘ili' €l osure

i s specific fistomamoninaingsbs gantiair Boia 6Bknd bentBubSt dobiblkih BHm! HPasias
stream 5 and the use of g hollow el ectrode prior to a mass spectronetric
measur enent . SPAPSTCIRRRHT AR {heidetenpinatign P tigorigin of objsets basediaspihe 44413 based
measur enent s gphat 188tdsheThil A d : Lo [ LAg Fl ow
I nj ecti on Anal ysi sm(rlgztll&,g\) ri[‘?ll%r oduc?klfeg‘yrllﬂf%od)gﬁﬁﬁ%g}dnwﬁe%gs&g%%%%gﬁn%@

Vi ezi an, 1M kifsse iegationd rdatettas AFID)y , angdi paltadivdésgpasatok RadrooxygdiD cihrgBar nes,
On-Line Isotope,Di.lution and S ' Fl ow 1 njectj-on and

| | uti
| nductively %P%@nﬁﬁéwnﬁfa?gmn%ﬁg@%@#?ﬁc ,M?.m“ﬁi‘fﬁll reqUiges ihe serlithe. |

(1990) 5 combustion chamber, and a palladium separator prior to the mass spectrometer.

The goal of this method and instrument is comparison with an isotopic standard to
 establish isotopic ratios 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.



125-133. This technique uses FIAto mx the isotopically enriched spi ke and
the sanple prior to introduction to the ICP-M5. The spi ke apglysgpbs are
injected sinultaneously to forma zone within a neutral carrier liquid
prior to introduction to 15 the ICP-Ms. The volunme of a fixed sanple |oop
control s t O &MRT s of spi ke and sanple. Physical m xi rgrakodassot wo

sol utions occurs between the confluence point and the nebulizer. As in
traditional | DVS nethods species information is wunavailable, as the
enriched spi ke is species-unspecific. In addition, the technique suggested
on-line dilution using an "inert reagent; a technique that is easily 20

acconpl i shed using Fl Ay An | Lbrant ap at us s, disclgsed in
U.S. Patent 5,703, Se0 Uy PGP RGS8.55 ' RARRs, AP RRIGH cRietils BY ofie
aut omat i cal | yimpRhv@m@ntTRS Sionmest @Bl ekmbsPheriy-prtsiRS OREton Psfirsd! Ad
Chem cal lonization (APCl) to calibrate or tune the nmass spectroneter. In

this patent SUBHIMEM ARPTE Al ionized copriey ot foyd theesapmlg gas straamar dhas
desired to t C : : =y | wtid O d the
Sanpl o sol ut 1o spCle oF ot M AERAGEF R OTRLRR ot ey Sfam
elimnated did$he Retafri hdllow(3eci6e piicicloesiassstshattroareicmedswenieaadirhisonal

st andard refer&g&g}gsql uti ons c%n_be used to tune the mass spectroneter with

respect to tH& ¥ 15,008 applicable dn 4a& sxvtopially fasrd: mepsaremoptsthat pre the

Jnstrument angdefsQffiks GabdnPi@ddi@p. the 30 instrument. This technique of
i ntroduci ng two sequential calibration standards will 7 29 July 2005 WO

02/ 060565 PCTI US01/ 465389Méousing Fiownbjestivi A melysist (Fbk) introdudtien rro dini FAP-t hat
can be a proh| | p_unattended ration o mass _spectroneters. See U S
Pat ent 5, 703%38??IS gfe oS1her g"%’f”é?@%@é’ #%ﬁ?’?‘{ﬁ? iﬁ’f?“@’Agfsd?‘r t gf’ﬁﬁi"ﬁgé@_”ﬁ"ﬁc! udes
el ectrospioay MEBrie@NOaTirORoBPE DRLITHS BRE'SAmPILDBMIR BHEIIC MieciBRickat | ON
(APCI). 5 This techni que has been wi dely used to characterize

bi 0- nol ecul edndsEnety Soppled iPirsma MasstSpeaiwmetiicV eilealadions Spadra a9y dr at es.
Cole, R B. Ci0S all | SS.. ectr ry.. Fundanent al. s
"nst unent at g appepu e Wb AR Ry WRSEEBBEY| duiche(GREAQE oo,

It is al so usenipleopiipratoi intrbduceibly il @iceICR-NES. t Mhe ppike &ind Ssaftiple 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
' 7



i norganic, organonetallic and conpl exed netal ions, but quantifying that 10
I nf.ormati on has remai ned a significant challenge. H gh backgﬁg)yﬁgzqgg to
chemi cal noise and signal suppression (matrix effects) appear to be the
uppernost limting factors for the quantification of nost anal ytes.
Stewart, | WO02/0895%trospray Mass Spectronetry: a Tool fecThsemssdal

Speci ation, Spectrochim Acta. Part-B. (1999) 54B 1649-1695.

Col l'i si on-induced dissociation (CID) generates energetic collisions 15 and
can sinplify mass spectra, reduce the background and increase the
sensitivity. However, stable operation is linmted to a narrow range of

sol uti on conggChiMinhieS & L: -l ineari.ty signa
Tesponse dur g hue the PR G R AL IR0, B0 bR ot dnide
Spect r onet r y ofeshtiB)f ahrasss speivondeye | Spdd St Pate®$SePeR,3d0e quanti fication of

species and also their, transformations. See 20 U S. Patent 5,414,259. In
SIDVB a predet er mi ned ‘AMEPREe | JPressuks 1 jasigetion | d4FBpi teshniguesabiichdesind

introduced t gleaecgrR! (ESH iéﬁiﬁa‘fi%fx {Eﬁé%%ﬁgg%}g?resglﬂg &Q&@ale?ongzgtgi%{ E%ﬁélzﬁé

is

previously known and specifically eva n sunmmary,
associ at ed appirteshoigui hesebdsa ovidelpweddop etlaratterizdriompllécales Ymat dsgops
oper ation of . at us. .t ha L1l auto Igally and 25 accurately

noni tor el engﬁot?eé ’(%@%11818 ‘rdgtapt%ﬁa%ﬂl?yé‘&‘ﬁfr ge’?eegeeps%lqcﬂ'éﬁﬂ’ X {Prizgiier Masht i fy
el ement al  coSpanvNAIRS:SFIHIaHORER NS FuR SR 88 | BpIitdbiohs; Wols - wRMYPRY,s OF THE
| NVENTI ON The present invention enploys nodi f?%ét i gns’ c??l t‘?a It 0;1{151 | DV
met hods t hat PEnher dodn o Ffpr e alse assed eawatitativelyndeteredne theeprebehecdf on

limt of 8 29 y .02/ 060565, PCTI USO1/ 46539 _nass spect ronet ers.
These nodi fi catd ons %&g@?%e\e{@l?o?&gu%%ptlve sgﬁ%nboéls’o?b“ﬁoﬂ}‘ﬁm g a'?‘f‘tr ace

el enent all0 antifepatonhetremaasd nesigificn: HaBernge! Hath FRBRREMALH ShOhichN S

i nvention i s (ﬁrefe ably to be.used with an | P-API - i nstrument 1 nstead of

an 1 CP- V5. NETHHEH BRI SHRRTCYSEm. (i effectannpeacigt heathei yppemmase Himdtingon in-
et o SR Sl RS Y S, 71 8o
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



species is achieved by dynam cal pretreatnent, which may be conpl ex,
oxj dation, or other, of both sanple and spi ke to transfor m2shdulyi2008 he
sane species before pre- concentration and determ nation. 10 In the present
i nvention the | abel ed species (frequently nultiple species sinultaneously)
are bei ng WP&K¥EHSI n solution and are not previously der@FHESME6S3D N
conposition and structure until evaluated for structural information.
Quantification is of the elenmental ion and speciation information first
established in- process through dynami c equilibriumestablished with a

non- conpl exi ng salt of an 15 enriched stable isotope in real tine and
.in-process. mhig dpettiRshter TH ' i dual, | SS
spectroneter. Additionally, gﬁﬁﬁﬁ?gﬁggﬁiIﬁ%@%#eggﬁgeﬁgbgﬁg@%‘h%&égahﬁthout
separati on iWHirafacesipeniahend spasiiteslonersmteinehtsy i n anot her. The dynami cs and

sequences are very di rent fram kno hqds. .Unlike_traditional |DVS
this method enhances gﬁ}gn?e@iﬂ'do sappﬁﬁ%ecggt dieation s preferaly o baasetet ect i on

linit of nassitlspael-APNMSnSTuht ARRAI AF bS ICPME. DeRRO8PEE ‘?‘i'cﬁ-‘ME?se the
met hod f;)sr | n- process neasurenment, using an Atnospheric Pressuré I'nterface
0 5%3)9

coupl ed Smmstialjasrumspation in (e IRRAPRMS. appiretus.| - thPiprdgBotapgthodytns i S
desi gned f orgpl lhdxeat | . | f.cat | .of el enent al ont am nant s
or conpoundSChg%lSﬂé ré%]{i(ggéplﬂ%u?ﬁ SSI gﬁg‘ﬁ\{}ﬁh%h%?e qu#%fig cbg“ﬂ‘ffb‘r?pﬁ??ea isé'ﬂ’p%

t enper at ur e spegenispichisved Byodyreqtical ipbgticathedt, WEEH iy @ dnifThC SER&6AL | ON
step prior to_measyrement. Disclosed herein, there may be provided a

net hod and é’ﬁp‘?g}e&t?fg’o mple nd; spike; tp dapdorm thegde Yhe ssmedippeies baforgmueess,
Mass spect r QERtRfratidimYRktektifitisis €S optim zed stabl e isotopic ratios for

i n-process aut omated and unattended operation. Both qualitative 30 . and
quant it 30i ve anal ysi shoftheulpresentt irvertionl ﬁImesledmibeaaseqfrea?_.\ehﬂf Qhfilipiecon i s
available., 9 29 July 200 WO %2[ 060565 PCT/ USQL/ 46539 The met hod uses a
mass spect r SREYS: SHRHEIPUNY @Fe, befng greaikd i splution. apd carg upet prayiguslt i on
(API) syst emetehfined & BordigostioRCAnaSshiRfued TRt QRaRsl USRIk In¥finRhGIENt &
eval uation. The fluid handling system m xes the separated 1sotopes’in a
non- | i gand Quantification is of the elemental ion and speciation information first established in-

process through dynamic equilibrium established with 2 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 _



formor a highly exchangeable |ligand form The stable enriched isotopes may
be, 5 optimzed for ratio neasurenment at and near the apparatusjsighessi on
limt permtting efficient threshold nonitoring and quantitative

eval uation. In one enbodi nent, the nethod and apparatus enables the |P-M5
to be operwoadoéosssan unattended manner that is a substanecatsogepart ure
fromattended operation protocol where operator calibration and anal ysis 10
are typically performed. Direct conparison against a calibration curve is
unnecessary through the use of ratio-neasurenents. This is a departure from
tradi tional -instrunent  operation where concentrations of elenents are nade

Lral ! o A ! f N e
qut ren T or Tht, Bl e g, BaSH FRRIm e wleshiE i i apoRAEBherec b g qual | 1y
assurance at JoaRgtoeeAPT) Pstéh Tl Qehity Pacikd FidrnaBbn biE qIRABINE WRHental N

anot her enbodi ment, the nethod and apparatus enablesthe | P-M5 to enhance
t he quanti t atVajuatiew.q[The fioshhanlling systesn odres thiy sepamatedtisetopesrizamoddigent i on

linmits by opgimizing the ' J S¢ rat | ed .t.o .spi ke the . sanple.
Thi s net hod %&érmrr%}ggl n o%ﬁ%%gﬁgﬁwatﬁé %ﬁgﬁﬂnﬁlﬁ rISQURRES Y §e of 20

det ect i ons t hagtiraiedd for raticeinyasefenitht atnd SiedrlBe hpaesfioddlectibn tiafiesdrn@inand t he
uncertainty of the neasurenment. The. optim zation of the ratio for

det ecti on | i fiteiegtfhreskold mogderng sl quantiptivegvalugiion. eved by mi xi ng bot h
natural and nultiple enriched isotopes.| ct I 1] f_the sane
element. This inproves traditional I DIV%ErHrr%%d%gé g aﬁeﬁj{aé?{r%ht %{{ld‘seﬁ 48Ut enent

i s uncert ai nemblkes the VR MS wo de opgrajel i5n nateatied onhar thaniodisobsidntial he

met hod and a&%’ar at %uan i.fies el emantﬁ g/l t hout speciation inforpation by
m xi ng known ﬁi‘ﬁn o [BEraypn grotogoh . e‘ierppé_mé%frﬁ?l‘@@ﬁ‘?{‘ﬁ%ﬁ@m%cess

wi th t heyg n- §&OsRRIIF AP RmEL ©Aired: " &haliSorf NElingla %Qii&sﬁcﬂﬁ%flﬁ%' i

eval uated. The i'Oni zat’ion voltage Is purposefully set atypically high
enough 't o el wimeerssagy sheouzle ghe o ofieratio mediwrerpenty. aThis He = depadereofrom30 t he
s SPeCt I Ot el Satlell, BeriSn SHRIP W Aen SR 5P HeBits 1o F0uctllyy 200°

comparison and where instrument drift requires frequent re-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 7 ! In yet another embodiment, the method and apparatus

“quantifies elements without speciation information by mixing known enriched
isotopes of elements in a semi-contin.uous 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



In still ~anot her enbodi ment, the nethod and apparatus m xes non-1ligand
bound or weakly ligand optim zed enriched isotopes all ow ng 20gulsBEOe6ES
transformations of the enriched isotopes into the dom nant species set by
the chemstry of the reagent streans being interrogated. These species are
t hen di r ecWOW28608¢%| uat ed using very | ow vol tage and sof PEWUSWBMFIRAL i on
conditions preserving the species information of the sanple solutions
using the same apparatus autonatically controlled in alternate nmethods. In
still yet another enbodi nent, the nethod and apparatus uses additional

sol ution mani pul ation after introduction of the stable optimzed isotopes
to 10 alter the chem daktilsameiceambiodinpat, Mid m@Rdd did Appacdfisagikéson for nmaxi mum
sensitivity and  detection limts. Oher solution manipulations nmay be
performed t o "ORAGER beyed ongreakly ligand priimized eprichedyisptapes ablowinguler seasiezat i on
for maxi mum SRRShihad [ L Mk, Sthe | TNWA ngt her
enbodi nent, t he&_brr%itlér?ggyggﬂgp%%%gﬁg&%pkée?%g?h(gbﬂg%ﬂtn?%gge %?%B?e@lfgsot opes
wi th t he. samshemistiy of Fie reagent streags boing tintomogateds Sfwsaspedienare then directly '

pre-concestr SRECI f.or. uentd.al eval uation,
opt 1 m zat Fon - A aSRUREL J00 efitad DRF b BhinR R ARl Rl BiGEn B2;
met hod of  asponetiefrnstomopkthd istmple snlutfbssusigeetht rsame tapyaratoe hutdastiqtevi di ng

a sanple to Qg‘é%‘%%g%]@%‘%ag‘gm?%&#kl ng rmultiple enriched stable iostopes of

el ements or sp fhe sanple and effecting equilibration

t her ebet ween. The equith kfl @k esbusPLkBsliAGH, théRABBRLEarAapdrfi@useubj ected to
at nospheric pressure iqQnization with the ions subsequently being

t h ! .
i ntroduced i AfgHgnal st manipyiaignsaiter gitroduciionsif the siabicoptiveized isetapasiton and
delivery 10f ther thetrmiBdl ispetids 16 Prinlifofifinih mlﬁﬁﬁ&i)ﬂ)rgl?&xﬁn@ﬁ stlisfvaRTaagessor

which in turn thr,ouah_a control ler effects control operation of the
met hods. | nf GFieaiaolmits. Piher gelptione madipblatinrs mey ficcpasformed ¢ shangs thhe

syst em bei ng [ . t - . | 1. t ani. vel s
ray b moni ¢ o o BE i lo bR ditan shiEuol 6 Shiati SRR ohd
seni conduct odetepitnslimys. in the cleaning 30 of wafers an early warning or

alarm may be sounded {eSRONSLY Gnduer SubSHHLEN H&LRB4 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

11



11 29 July 2005 WD 02/060565 PCT/ USO1/ 46539 | evel approaching an upper
tolerable Iimt in the case of warning or reaching or exceegd Dglyt2005sane
in the case of an alarm Correspondi ng apparatus is provided. It is an

obj ect of the present invention to provide a nethod and 5 apparatus for

i n- processWAR@MA¢ted anal ysis enploying a nodified formBET/U$MEI
Dilution Mass Spectronetry. It is yet another object of the present
invention to provide such a systemwhich is adapted for automatic and
unattended operation. It is yet another object of the present invention to
provi de such a 10 nethod and apparatus for qualitative and quantitative

identificati f (g}‘l%;’gt I.na Or 0 and speci.es in
fluids. It i ggbgpfagﬁoﬁer o%} leﬂc):{%:e ?g@@{ﬁhfe}: %&gslgn%g?%ewgrﬁl%obfeg@lﬂ% %uch a
system whi clexpesdmgdls sthetinthoeasembhoyledn.i n |ine and to provide a reliable
sensitive system not IIi hi ghly .skilled personnel for the operation
of the sane. 15 It is g%ggslp%ée}gg%’&%é’bgélﬁmifﬂggpresent i nvention to provide
such a system for unafit Bnaedbjeqestathieopresie iichtiP ey ptodideCalh&hed i-an and
anal ysi s gnd direct cpgari son agajnst a calibration _curve is not
required. 21t PREAUP for ooy atemed paalysiy emplaying ayeedifieh fore efilsotope

i sotopi ¢ rat imjlutde MsEBpRIrbARSy.t hat tend to minimze or eliminate
instrunent stability paraneters as 20 sources of error in quantitative
measurenent. It is a fUrSnet 2phacebient of e present dnvantoe e ipsovide spetoei de
such a syst eRyehiil B AaBRAIASABAMc bl BRRAGpLfuant I Tl ed anal ysis of
a species or elenent and, in another node, to pPOVI e solely relative
anal ysis of the same. Ftisiyst anotbdsj abgect off thé@roserd Seventiomve provdde sachpsovi de a

full t; ' .anal ytical chem stry.t hat i id
and Sccurar o g T SAPPERLERS a0 Ry o T hgliias” B0 alely o

t her eby m ni mbztemimepBs caepoundsead epatigsiiveNdids.due t o such cont ami nati on.

It is a further object of the present invention to provide such a system
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 analysis 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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It is a further object of the present invention to provide such a system .
which is usable in clean roons having silicon wafer baths and to extend the
lives of 30 expensive reagents used in such baths. 12 29 July 2005 It is
a further object of the present invention to provide sucl29luby28@m whi ch
can 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
systemwhich is adapted to accurately and rapidly detect ultra-trace
guantities of ahﬁpemhewMMﬁ@mlfﬁcbhﬂﬁﬂﬁw&ﬂmhnyﬁﬂgdésmh@pyamﬁaﬁkﬁam

det erm nati ons . gl i Ist. asg% ¢ F prese venti n provi des a net hod
of in- procgﬂwuké? ‘s " 8h %??% e@'%%ﬂ%?‘%? FBPEVIYi ng a sanpl e havi ng

an anal yte, prOV|d|ng an isotopically-enriched spike related to said

anal yte, spiking, & £ W t he spi ke and nlttln equ briumto
occur therebet&%%ﬁ g?%??‘ﬁé“@%?ﬁmé ﬁ?ﬁ?b?&?£&5§$¥%é ?Fgéﬁ%le to

at nospher i edjptedss lat:caratﬂljb m&apid@ndet@t ahaiae: quanstic RE b @pdcyvithih Atfludduci ng
said ions %nt R,2.MBss. sp (£ oneter such that the nass spectroneter forns
an anal yt e “T8SPEREE gﬁ & %F?glV%gponse and in a processor, using a ratio

of the analyte response and the spi ke response to characterize the anmount
of the analyte |n ﬁmga cond .gspect, resent i nvention

provi des an appat afps SP%C?Q%‘Wrﬁscht lggeélgo?%rtow esrf‘dg‘aéh‘gjpogd’? 1Sfet FAe & i si ng
sanpl e r ecepeirtigetappapdting adapted to receive a sanpl e having an anal yte,

spi ke introduction apparatus for introducing at |east one isotopically-
enri ched spi ke Prawiding asamplahpviog fimanabyde, i t t | ng equilibration therebetween,
13 29 July 2005 an atnospheric pressure ionizer for receiving said
equi l i brated sapmplidingintlisotopically-enriched spike related to said analyte,
spiking the sample with the spike 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 ratio of the analyte response and 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,

13



spi ke and ionizing the sane, a nmass spectroneter for receiving and
processing said ions to forman analyte response and a spi k29 JidgR005e and
a processor adapted to use a ratio of the anal yte response to the spike
response to characterize the amount of the analyte in the sanple. These and
ot her objects of the invention will be nore fully understood fromthe
follow ng description of the invention with reference to the draw ngs

appended her et o. mmmm&carm:mm&&%&%ﬂ%@&eﬁ{,ggg;a@edlsa@lewl ot of

response versus calibration in illustrating calibration curv ft Figure
2 is a schenedpile adagligifg ielsdst ati ng a method of. the present invention.
Figure 3 is a schematic diagramillustrating a form of apparatus of the

present invention. yElou.e ' pl ot. of tqtal counts_versus tine
i lustrative of mass #st%etéctﬂﬁ}]%t?r%?oerr CHYYE AU paressinesaidaions de fofm an

concentration, idﬁe%srts er, billion versus time also illustrative of nass
spect romet er “dr Prt. pﬁpﬂ{)ﬂ"é’ Pedespopteengdf de- convol uted concentration and

ratio versus tinme. Figure 7 is a plot of concentration_versus tinme. Figure
8 shows bar - gr apRsPTBFesimsdapted 40 iwsa avetisust therumalytd 883pbnse 48! thdsGki on and
IDVMS. Figure 9 is a plot of de-convoluted concentration versus spi ked

concent r at i oficsporsedevismaliertanind RfountbOiE Gnalfle IS s%@% of de-convol uted

concentration versus spi ked concentration.” Figure shows a pair of mass

spectra. 13a ese and other objects of the invention will be more fully understood
from the following description of the infvention 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.

13a



29 July 2005 WD 02/060565 PCTI USOL/ 46539 DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS The term "specie” as enployed herein shall referagguglogggnt al
speci es, ionic species, nolecular species, conplex species such as
organonetal lic species and any other species which may be adapted for

qual it at i v‘gog?{ﬁa’a‘%ant itative 5 analysis using the presePT/¥9V4e8T on. The
term "spi ke" as enployed herein shall] refer to an enriched isotope of a
speci e and/or an elenent. As used herein, the term"ratio" shall refer to
an isotopic ratio of a specie and/or an element. -. 10 The term"fluid" as
enpl oyed herein in respect of a nmass stream containing either "specie or

el ement” or “spike" OESTMINTION DFETARPREFERRMS EMEODpIMETed to, Tiquid or
gas. The term "threshol d". as gnpi_o.yec ereln 1 n respe a level of a
"specie or element” abdfetoii cspeeiple as seraplpyedo hereine wiail 'refeano beesletgr m ned
15 quantitaty HSd e Lovention. The term "quantitative detection
linmt of an dlp\r%'% ér/’ul#glh{l‘g e%&?\@% LB’P SE%\’%SFOWB BIPEHCS Bt A OFEnPHstalic a
parti cul ar - efpecientndanysyibeispeodsi wiiiciay b6 tadAIRNMor RARAER!RE quantitarive
quanti tatd vel In this invention the i1sotopically enriched 'standard spikes
added to heal;g%(%‘sé‘ﬁ%lﬂée%ﬂ:%“bﬂ’m& to come to species equilibriumwth the
| sot opes in the sanpl L Ol n t nti.tati ve and species

i nformation then becoﬁfe‘}lgp{eg@ais#’iggrggisé#ﬁéieﬁs%%gs%ﬁgﬁt'iek)eﬁ.toA?ﬂ et of the
enri chnent riPRopeoiipenic zandidnen eleaieno f or mat hemati cal eval uation at the
threshol d detection |egyvel %g not en&%I oyed in_traditional nethods as
quantitative infornatitn fHEm: el hradion shall gefettor anpisotopictratio of8 . goal .
The net hod apecieppiboild@enéR. Usabl e in in-process automated ultra- trace

el enent, contam nant, and species analysis. This invention provides for a
met hod afd apparatus fI&¢ ternt [“finid" aretiplopgdi frergin dn esspkctast 2 IS tsyeamt er

(1 P-M5)

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



~anal ytical apparatus that uses optim zed stable isotopic ratios for
in-process automated 30 and unattended operation. Both qualisayiiveoessd
guantitative analysis of ultra-trace 14 29 July 2005 WD 02/060565 :
PCT/ USO01/ 46539 el enments and species information is avail able through the
met hod and"PA?PHPE apparatus. The nethod uses a mass sgEFYYNEESEL
interface that is an Atnospheric Pressure lonization (APlI) systemthat

all ows both quantitative el emental measurenment and species evaluation. The
fluid handling systemintroduces the separated and 5 optim zed isotopes in
a highly exchangeable ligand formthat is dynamically transforned to the
speci es occueleinagsi andt frecied unfdsndtionn besibisld. thithgh ShaPhdh@Nhh& Ngdinid SOt opes
are. optim zed f?r r?,it]i 0 th surenment. enabl i ng efficient nonitoring at and
near the thr Z8RGE- of "URPRRY UEH.2 RS THCEEQIRRICT Iteeats Bal isranofiEmespberiti ment

enpl oys dynaPiegsufé onbgticH (APDHQy4tha 184t aNehas Kbtk BhdnEREF aBhKRal Al RulRensamp! e
in order to eljmnate undesired matrix effects. Mass spectroneters are
i nstrument s #hEPesiE SYaluatwnelhy fpid pagrdipg Fystem iatiodwees thensrpdratrdnarsl f or

extended 4 i MgpRgEbD dRoioRiGR_AhiSRY CERhafiRe Ifkaft IGHK hiBcaty"her ent
vari ations inﬁpthese in%l%r ument s@ggr/_i se t om_%r%%ﬁgdes t a{tﬁﬁto%cgﬁﬁqﬁcallg’

stabi l ity i niranséormat itg thetspeniesanvduoipg rimtheofiuitls bamgiiestedn The fablesanishaint i al | y
alter the ¢ i i : Lty i_n.reagents and sanpl es, al so
aftoct mass FPanraas fBEFAR HilbhedtiaRgRS B PREH BRI TR Fihge wi ¢ n
time. Al ofndangsdinsshiolthtfidotestionare normal |y dealt with through the nmanual
and i ndependent calib nd re- calibration of hoth the, mass

ration (
spectrometer and fl ui dﬂﬁé)ﬁ?fﬁ Afvesfien grne gmpogiment @fﬁdy?émi“h%‘éﬁg oh, the
et hod arpl apPMANNY GaRlpldntorttbSabicR PRE"SLARldalk AcHRAS feRHCd
manner that is a substantial departure Trom attended operation protocol
where oper atffictscal i bration and anal ysi s are typically performed. Direct

conpari son agai nst a ,Galli ion curve.is _eli,mnated thr h t he, use of
rati o measurenents. ThI%%’Jg 5@‘%’3@‘?‘859 arsﬁragﬁifl?lﬁgtsgga]ﬁgﬁd]é’ tgeréelr‘ﬁg'?%qef #hMar e
removed t hr cugimatthededehinaacer enended tiap perivdd, sad d Rateral YayLiooy @edia a

i nstrunent stabil]j araneters as sources-of error in quantitative
ltime. ]l.tﬁxgregt vmqigons m these instruments arse from changes that occur

15  stability in the calibration and ope'rational- 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 respomse, therefore making quantification of inorganic ¢lements and

30  wunattended operation feasible.
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measurenent. Using the in-process |Isotope Dilution nethods of the present

i nvention can significantly overcome the problems of signal 2g:pmy28650n and

non- |inear signal response, therefore making quantification of Inorganic

el ements and 30 unattended operation feasible. 15 29 July 2005 WO

02/ 060565 POM2O859Y 46539 Referring now in greater detail PeHURINGEBL 2,

a.preferred nethod of the present invention will be considered. For

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

sem conductor industry, it will be appreciated that the nethod is 5 not so

limted. The present nriBgHeRS hieestaRRR i ' ¢

qualitative and quantitati \%gﬁanal%;,}esi s%ggé?gﬁ#gé%’%%ygg%g@ng&%l

cont ami nat i oRr¢semigpyention wilkbe considarety dtve coavenlenemaf discldshee, qefarencd &ili ve
Tradi.tional plurality of baths,

d [ I im he i. . ly. .
' ezgﬁcigg? ai h;glﬁ;m%%u%’o gllugolsﬁn(rg? aﬂ%tcbasflbﬁ ot fhe tyB%I“ﬁ‘%ai Hﬁ%lf’a‘hlr%‘mb'ﬁ' i WRfET wi t h

the waf ers t prétRicabeangd shficoeinsoa BRfbid it Wil 8k appreéiae L eRembabl i 0 the
next. As a result, it becones inportant to determ ne whether contam nants

in each bdt hngt g e nThegrreseatmethpd has the capabilify-0f] pgrferming dothsqatitive esul t

cont el at o5 12y HFiivt LRGN 09 Sp bt e o R R R =" "
anal ysi s of ulenpies léwebmntiwat ahe npaatitacdtd sdetdetion| iMit Po D vihel emsgumBans f or

ascertaining,on the 15 basis of identification of the particular specie  or
el enent whi crafitienaly ¢ 2 pipgalitys of baths.c sch ontNPE MIRGAUF oFF PIZaBignsolvehat i on

exists. One QE¥:ichsS redabalsd tew ot 'gﬁﬁt its
speci es conposi tlle%gﬁ,rt eﬁcorrgglﬁent %%fstqhe%bcg{aﬂ% g% ?E{ahe c1 %ﬁgg%&rﬁgactipns
occurri nd0t heneibath & teemixtl ASpeciesst, ait hecommdsr intpogantby ddiendiemhstheyy of t he

IR RIS N T N
cl eani ng andjgtvel BgheRAtdand hﬁﬁe-@n@umagsmsi BEPrddict 2R preRLE il BAGN!
speci es est agl)llltggglgtcg neit}lgesse?;ugnl:irale axslacl)jlzslils Io(f) r::ichbgath or simultaneous analysis of
. y
samples from two or more baths. It also provides a meauns for ascertaining on the
15 basis of identification of the particular 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 XK 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



dom nant ani on conplex formations such as aqueous hydrates, fluoride,
chioride, ammonia, and hydroxide. The stability of these |igapgyeess! ex
ions and nol ecules 25 will be maintained if no other ligand with a higher
formation %ﬁfoﬁ{%s Kl is introduced. As a result, the nmetal ions in the

hi gh purity séltttons of 1 % 10% HF aqueous sol ution byPGHPEHESH 11 be
dom nated by the fluoride ion ligand conplex. Jn solutions of HCl:H2Q2: H20
(1:1:6 by volune) the domnant ligand will be the <chloride |ligand. For
exanple iron(l1l1) has progressively nore stable fluoride 30 formation
constant of K(err), Ka, and a K(c) of 2x105, 2x109 and 4x1012,

respectivel y,(withG @dnbindd/ K200%0r MO0/ O6HHHS) RET |chﬁ@dﬁ:ﬁ@5l§§(ﬂ(ﬂﬂ)h R

mbi ned K1 | th f 4x1026) and chrom um(I11) K? 2x104,"K
5x106, and k(@) 5uf Kp o AE0] RivocaemRIai ot JCrmma f OXHP ovploche | o

3x1022) is. lgctdsus en f?ma,i‘ I\mat-e 105 and
for iron(lll) a KA,“"EQ"@%%&%%?}% , %3?@@@1@%’8&%%&% i'vely. The
ot her sol uti cmdKaldfo3hatdd,598i duflet Ontresprctiveiyandrifeo bthiet isohtiemnak@Hage f O
hydr oxi de,. a ni ter,. hydrogen eroxide and sulfate. If the iron is
present a® a ﬂS&fabﬁiagE%‘Lﬁ?"@ig’t‘B‘ﬂ 3%3@%CWFJ¥WEFB‘M%&W‘{*&3: Vatgls hydrogen oxi de
this will chajgidehal SEERMERtE! i 6h aMSlhy, | LONSHRathe
baths as t hequ%ea(l:t ions are equil frbr iﬁﬂ%m t ha?yémﬂflpﬁ%%bégﬁoﬁt&?gf F‘éejg%gfﬁ?ﬁd{: he

sol ution | i gaespleiner ahe hpdroxiderthisrwitludiasge Bye deidiamgnthhehérsisto @if ahe pi kes
for 10 iron, far _exanpl Ih a nlus three oxidation state, specjies in a
very weak | i guét(rglﬁffonss lr}g %gatgs At &ﬁarf’%c?m’fsh%wIeﬂﬁ’gﬁﬂuﬁfm?th‘@ms% trglled bye
dynani cal |y tihessligunRgands bad thereadRAieduckh aBy | M@ he dblopid sfilkg P! Ut i on
and subseguently will equilibrate dynanically on-li'ne or I'n-process with
the el emeﬂ)l al Ty &5 @uplntig i plan thiee, oxifationcgtaiansnegichdn b vsry whdnligaid,

process. |If ) 4 Sl Q. rocess,..for 15 exanpl I n
waf er cl eani ﬁsﬁhgﬂ% %g%:att‘lg’gﬁg\t}\ﬁgglﬁ? ?ﬁ@gssfs”f(% Evéﬁlr?%tc%?@ngﬁ%y ?ﬁggﬁjﬁ"ﬁﬁé r"éntgdg?‘lt S nmay
occur and it specjesciieat & alodiiddnerianthes pelaiias , adde hbseqwmilre il | dquibrde-
organonetalic,_or a stable |igand s?eci, es it may also be present in solution
and a diff er ¥t FRFAREISpST BPrOfeRy WHR thecliaintal PPedies somiamimEdn thes
spectral examldaaihk ®ath orT(t.Hcﬁlédﬁ pRidesRAdF bicRBAcal RhOSIBSICRAGN AflbUs Pt Over

previous Irgat hods that extends

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
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20 the chem cal information beyond el emental species contam nation and adds
the dimension of chemcal specificity to the in-process chepa 320050
addition, if a contam nant originates in a solution such as the HF bat h
and then is nmeasured in the sulfate bath or water bath it will very likely
retain it sMAGAMHDf origin pernmitting the identificatiBRI/BSILURBI

contam nation source. This data is an addition to the conplex 25
information that will be obtained enploying this nmethod. In another

enbodi ment a strong chel ating or conplexing reagent will be added to both
the sanple and the spi ke and the quantitative nmeasurenent will be nade as

the conpl ex. cidhisir Parinfeths Wﬁ%%g@gﬁ?ﬂ b8 delriife R SG! GF c%%g{‘r ol iéﬁ%ont f ol

chem stry of the solution and en e measur ement
of 17 29 Jubsalpeosf inigmsn2/ 060565 PCTI USOL/ 46539 chemi stry par arret ers that

may ot herw se be detrlgen% to.t he getectlorigr of the apalytes of interest.
As shown in Figure 2, ‘& SUHA B Fighis 4iesample figm ong ‘?rtilpB‘Fall%Pﬁé’aﬁhé is

provi ded to preidedss dessens sigainpld infrsdyetiat 3. 0ﬂp8moﬁo@9{efshxﬂple§€h e kidGuge P! e
(the singular ?’ﬁglsgé be used as a convenient neans .referri to-one or a

plurality’ of "B 23 A SORGHIcabMERNS IETERGHO eRsheha iphgaLp o baﬂletahéhe t he
sanpl es ar e seteenof i dame &ﬁﬂhg hﬁsﬁib«rh&ﬁal th¥ <0 %ttgk.ﬁ: gﬂacb&é s or

si mul t aneous| y_and_co-m ng Ie |ntro |nto € anal ysi s
stage 6 wher Bidividualyron ﬁalﬁﬂbhkbvmlbasmeomamltaneeg@yohnagcmmgreﬂ) vmllebsarrpl e

1228 L GCiet i oS 1 200U R S0, LSRN, g2 the

desired physi cal roperties, suc
i nformation resgaxdmgwmaﬁm sunpld isent thecdesipecopie $avel, hi@thleradbcﬁﬁteeﬂhd%m bhe

dashed | jhe ner to.be.djscussed hereinafter. As the
pr esent is@ster‘r‘gl SN a;l)}feecgﬁfeg @TYSJ\? @%‘Ha‘th’é‘iF&LamP%*Pwa?féas tRReEA N at | on
of speci e i dehisiiifomadtionts mitodictd iitd e n)icrop@dedbinviihdididdtdyyihe @4shed grent al
15 identifi Cﬁ’r":‘i'o ualitati ve y_.and 8 antitatively, three methods may be
enpl oyed wit ¢ Wat tabadizgyssefheremaller. gesired to deternine,

qualitatively, t he pr Q‘S@ﬂiéepr@sfenﬁsﬁl?@& i€ addp® to provide unattended, automated

determination of specie identification, qualitatively and quantitatively, or eleméntal

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,

éuch 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

- 18



sanple fromsanple introduction is introduced into the chem cal
nodi fication step 12, wherein information provided from sany §,jRgbysis 6
to mcroprocessor 10 will have 20 entered data collection and anal ysis 14,
which, in turn, distributes the information 16 which is passed onto
control | er WD2/Oa#H6Th, in turn, provides an output signal patwse4ssead 24 to
chem cal nodification 12 to provide whatever adjustnent in the chem stry,
such as pH or reagent content, or physical properties, such as tenperature,
to the sanple prior to the next stage of sanple processing. The sanple, as
nodified, is then 25 delivered to the solution-handling unit which if the
obj ective i Spfistsbictabd Ve i ., 0, t e WLl deliver the sane
to at nbspheric. pir)essurre_ﬁ? gﬁ??&%%ﬁ {Jbrillf%{IOngﬁm cﬁl, 2 ?ﬁr’%’{ 81.4’QW§P1§T M Porm s
an el ect r ospAgiveroii Hsrinformptionydistribuigeny &s vhis I6onilzferhdtion ehiopaBestse of t he
solution inc i : anen Ci and, 1f desired, de- solvates
t he sanpl e. %_ﬁglogg% tpl)lhutg mgéfou. i ép%ﬁaﬁi? O?EE%I&%?I%I dmﬁloberrgésb@bé%tar%ﬁ’é‘geer 36,
30 whi ch rmay prodfdicald, ypibeintroductien 88, chérnighll modifcatisn 22, oRMBh BindlRk 26,
guadr apol ectronmeter. .The information fromthe nmass_ spectroneter
Fed TRTRE o &

i's delivefed o PhaC I8 U8 F pnd ({354 S ERIBYET I8CPF erpmRyTistBagion.

m cropr ocessBuritdd, tbrﬂﬁabxitdnetodaﬁal&etﬂf&ﬁtaiti@ﬂm&%@%'»@bw@h&m%“dwﬁé’éﬁi ch, in
turn, delivers it for inforpation distribution to unit 16. Information

which is to BECOHANCR L FONATEERE, a0 sagy ofrening inle bt provided oo an whener wi | | be

fed back to shus@Wl Qdedeith® G aRh R-alsSRick Ferbd) ' g cal
nodi fication 12, sol u?i on_handl i néha%isggkgtgﬁoé{%@g?%Eég?({ahstgrﬁa%ﬁﬁgﬁ ation
peap

32, and mass@yely tenercsttiopeoft the $yistene vidthi Brbeing-midnhiersd bhyo tiiche
extent tepWhinghnh88 | QB [ [ OV arture froma desired
concentration of %gntg_{r]ng)?\ant safﬁg?WnAl%a?%é?%vgdregietﬁgopf?{l?‘@]l%mﬁ’?‘ﬁgi d or an

alert or shueWdvie protidedavithtiivg onlyf e vetriiog ané aldrsafalekiivebad alse dae System

i nterface 40 46 (o) Q he eration of the sical. systemwhich is
bei ng noni tofre dg@ g%e&% cilui?lrs trﬁﬁ@ﬁ%ﬁ’ q??ﬁ'%@n?%'pﬁag‘%ﬂthﬁ’éwf%g%%‘%@fpr ovi ded
to operati onlergérisdndiag opinizativnlihfirheticdl QVdrdRerM iddHRP o bY obdiiofr Ni Ng
and al ert in(f)pté%tiog’,. but al.sg d%a regardi ng the then current readings,

| ong- t er m t r Sndts MeHIeg: Htda desined &y ORIFIR SHaB Hative etemigptions o€ pa glemgnt, the

opti m zald onsamplo immiidion 200isEder éaﬂﬂxl@t&oﬂag%bik@%%dﬁ&ﬁdﬁ%&a@ibh%herein

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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of the nmethod, if it is desired to obtain quantitative determ nations of an
el.enent, the 15 sanple introduction 2 delivers a sanple to tf@d&tﬁidﬁss '
i ntroduction |ocation, wherein enriched separated isotopes are mxed in
dilute or a weakly conpl exi ng node where they are mxed with the sanple
and subj ecf"\é‘?ﬁl“zt’oé“%ﬁui libration. The equilibrated sanplePcsushemspassed

t hrough chem cal nodification 12 and solution handling 26 fromwhich it
goes to liquid chromat ograph 48 and then to atnospheric pressure 20
ionization 32, after which, it is subjected to speciation processing 50
fromwhich it passes to, mass spectroneter 36 with the output of the mass

spectroneter being pregesne Fufl 5RRE RGRSHPS OR"At €,
passed on to controller 12 g_nd/%}1 system nterffogrlgle&} Pargglﬁﬂ%%ﬁg’ 1gltheerrent al
mode, the voMieiRd oiathg dsesentonyabisntwiloepecisic refedpoe Volat prefoned puesticer &bl v
about 350- 40GQkBhis a W s&r¥edb €, om about 2 25 30 volts. In
this approach, an enri cﬁgd “ glg‘t?%%g&ﬁ)?%ﬁ?};@%éz {Bﬁetqgglog%?wl? HEF 8t i on

38 for each df@erwidgra perdereef thefsampkitanhanantlesiattohictio apgarsmidoreg | f the

sanpl e re L t | d.pass_ from solution handl.ing 26 to gas
chr omat o\gl;vfg ap ﬁﬁgg@égﬁg@%ﬁ%‘%@ \é\%q%ﬁf”%%@ sfér. mﬁ)ﬁ’@?%“hﬂ’é’ﬁ?s?’t“ﬁtqr’\}g d@%@ﬁﬂift

det er mi nat i omnifesiu¢ed sbenltmetislyt foe couiipgled pheesdfe. ANMRSARE 6T heREBIRULS

ioni zation 32 is.deljvered to pro gsi n ‘ﬁ el enental node 60 from which
the process sgn’%llweeregﬁ?é?‘g? et"’ﬂ@%gg ?ﬂ@’g’t éﬁ%‘?@“f‘?ﬁﬂf@ ghymigal pucdbppsicalyp
02/ 060565 PCEhddaictistés> 30ctRas, efok idx8mbR, PHYWeMerd: cdub&fi@tibe aﬁﬁqg]m Galiftf M Of
appar at us usagﬁ% in the mnmethod of the present invention wt Iépem fic

reference to" r BT, S VRIS theptag to mireRseeesroe t0-afier Weosenridsendriin umnnect i on
with Figuoe Bas &8eutolRehich SATRhGsS SR hefiin 1Y bRlavhd ol B ddigg of the

sanple -to the sanple introduction apparatus Yy be
i ntroduced s&ytdoraiation gistribptiom teip di6drom phishdbs infgmuotion inhaydespased, toby

ntreduced sguhanep e ROLRCPROGERSL I cOoRBL HRAGBLANT,,
cheni cal andapiayatiscdl2 whardect by isfferic sdjusiueht af, thieochaianipled pysicileagent
(r:npg(r:gg; ggé;ggﬁﬁ%&nts%go%rm c% %Jaé%ll%\\g@g%g}e,eéqﬁn t‘}#{? ghz,ngl%l ih%gc{u%tigrp gppgyz} sultozt ©
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

20



10 has the data collection and analysis unit therewithin 114 process the
sane and deliver to information distribution unit 116 from EQUEQEOBE

i nformati on may be passed to controller 20 with appropriate feedback as
needed to the chenmical nodification apparatus 112 in order to effect

adj ust ment WPP&%Scheni cal and physical characteri sti csPOHUSHESEhnpl e
wher e needed. The sanple introduction apparatus 102 15 cooperates with both
the chem cal nodification apparatus 112 and the spi ke introduction
apparatus 138 in a manner herei nbefore descri bed. The output of the

chem cal nodification apparatus is delivered to the solution handling unit
126 which, bempaitiondRpant} Rguikpomshedlibetioh labi d-baibngion sREE BFestess | | qui d
or gas, will respectively_ deliver the sanple _to gas chromatograph 156 or
l'i qui d chrorrﬁ‘ieﬁgF'é‘}fFFdﬂl}' rf%gf%ﬁ? galibrriipn,dut i flisest isAlopicdaln @aluatighe| i vered to
at mospheric ion gener agghre %wsﬂe%k&@ﬁsi%?‘aﬁl}?&boﬁs@%iﬁ%Aﬁ?{@:ﬂ—ﬂ@ ivered to

mass spectroneter 136 for processing. O arily, a mass spectroneter w ||
drift and beowrdSuniongbl dppm Ay nilfeNG; voheiwnsiuced todniEs-MSdnstmomesk anpl es

provi ded here.in Figures 4 and 5. In thes exanpl es,. an El ectrospray Mass
Spect r ometer FESeRHGHeTRersa PG Nt Rt e S RS S R YO s 2

Spect r omet er 143299 dBGrIEStMBrespomeWhich AStyplehl dvey thdihddsirbint | N bot h
cases quantitative capability varies and is degraded over relatively short

peri ods of Perad. It is further denpnstrated that relying on isotopic ratio
measurement s nor Ml | 26 LNeSE L DAl b0 Bk IEb QS otk SRS
quantitative capability: Ing 1sotopic rati o neasurenents the autonated
unatt ended opesamipledtontainiag $0 pptaNi,atu, 30, pidAag(Blidkel)iCdgpdrsZimn ahd Silverfhe
sequent i %I anal ysis of nultiple fluids of different %‘%h si_.cal and chem cal
conposi t i1Bn ¥as Spniuenshingaduopd dto Kriheand the datavas colipcted ingikJ02005 WO
02/ 060565 PCHiaOli 973 IrienBhositibhdd PaftRAdBH G uifdlbiloh o RANA sifitlabddy at 1 On
and re-calibration steps, these lsteps are ({gj?lllntﬁﬂat e0§ by ?@@%ﬁg not on .
cal i brati on, paduciog adnlimetion awve orchesath derpardd wad pavformed-atghy eegdnngizpws t he

B0 o b SR ol P SR e P 5 HRBRAT o
wer e per f or maghe Thigbr&@H G vds Qbd tHRQAEANS adeGiftug@iava. aBhis 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 demonstrate the capability of the present
 invention to maintain quantitative ma'ss spectral capability for unattended automated
in-process analysis on these two instruments and demonstrate the effectiveness of
this method and the apparﬁtus necessélrj 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
21



| arge as 25%drift of ES-MS response, which is typical over the neasurenent
period. Figure 5 shows actual neasurenents of the |CP-M5 datgg Wilzobsme. A
sanpl e containing 10 ppb Ni, Cu, Zn, and Ag (N ckel, Copper, ZinC and
Silver) 10 was continuously introduced into | CP-M5 and the data was

col l ected MO ®{0056%9 i nute intervals. The conventional cedirbsaussn (an

I ntroduction of known standards producing a calibration curve) for these 4
el enents was perforned at the beginning of the experinent. The integrated
results for each 10-minute period were conpared to the calibration curves
and the results are illustrated. This figure shows the trend 15 of the

| CP- M5 i hia16 ' F N .Ag. For, | e,
the rosponce oy taanredr ir PRRAEE G fortls: o ool Piichpnslisdion 3 ppb

in 30 m nut e¥ith rehpact topwdringitusnehie, Sedifipglly dnnA PIEES)-130 afd Ry @Sy hi s drift
with the sane solutio .illﬁstrates a nmass spectroneter's tendency to
drift. Solution changed&¥thshoys the wigapd Je-conyeasd reswifonAd nuaeed by

di fferences dbDtAPI (BS-M$.00appalApul 19MINODGSE f r nges,. i

addition t.o e instrunment cfrpi ft.g) Fi gur esp6, %gﬁngﬁ%ﬁgéﬁggg?@gﬁve&ﬁe
capabi | i t? of" TYhEPBrale Bisesursmanisivere periomedi under the geraniristramént e opdisisns pect r al
capabi lity f ameUahisestdiestosd!t @8] Lz a Si,s 0 e two

i nstruments and denonst ra’?%éjt he e‘f?ggcwgegéggag%gfmﬁﬁh%/?%?ﬂb@g d“2he

appar at us necéasslaed: The meewmdl iatihof hO%107etR0N23(BH00ES $1.9% AHARAGHEENENt S

of the fl uids N t he. sem conduct cl eapi'ng process described In
Table 1 woul 3*13;,‘?35? rgrsa yt"Pg&’ﬁi‘Petﬁer ﬁg‘b‘a} ?ﬁ?éﬁ%ﬁ s@eenization ¥ie desonvadutsdnpl e.

The undesi r édsedrst theeeisuéd irftlo, a5d GRAORSHY #5604 T8 frequent
cal i brat }an and Q{Oevent s instrunents operated In %@g@@@t@lﬁaﬁa{%&aﬁ i on
om

f ashi on W cpsi hptigm linguinghe Féghredn dBy matmperwadvidaipere 4 RigeR

repeat ed cl aggivddn ' i re .30 el im nated using the present

i nvention, and dire %’ﬁ%ﬁe gﬁ%e%%ﬁ%o%ﬁrteéﬁaisf'g-"bt%%’éte‘g@m"f‘l‘elﬁgnm??ﬂQ@05 VO
02/ 060565 PCOV&ISDE /teb PBHod DAY Shis. irﬁth@@bé.e@his-l_b@ntﬂfsﬁﬁﬁﬁﬁheia"ﬂi’lﬂggjf%ei s, for
sinplicity o; Vditscltos.ure di sclosed -wWth respect to two Instrunents,

speci fi cal | y "™ AHH PEBPIQYR thepyedision eiihgmeasurement for ES-MS.

Figure 7 shows the de-convoluted results by applying the concept of

;5 the invention to an ICP-MS$ ipstrumeut 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 pieci_se measurement than was achieved when

 traditional calibration was relied upon over an extended period of t,im.e. 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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Figure 6 shows the ratio and de-convoluted result for Ag neasured by 1D
APl (ES)-Ms. A 1ppm Ag in 1% HNOG3 was spi ked with Ag-109 q“%iﬁlﬁ%b&?' y. b
Five replicate neasurenents were perforned under the sane instrunent
conditions. The counts of isotope 107 and 109 were extracted and the ratio
of 109/ 107W@3/0605¢f cul at ed. The measured rati o of 109/ 10FcweE®1/4638030. 016
(1.3% variance which shows as the top line in the figure). The sanple
concentration was de-convoluted based on the neasured ratio, and final
result was 0.9040. 05ppm (5.5 % variance, 10 which shows as bottomline in
the Figure). By conparison with Figure 4 which shows an approxi mate 25%

. ! . ey ; ( WS "
vart ance, thergy keod Shan oA LOPLAYETSOL 1 preciion over Lhe test
i nvention to Thewe@\esht EfuRhest SORsAls &b&‘?neg%?ﬁagﬁ@olﬁﬁ%e En%?t?o%qgo@?@g'togur e

shows the de-convoluted results by applyin cept ©
i nvention t o GenIIP-m@surersentuihen applicda ti@Oreslta e 10210 ©BEAIS1 L0o3ND! €

containing 1 [, , and. Aq,.(Ni ckel , .Copper, Zinc and Silver) was
spi ked wit h%@ﬁ%@&‘ﬁ’ g%uﬁﬁ%fppi’n?’f egﬂ“r ?&*’&Bé“sgedﬁswm@b{- Thespsesulm- 68,
and Ag-109. @emonsspicleedess amploveei if OB preQus] ¥od RLEANHCaGed | CP- VB
and the data was again collected in six 10-mnute peg'luoggl. e%gm%%eegrat ed
result for eXHM® MU #RdPTsEs Sun xonyansions! tcakihraiisn eued thes 60 opite patiéds of Ni
62/ 60, Cu 65}8g4 Zn 68/63 and Ag 109/ 107 was cal cul ated. The de-convol-uted
concentrations were calculated and the results are illustrated in the

figure. For exanple, t@mlsfstenahn;ﬁresathéntfi@rboﬁgﬂ‘é&sﬁm Utd GellFadiPRr mulkiphes 1S
much nore accurate and é)reci se neasurenent than was achi eved when

traditional TEF HEEFPRHEHID & vRReH W donigiiiep infpreces dpmenstiats theqzenérak i ne. A
further 25 c REBIG HhdSiol SR L I nt | W t

conventi onal %(;ﬁzil i brg'[bifgi\e %ﬁﬁogﬁkf our g%a?rewgéu%?&eﬂd%ﬁfn@qﬁ%dﬁogq%‘hovm in
nore detail PreRlededods, oftigarapd Soireducstthateasr thsed Oypastwmne Akift het

conventi onal c&@ehtpgngt%@%tagé‘iml lustrated in Figure 5) and the invention

concept that isinp on an ICP- M5 instrunment in this exanple
(illTustrated in Figurdt %) cledvad IONIS! ShlysEab WiSst ih 3&651&%’[}. ftu bt he
results obtained fromthe conventional calibration, which are %% 22 29
July 2005  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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WD 02/ 060565 PCTI USOL/ 46539 0.4, 9.2 0.4, 8.8 0.4, 83 0.4 ppb for N, Cu,
Zn and Ag, respectively. The four right colums are the resg&ga ogpai ned
by applying the invention concept to the |IDMS neasurenent. en”appli ed,
the results are 10.11 0.03, 9.81 0.05, 9.97 0.05, 9.94 0.03 ppb for N
Cu, Zn andWA2/06ds6pecti vely. These results 5 denonstr at ePEI/USEAES39

| nprovenent in both precision and accuracy. These results are nore
accurate and precise than conventional calibration over the 60 m nute
period. tested. Consistent inprovenent in both precision and accuracy in
multiple mass spectroneters with a variety of ionization interfaces

denonstrate gshegenecaly, 10 I?@pﬁl@&@ld ATE @Tgosge | nV@?élh wr l#%i’ole' bte t he

MBSS Spect r onet erpfys ée gm to functi’on’ for éxten 4 and to
reduce the error caused by instrunent drift and co .8‘ﬁ SHAPC | bratlons

It is clear that IDVS. analysis is at |east an order- HdHiorugest

accurate and,precise than c g ntignal calibration olFase e‘BbRPTBWabf 60

nm nut es. ,%\Bgyg’f?ﬁ@ Tabl e%i g’h@;ﬂ\gztyp daPO& | i con Qeanrip Remeaaiu ng

sol utions and Bhts__enployed in the seniconductor industry.* Chem cal
Typi cal Sol uti cPr?“Nféﬁ‘Fe osition Formul ations Purpose of O eaning

U tra-Pure Water “Bratdg’tra- 100% Prinmary Dilution "UPW Pure Reagent 2.
SC-1, RCA-1 NHAOH H202; 1:1:5, 75C Organic Renobval "Huang 1" H20 Metal -1on
Conpl exi ng 3. DB@e@ HIRCA- 2, HEH,0R02: H20: 18:100.625°80C MitivaloxideQteniRapval
"Huang 2" Metal Hydroxides Dissolution, Residual Trace Metal Renoval 23
29 July 2005 '

*(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 prov1de 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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WO 02/ 060565 PCTI USOL/ 46539 3. SC-2, RCA-2, HC :H202: H20 1:1:6, 80C Al kali

| on Renoval "Huang 2" Metal Hydroxides Dissolution, Resi duysf u@rﬁgg Met al
Renoval 4. M xture of H2SO4: 22 2: 1, 90C Organic Renpval Su ?uri C
Peroxide, SPM "Piranha" 5. Diluted HF HF: H20 1:10- 100, 25C Native Oxide
Renoval * (W6 oxo@bdsi ed i n accordance with Kern W, " Handbakuset/46539

Sem conductor Wafer C eaning Technol ogy: Science, Technol ogy and
Applications”, Noyes Publications, 1993). The nethod and apparatus goal s
are to provide close to real-tinme analytical chem cal netrol ogy of

contam nant concentrations in these solutions. Cenerally, the contam nants

of primary inpterest Lncl u t l.east gne el enment selected fromthe
group consi st?llRx hc% SJFII&?%VEO",EC Cﬁije?ecgff,‘ it |9f91 fiomasy; spegiforRgier, phesugs ofs  gSp,
and Zn, but icomhRerd€ni svaidtie fs6topRas poRibY waes kﬂe'k@m@ésuﬁén%ﬁﬁ%éﬁé%ﬂ%”t at

significant concentrations. The concentration range that nust be assessed
is md- ppb #btheghreshald gf detedioniofibe ingtroment, uncspaintiest dtvo malet the mealysis

measur enont ST SR BAReE GRS ARl HE LR R B leiRbon G o

ultra trabe measiuremenis deshtiblgr €35 BEopidiratics taabd NreliOn S B ifib dare 7s al
theoretical considerations. The technology is a critical quality control

assessnent t 8B1MZ5 the, gatie ngasyrement;an these leyelsc dusengaplesof; hpw iesesartiainduct or
i ndustry as | ' | LV 1 [ ' 0N fers
y bfb?‘éﬂédhr i %Efﬁgﬁﬂeﬁsﬁe&%ésg SneBGhrtedt Hiows. A% ({gﬁﬂ{u}ﬂ il ft. AL T8t on

continues to contam nants w ave even greater |
t he vi abi | i t yheofimithef detestion ispmortudifiicnit tbanl heassssnents 4thenrirdliogtsmaf of he

AR e M AT T R A L Rl
conmponentg aagedionCACRIEsAhé Aiterthifty! difhe 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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24 29 July 2005 WO 02/060565 PCT/ USOL/ 46539 fluids well above the
detection limts of the mass spectroneter, the use of comesgiqllbos

avai l abl e i sotopes is possible. Wen these neasurenents are required at
the threshold of detection of the instrunent, uncertainties can nmake the
anal ysis WO®R0S6X icult. In these cases, enhancing the REVUHINESS of the
detection limt 5 neasurenent is desirable. The isotopic ratio can be
altered in the spiking fluids to optimze the ratio nmeasurenent at these
| evel s. An exanple of how these specially prepared spi kes enhance these
measurenents follows. An opti mumratio at and near the limt of detection

Is nmore difficult than nor
concentrations. Establi shi ng gﬁ}@é}@léoﬁ% W?%H%@?%‘éﬁﬁm{?gﬁ' Oreg g?ﬁn) ghgt e he
threshol d of ihfinmeinequirtinte dlctoad] Hitl The UTEEETRINbY (RE: b FRIBSEY Went to

be known and optimzed for the IP/M5is a unique optimzation at t
det ection | i rAcEORHFasSHBE Guantiptive JpeasWemgRti Brihg fosirrmentaquaptipéye @f@tcél@ﬂl on

limt and ne t thities of
spi ke optim ?gﬁﬁj gsﬁ%ﬂgnuskdrg{eqs%dlrlé #(eg\%ielﬁ\égﬁjdta rvc ?(E{qﬁg@ %Iil%ﬁs r%l% and
mul ti pl e énriicstaohndns qhagpisive nicteethar Hindtdis glafndd as &8 tinfes ttha cﬁahemhﬁdz&ﬂerrent :

This technique is no resent in traditional | DVS nethods Wnere this
measur enent Cgc @H%P%gﬁﬂwmés\%?ﬂew%dé equgh do fhesquprersopt of Wf sigahent al

cont ani nat i ONfituRErtARY of ke traﬁit'ﬁﬂ:ll'rﬁé&dr&ﬁeﬂei& BRireRBd laé Fitfmelof 1'sﬂahéarcl

instrument will progreSs as the instrunent detection limt recedes in
future instruir¥itien OBﬂchasaeaafremﬁé NosLalo mmtlmlslmtdemsstrMh as the

semnm conduct or, or le, the . lev l.ement al nt.am_nati on
wi.ll continue™ g’dsglg%a g £ res ”E“% Wstnrouﬂerﬂ?tg?d ARREGECH, 3@‘2&? i%i ty

al so decrgasasmrinhity n;e@mute@ msmﬁviagd G EvaB RO Bk IRAsFEIBMRNaF T he

detection linmt of the nass spectronmeter will remain in relatively simlar

rel ati onshi ps! 2rergpledcioribe pimstiation forueash seikeictectationf sample vohimednopie
measur ement 2n 0t iM:43he ﬁsﬁc&aﬁiwbk e PORARE LA HE Pkl OF the

I nstrunent a retain el r use attl’l tes as n
capabi l ity r e eomfidende laved @f 209 sinhulatingl €1 dach mm/l'ﬂe: gndiatiororeatitd @si ght
into the syst %mwg fm tthr:aere ra?n?lle‘gnéolumns 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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I nvention, conputer nodel studies were undertaken with the results being
shown in Figures 9 and 10. 25 29 July 2005 WO 02/060565 P%ﬁ?&bg@S%
Figure 9 represents the threshold nmeasurenent for 0.05ppb Ni at the
instrunment quantitative detection limt. The first evaluation (left nost
eval uat i onWO 0g8epdesst r at es the quantitative nmeasurenent aRCE/ERI1LM6582 r unent
quantitative detection limt (0.05ppb) using traditional calibration curve
procedures. In this case, the 5 instrunent quantitative detection limt is
defined as 10 tinmes that of the standard deviation of the instrunent
signal, which is equal to the square root of the signal. The uncertainty

of this traditj _ rsgﬁnt i S, expressed as 3 tipes.of. standar
devi ati on of tElluec ?Aaogtggﬂi?emanefn.t Yt drecsin escioﬁfﬁnh?"% 15 Jugh sheloy qthe
denonstrate tihsrunest gidniskive dbtectort Hinéts N thisucs) ghé hestaeel wiBbpQsked! N this

approach, 200 sets of 10 normally di.stributed. nynbers having a nmean val ue
of 0 and a st géﬁﬁs%ﬁoaa’?@ﬂs ?)gf%(’sf lﬁﬁ:ég“é’i) Iﬂéﬁéﬁ{oﬁ’nﬂﬁg‘%ﬁrﬁiﬁ%ﬂ%%ﬂ ther each

spi ke. The r atifure Q0 t5ATR QuanBlati® nicBsuedthde® of WR! suiiBiel i§ nbi ﬁo%nﬂn? pogsible
as 0

uncertainties of de-convoluted concentrations are expresse

confi dence | &FERSpheGRle ropeeniratine {Q9inghkts bylew ehe Trrbrugiontnuasitigtive esul t s
are shown i ryetdford 8RR 01088ptHO! MNMS Wi Findbferdent HRRSCHR! ﬂgi'xltngit 4R& b ﬁgl ts

denonstrate 15 the achI i cabi I'ity and reasurenent inprovenent using
t hreshol d i sdtwipss mideyquanifiabiret Qutinasily theee Wowd dnta lessiban ivalne egablishedpve the -

threshol d ne . | nst t ntitative detection limt.
There is a w%zlgg{;v&g%;gp %%?% n“{ﬁm%s‘f%iﬁﬁnz ]%gﬁr%%rqt (r:ig?giné’ﬁe r%tn’al' &%gﬁprﬁﬁget%%ﬁiﬁ. 2 ppb
(third througimosnixbf spisk addyd whitdes dreabhheformativrebérar &ds gh@nvaliatinteea 20

measur enmgnt of t .05 pph.N ..in the sanpl.e wi,th inproyed pr.ecisiqn as
conpar egel\@vi t i tgﬁPgav&FuF'i SPEREITRYS ’ﬁt‘ﬁ“ﬁ%ﬁﬁt‘eﬁ%’o@qf‘?‘%@? @El%ﬁ%‘i“‘?’r%ﬁ?t he
left). The trienfiquéeidagkfinlesliabr eRbidivillySatklided et ihe shABesntibRthcan be
est abl i shed ex‘i)fgéi nmentally and/or theoretically. This optimum range nay

d
preferably bd® anﬁl’FFdofagﬁﬁfrt’ftﬁ‘tE@_&i Biilvalsipe SRrcifly dereental R, of 2maltes of gur e 9,
the measur emafdereBBYA RRARAGerROhsBhied Mat GRRUEBS 1s8@pic species concentrations for

0.01 to 0.5 ppb.

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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calibration or isotope dilution nmass spectronetry with better precision
being denonstrated using |DVM5 spectronetry. The use of the 3§ §3¢Rbos

i nvention near the detection limt inproves the precision of the -
quantitative determ nation. Figure 10 denonstrates the capability of using
t he threshwiod2bawsésope 30 dilution nethod of the presentpcTusiissen to
evaluate the quantitative detection limt 26 i 29 July 2005 WO 02/ 060565
PCT/ USOL/ 46539 t hreshold of the instrunent when the sanple concentration is
just below the instrunent quantitative detection limt. In this case, the
I nstrument was operated under the same conditions as those in Figure 9. It
I's shown in the first colum in the Figure 10 that the quantitative

nmeasur enent of the sanftBigie Qothe demprstpijonpefshicshald Hmehwearsb for i 1pppl e

concentrat i on;G@i RR)md ; NS L ' Jve.. detection
limt (O. 05pp5) : Oﬁﬁﬁt hi séﬁgeﬁgﬁkggﬁ?égrergkﬁﬁggﬁo% @dnegfakg? Ofdlggrg"ﬁelngn
limt is madéiggakin equabidpethe ' sq@reli molr of yhet bignd. Wbal whobainty | efsaaditiaml val ue

est abl i shed, I f i ement .i.s .enabled. , It is noted that
a specific r glneggmgl?&{tﬁgaa@%%%ta%g% g@%?s E{;e St dg}ﬁlg'b?negtef‘f?g PFASHERGRat i on
of a | ess3t havoniaCado isimndationli® vspdaiotdefrioaditae: thalesiablishiest GMhiecholdlidifg i S

uni que for each el enent the_.opti ti I S uni que and experinentally
or theoretic ﬁ%/ovgg?lgtg‘ﬁlgﬁgﬁetf’ 8?“ rﬁ’éﬂgg‘]ﬁ@“‘f&“ﬁ@ﬁﬁ ht"ﬂ% amep yalgeot® xed to
quantitati velayd ewahdsd dediftonsi¥acird applied RIBAsiRIuLOR YR Afh el Yheaiobs
interest. Atrend is denpnstrated that il]lustrates i sotopic species

concent r at i of&RPIGr Volgmg1 i¢ spikes valyme 155 16 gTike urgertrintisasel sewenyolieed
capabi | ity oOfottzhglidnberd Bksedied ds 989t aRGidedt letdll G oRLiRAfk bR ﬁ)‘faéggl?t e the

detection limt threshold when the sanple concentration I's just ow t he
i nstrumedP dépietion linit. It is shown in the first colum in the Figure

10 that the quantitati ; _ t LS. N ormal |
possi bl e because the s%@%%ﬁﬁ?&%@%ﬁnﬁt}gd 8[Ip|[])%)u|m|§§ %Igfrgﬁ/ﬂv P%rggeszéf
i nstrunent qopereficamof the 1BEYI8 dtdtwmehi. ndtantific&bwpd) the Idbeaveswie in thefludPiakd ng Wit h

20 P! 2 R N 0 OB R BE18 hhed PRmbiel hRLT o
est abl i shed whingilstry that is occurring in the process is described 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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quantifiable at the 0.0lppb level of Ni in the sanple. In this way a
measurenent below the normal detection limt is nmade quanti%églh 2005
Odinarily there would be a 25 | ess than val ue established, but here a
specific measurenment is enabled. It is noted that a specific ratio is
preferred wodosses this is a critical value that enabl esPCHES01/46539
transformation of a less than value into a quantifiable value. This spike
ratio is wunique for each elenent and the optinumratio is unique and
experinentally established for the spike solution that nust be mxed to
quantitatively evaluate the 30 specific elenmental group of anal ytes of

Interest. 27 29 July 5 [ 465 In.Fi.qure 10, the
denonstrati on of threéﬂ%?%&%@%ﬁ?‘%fg&%ﬁ%ﬁ%@’ %%ugee}hgvvqﬁ?g ment
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est abl i shpent of threshol d usi ngﬁ? t he novel nethod. 200 sets of normally

di stributed PREFbEYRediRgsaytien ol bl (Fallernin 176 Fi¥ meastd dbded theaormali on of |
are applied tgdida. ?hépgv?}ch I echis %ﬁ?c&ﬁ%?f fgy}ﬁmé %I}Jﬁoﬂ) easifdRingery 0! UME

to spike volune i1s 1.1 e uncertainties of de-convolute conc'en‘tarr ations
are expressethe4ddDagndifomf i dent | evel of 200 sinmulations for each 10 spike.

Two types of informati M=ol ! 1£4 € qat, nodes of . operation
of the IP-Ms instr urren"ﬁ{} %é%ﬂ?%{rﬁpg(g% %?#%F ctg 'ﬂgatg'lfl gorrgér}f ¥ ?lﬁré'elftf‘ltﬁr%eand
speci es- specinblecnlanfpecivatocanriap ausolttiva. f Bliese efaltdtione laenmade o endliepal t ant .
The chenmistgy..that is occurring,in, the process i escri bed by bath of

t hese pa rreflilpss.ﬁeﬂs i‘%PB'bl‘Sﬁ&’ng")ag"vE?lngﬂlﬁ’éiS-aﬁg’ Wﬁé"t &'BS? PASYePEIH &Y i pe the
total chem stheyIPORIS, hBe PAPIC @S Speratb@tif aja-spesss desaeial et Qet B Met hod

and apparatus. To ohtain quantjitative informtion about the element and for
the pur pose™SFUBEH &f ﬁp?ﬁawé YEr fdotopfzridon gendiions et g deve sonenyRffagas i on

within the fligwe g&@n@eﬂaﬁ,i ABANANE We-sINhifor EnfpefMirB] ERNRES BiYat (REMJINY the
I nstrument operatigna
_ 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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20 paraneters to collision-induced disassociation (Cl D) node. The CID can

serve to sinplify mass spectra, thereby reducing backgroundzsfam izraﬁgeasi ng
VO taée

sensitivity. For. exanple, purposefully set the ionization I gh
enough to elimnate species information directly at the source of the nass
spect r onet e e2MeUstsages of about 200 to 1000 volts on the-pa&Rl+k439 cone and
on various conponents of the sanpling 25 systemare used to elimnate the
nol ecul ar information and to obtain relatively isolated elenental signals.
Figure 11 denonstrates the optim zation of elenental information in this

i nstrunmental configuration. Ml ecular information may obscure the ratio

measur ement s _bei ng%tusei% for quantification, and conditions are used that
clarify and SYEHMN LesPifed sgerier and dtotepss abplumg:is aeompliskediyasmicalliefor thog 29

July 2005 VGQ24RB0AAE: RETINAAHABSARckilis It bl CNGANGPIIPLIY ™SS
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conpar i son of°lplrns dyidniese fridsssiablisheg the stme spesics B@t NS natustlly weantingiirder

nor mal oper ae@Nsshaiflk hh® v, CadtSumDihei . condi t.i gn_(cone
voltage i s 300v) i S shom?mgl" egglgpagirlﬁbgg)e%éttr um |%C¥Egncg%t§£‘f’?maosfmga’éppm
mxed in & s 8lapedr gping fisofdpic 1@tip mEssuregnisn |1 % HNO3 neasur ed under the nor nal

condition. The | ower ctrumi.s the spectr of the ne sol ution neasured
under the CI D condi t?ﬁ;é@ﬁrﬁ)éna%?g%tba eé’ﬁ%ﬁ%’é’eﬁﬁ q\?jﬁlaéw&l“li’ésc“é%mfrﬁs '

det ermi ne el érfemtatibn andlableofren uha sand BBirdBeRCPeftdd R diffce tHnliRidns These

eval uations gre éiade on _unal te:@g &O fluid streams and on isotopically
| abel ed f 1 ui &R 4pdREcHEE ol sndesaming ard Fralyption pf fsids dpsstibed in s

operated in theRDEkabipesiafs iWGGEF S4GinbME FBINRS cagabR: frdoll§ singShiTRAL ad S
oper at edl{snd r soft ionization conditions such as |ow cor%e vol tage, sl ower

cone gas flo ,Sc’él?ﬁﬁa-m | d de-sol vation tenperature. Elenents that occur in

complex | gand or ol ep delioRaelnbQMipledt fisd ﬁ&%&h@gfgnﬂesﬁhﬁizg @ att onal

nmode. 15 These conpl exes that indicate emstry urring in
process are 8kbqtagapjitativg|apd lgnalititive onesaureoma] of somp pnesessstinidse dTHio fluid

grﬂa:’ ;:t : x:s 'ﬁl‘bﬁés's'iﬁkirﬁ)d} b@&qoﬁl&iéhgt? B deb¥rar &’QPSC“ lg‘ci)roerzlc%!nplte,r %@%gml?lggn&r s €53

‘ directly combined with a neutralizing agent for the adjustment of pH. Consider

15  solutions from table 1, NH4OH (a base) and acids HF, HCI and H,S0, may reciuire
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
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To quantify these species and eval uate the chem stry, isotopically | abel ed
species are created dynamcally. The method and apparatus crﬁygﬁ Es
speci.es 20 occurring in the sanple fromthe optinally prepared

reagent solutions. These spi ke reagents (enriched isotope solutlons) are
optim zed wWatizmetsepar ated stable isotopes in a sol utionpofusnseenpl exi ng
or non-ligand formng or weak ligand form ng counter ions. Nitrates are.
good exanples of very weak ligand formng counter ions. Nitrate |igand
formati on constants (Kr) are generally and uniformy 25 several orders of
magni tude smal |l er than quoride conpl exes, and several orders weaker than
chloride and gu te. liga n so uti of enrjched |soto i c spike
are mxed wi trﬁm% ;}‘%‘“ﬁ‘gﬁﬁ‘? 'ﬁ’é\pﬁﬁvgﬂ fl‘imé'ﬁga%{’? BAngy ﬁi‘)’l‘ ef lhlelflélﬂ BRRRIC Tabl e
1), the spi kestresanr. | sot ope |on will conformto the solution species in the

reagent solution. The  contam napt concentration (in this exanple, but
del i berate concent r at i 6RBTIPRalSARYargowWhick, gy e dgv by kase skifledntpar i son

to these rel afi waliybbupRaed i bMidiy 6AIRRNCHE fie ﬁQﬂg(IY“ghél a@ﬁﬂiﬁigﬁgg July

formation of t ese specieS that are occurring in solu
2005 WO G2 oitginedigersbory eat i on of spi ked speC| es and isotopic

Fabel ing 1 acconpl A R R AR

wafer materials, for exanple Xi'ng o uti1’o
fluids establonsiremplenairsetnd tosped imemitorig oiérvomtananamgaird yetdmthdrefriphgyedin  t hese

I h bi I hei.
Smilar s mkae TR b bt Be Bt B st ad BB Rt of

both the quanbt satimitedand, qsuazill batppaeeniRA Shise REIMES in kHef 21, MinkRRs vk | abl e
fromthe arre i nsflr urreni oger aPFg‘d in different conditions is desirable and

necessar forap?lﬁﬁa ORfin Y& USRI ASERRIRIRG LA, Rbartpacaytisal, Hieteshnalesy. i n
these exanpl @so@pfbctRing! BiRdimie 3RRIGSurEonl ;ﬁé&cﬁ&?%b k&géﬁ@ B sEhPPhS

i nstrunment a 10 described. The alteration of th d sanple is also

necessary f orPofeRAsttioniapd cergification WB'éPPF"Hl?a’PﬁP#fPIét’“P U’@SWIGQMWP eyt ve
measurement of sonme pr 4GRERLd dptdlRited] tHerefdrk Uingt the present invention provides a

method and related apparatus for fully automated comprehensive analytical chemistry

15  tools which can monitor on-line in-process solufions 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 tl}ose 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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processi ng may be acconplished in several ways. For exanple, the sanple may
be directly conbined with a neutralizing agent for the adj ptrptoed pH
Consi der 15 solutions fromtable 1, NH4CH (a base) and acids HF, HC 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 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 anot her__sanpl e, becones the neutralizing solution. O her conponents of
fluid hanéﬂﬁﬂgﬁgre the collection and accurul ation of netal ions on

chel ating, ion-exchange, and normal and reversed phase chronatography
columms integrated into the fluid and sanpling handling portions of the
overall system These manipul ati ons nmay be undertaken to optimze 25 the
qual i tative andl n@tiediof irapioves mridThise sfeotromdty @wpkisiagi on of the sol ution.

Q her conponents of the fluid handling system i ncorporate autonated

derivatisatioqﬂgﬂgngg%gﬁ'@hmﬁﬂggggﬁgﬁ@t of the signal through the addition
of nodifying agents such as ITgands, chel ators, surfactants, solvents,

and/ or other reagents.that li.fy.the ionizati.on d/or the signal in the
mass spectronéfr%‘f‘fg-’ngﬁr”lsﬁ pﬁ“‘ﬂ%"%ﬁ%@?ﬁlﬁe eﬁﬁegtzt?ﬁ?’r‘gﬁ?a?ﬁ%nponent i ncor por at es
m xi ng, chem cal modificatiaqgn, nmetering, dilution, pre-concentration, and
ot her aspect s okingstheogamml¢ withoths spii o pEvEEEE PaFlibim/ 6%y £ ui d
handling used in qualitative and quantitative manipulation of the fluid

sanpl e st thembetwlgpropri ate software, which nmay be devel oped by those
skilled in the art, will be enployed in controlling operation of the

net hod and appabeétity 88 eqRiliBrA&E 35ike Gnd aampRDidiafesiphdiRr pletsars Wil e for
conveni ence of illustration enphasis has been placed herein on exanples

directed toward nonitoring, ofccantam nants in wet

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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appreciated that the invention is not so limted and, as wa2d Jdig zagspar ent
to those skilled in the art, nunmerous other 10 applications, including in
such uses as environnmental, pharmaceutical, biotechnol ogy, food
processi ng, chem cal manufacture, and production of reagents and standards,
bot h preparation and certification will. becone apparent to those skilled
inthe art. It will be appreciated, therefore, that the present invention
provides a nethod and rel ated apparatus for fully automated conprehensive

anal ytical chem stt 15 tool s which can nonitqr on-ling in-process

Sl Ut oms. 14 OB Rrox e & PRELE PP PrRUE A “oPBle TEYE A RanE & BRI ¢ her eby
enhance the efficiency of manufacture. Wereas particul ar enbodi nents have
been descrfjaeresertanipandsr  purposes of illustration it will be evident to
those skilled in the art that nunerous variations of the details may be

made w t hout departing fromthe invention as defined 20 in the appended
~clainms. 31 29 July 2005 CLAIMS 1. A nethod of in-process ratio nass

spect r onelry COPRFnS iB8in-RbQMS 4B thads HRORIRuY¥inPAsiag anal yte, providing an
i sotopi.cally-enriched spike related to said anal yte, spiking the sanple
with the spike anp

ecmtting. equllibri B o en,
subj ecti ng saiSW%J?‘E‘%“B‘?%?P@&%&‘;%%%P‘%‘% rgcarpln‘%%esgﬁlﬁféa}{a%gg{%g%?%%ressure
ionization to create ions therefrom jntroducing said i.ons.into a nass
spect romet er <BKE fadugtior ppaatus s s cinfrodueng, af Oﬁﬁlﬁﬁﬂvﬁﬁﬁ'response and
a spi ke response, and in a processor, using a ratio of the analyte response
and t he spetcehedspiieise saidsamplefogieaniting ¢qudibsaton thergbetwesn, anal yte in the
sanple. 2. The method of in-process ratio nmass spectrometry of claim1l
wherein the agtat@bspheQY pRise: Rnize Tk SRy datbequilitamedlsangpleand qui d sanpl e
spike and ionizing 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

33



3. The method of in-process ratio nass spectronetry of claim2 wherein the
act of providing a liquid sanple conprises providing an aqueslsulg2opse. 4.
The net hod of in-process ratio mass spectronetry of claim1l wherein the 32
29 July 2005 act of providing a sanple conprises providing a sanpl e having
an analyte as one or nore contam nants. 5. Apparatus for in-process ratio
mass spectrometry conprising sanpl e receiving apparatus adapted to receive
a sanpl e having an anal yte, spike introduction apparatus for introducing
at | east one isotopically- enriched spike into said sanple for permtting
equi li bration therehetween, .an atpospheric pressure. jonizer for receiving
said equilibrdt E‘a‘t@g-ﬁ‘p ¥ %?ﬁavmgpw%gm%m Pof Siﬁfﬁgytsmé‘ BIRRESSoraay s 5
spectroneter for receiving and processing said ions to forman analyte
response apravidingfeadbackets othes portines of spid eppesates: adapted to use a ratio of the
anal yte response to the spike response to characterize the ampount of the
analyte in the sanple. 6. The in-process ratio nass spectronetry apparatus
of claimb5 further conprising a sanple analyzer for analyzing said sanple
and delivegrin any i i d?i?&r:.[o i . oF QP sor. 7. The
i n-pr oces?' ra?ll‘h% {r?;élgc%ggﬂg%{?olrﬁr%sfr%feg%par t%})ﬁgﬁnﬁgrgidﬁ@ ?uﬁlﬁl‘g‘f conpri sing
33 29 July 2005. a controller for receiving information processed by said
processor ANFBP8vi di ng feedback to other portions of said apparatus. 8.
The in-process ratio nmass_spectronetry apparatus of claimb5 further
conpri sing sarspmplenpedification; appamape femtltpsing shamariestics §f saidr BEwler i stics of
sai d sanpl e

responsive to signals from said controller prior to the 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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responsive to signals fromsaid controller prior to the sanple entering
said atnospheric pressure ionizer. 9. The in-process rati o 2Ky 2005
spectrometry apparatus of claim8 wherein said controller is con¥igured to
coordi nate operation of said sanple receiving apparatus, said spike
i ntroduction apparatus, said sanple nodification apparatus, said
at nospheric ion generator and said mass spectroneter. 10. The in-process
rati o mass spectronetry apparatus of claim9 further conprising solution
handl i ng apparatus interposed between said sanple nodification apparatus
and sai d atnospheric ion generator, and at |east one chromatograph
operatively associated with said solution handling unit for
preconcentrating said equilibrated sanple and spike prior to delivery to
sai d at nids phdihiean-pronesg eatiormagse spec@dmetey dppriptueE@slaint 10 wikrein n- process ratio
mass spectronetry apparatus of claim 10 wherein said chromatograph is
sel ect ed frogaid hhraiaspRapho RS seddctddd frofn thd Efpup deonsibingnaf agliqpd and a gas
chromat ograph. 12. The in-process ratio nmass spectronetry apparatus of
‘claim 10 i i Ak %£§%Ving apparatus includes a first outlet
condui t fﬁnﬁggﬁﬁﬁﬁﬁgg?gon ﬁﬁ?ﬁ S lh spi ke introduction apparatus which in
turn has an outlet conduit in comunication with said sanple nodification
apparatus and a second conduit in communication with said sanple
nodi fication apparatus. 13. The in-process rati o mass, spectronetry
appar at U2- of Th¢ BrRfPSsyatie Blass spegTomneiyrpRyAls peclaipnl Qgwherelt or is an
el ectrospray ionizer. 35

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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