organi ¢ contam nants in | ow oxygen concentration process environnents, such
as those used in the sem conductor manufacturing industry. The term"low
oxygen concentration process environnent” is to be understood to nean a
process environnent in which the partial pressure of oxygen is of the order
of 10-6 nbar to 10-3 nbar (parts per billion-to parts per mllion). In, for
exanpl e, the sem conductor nmanufacturing industry, it is inportant to
control the atnosphere (the process environnment) in which wafers are

manuf actured. The wafers are desirably manufactured in a controlled

envi ronnent, as undesirable I eyel f organic contam nants can
result in device and/or eun%@W%%gﬁiﬁl s of contam nating organic
material in the parts per trillion (ppt) to parts per billion (ppb) range,
whi ch corresponds to a partial pressure of 10-9nbar to 10-6nbar, do not, in
gener al , ThisG®ahtion rélfteke bintthoa for @BteEtiBGBMRAENIE @nlaiints OWR ¥RJgen tdncdrigtidnevel s of
organi ¢ contam nants becone nmuch higher than this, failures may result. In
order t cproese emirornieatsp b essthesavised mntba tsemicéndugomearessarigg industrpoThiet or t he

| evel s of organic contam nants present. |In particular, sone processes are
sensi ti V@M W exyaePANRRIYELIGRaRIeISERENVIreNMISRE § BubepIslersiond & masa SEPCESr t hese

it is desirable t itor the lLevel of contamipant, mpterials i
the ppt FHRIEE B YEGR e caelprhie el poe? by B B o4 B0 BL Y ARl ¢ 15

di fficul : 1 urate value for the total organic conpounds
(TOC) p(F%rFsS%ﬁEﬁlg‘tﬂtgh%ﬁ q@g%ﬁfé ntam nant levels. In addition, many fabrication

processes are tolerant of |ight saturated hydrocarbons, such as nethane
(CH4) and et hane (C2H6), which have particularly 1ow reaction probabilities
W th nosh, surdkaegs, tiadsehtendictr enahafattolingt mlwstrpalt tis iimpdrizet wacorows the

contam nation inducing reactions. Printed: 03/04/2006 Al PAMPHLET 04767980
WO 2005/ aynophere BT | BBES9 4M00RBaT) in2which welgtsuaran mensitegtupado dbes svatersy Bieonnent s,
TOO |l evel s. are often determ ned usjin

. ¢ 1 % mass spectronetr as a nBsSsS

spect r orfisFiERPlY; reanuiagted dn @ contRetrd vy mertoft Wﬁ@?'fﬂ?ﬁ"ﬁ“ﬂ(}%[e?'ﬁ?f Y$8'r der of
ppt. Hoveyer, Lie LR &80 LoDy AusiGlipEasur enent s s often compli cat ed
by effect's such™as mnmass Spec ral “evert ap,

Levels of contaminating organic material in the parts per trillion {ppt) to parts per billion {ppb)

range, which corresponds to a partial pressure of 10-8mbar to 10-8mbar, do not, in general, result

in device or equipment failure. However, if the levels of organic contaminants become much

higher than this, failures may result. In order to control the process environment, it is necessary to

monitor the levels of organic contaminants present. In particular, some processes are sensitive to

contaminant material in the low ppb range, and so for these processes it is desirable to monitor

the level of contaminant materials in the ppt range. However, such monitoring processes are

costly and it is difficult to determine an accurate value for the total organic compounds (TOC)

present at such low contaminant levels. In addition, many fabrication processes are tolerant of

light saturated hydrocarbons, such as methane (CH4) and ethane (C2H8), which have particularly

low reaction probabilities with most surfaces and therefore do not take part in the various

contamination inducing reactions.



5 nol ecul ar fragnmentati on and background effects, for exanple. Al though mass
Spectronmeters can be used in process environnents operating at- anbient

__pressure or above; additional vacuum and sanpl e handling systens are

#

required, which nmake such instruments very expensive. Under such conditions,
Printads 0BO4{2086erred to use gas ARAMRIHLEGT aphi ¢ t echni ques t o noYrEReshhe TOO

level s  pesemioshn the process environnent.. Howevgfpchdio@hses to nonitor
contam nants in the ppt range it is necessary to fit the gas chromatogram

with a gas concentrator. 15 It shoupd be noted that although mass
spectronmetry and gas chromat ography are able to detect ppt levels of TOO .
their ability to differentiate the presence of the process-tolerant |ight
hydr ocar blarvacueft basezibrocesslzovieonfeots, THE lewiealafieh determingdmisimgconpounds i s
limted, which kes it difficult to determne the taqtal |evels of danagi ng

hydr ocar HOAE TATCFHBEYY. S8 4J0a RPPHIERMAIRY S Corble o MSagiiid i on, because the use

of eit hercomesEnSRAQEVaRTBIthE Broef ofpps Howe&itRE indtPictatioh @€ Bidraues - f or
determining the TOC | evel s present i rocess environnents requires

speci al i STERYNAPRRER{S, OfeREPMPETREd by Hiecieaira as Base Areaie! avriladr e typical |y
on y. U5y R orfdieh'ohd ERBIouRRUEAS Sof Blardle whol e faci |1 1y rat her

than the 2s nore useful Pol nt moni tors. Hydroearbons, including

| i ght hydrocarbons such as nethane (CH4) and ethane (C2H6), have been

routinely ' ' i ' S )y devi ces.
These sen%lgﬁlragblﬁ %alggg yl%%ﬁgerqg%%\%%d Qﬁ;P %g%%%%énﬁﬁggﬁ?%ﬁ{?@g%o det ect

t ar get gammsentpredsara erapevé, radditioreh saaiurparid! $gpaple barpling bydtémsenaje t 0 sever al

t housand m (,parts per mllion). This type.of sensor works. effectively

u thin oGt iR o sk e Ve siakron, (O BhetlFoneRiaf € i v ect 1
propoid i dsplefdrradth@sd gaS LRBMatMaRpRIci tadeitiued ¥ M4t & TOBlleVe®VPHLET 04767980

WO 2005/ 019817, PCT/ 6B2004/ Q03370 Hg q,uant ity of target .gas within the
moni t or edPTeFR0F INGRGRIACCSSERTBTYAN!: €k gfdsr to monitor contaminants

in the ppt range it is necessary to fit the gas chromatogram with a gas
concentrator, '

15 It should be noted that although mass specirometry and gas chromatography are
able o detect ppt levels of TOb, their ability to differentiate the presence of the
process-toiefant light hydrocarbons referred to above from the mote harmful |

~organic compounds is I'injrited, which makas it difficult to determine the total levels
of damaging hydrocarbons in the process environment. |

20 , | i
in addition, because the use of either mass spectrometric or gas chromatographic
techniq.ﬁes for determining the TOC levels present in procéss environments
'requires specialist equipment, they tend to be rather expensive and aré typically |
only used as Point of Entry. (POE) monitoré for the whole facility rather thahthe

25~ more useful Point of Use (POU) monitors. |

Hydrocarbons, including light hydrocarbdné such as methane (CH.) and ethane
{C2Hg}, have been rbutinely monitored uéing common tin oxide (SnO;) based
sénsor devices. These sensors typically operate under atmosphetic pressure to
30 detect target gaées in the range from tens of ppb (parts per billion) to sévera_l
thousand ppm (paris per millioh). This type of sensor works effectively within
these ranges by providing a linear output signal that is directly proportiona! tothe

3 | 03/03/2005



are suitable for nonitoring contam nant | evels within anbient environnents,
they ' do not |end thensel ves for applications wth sub-atnospheric '
‘processing environnents such as those encountered w thin sem conductor
processing 5 environnments. Under such vacuum conditions the SnQ2-type of

« pisRinai2opsuf fer  from reduglipamppfLetrhe active oxi de content phaading to

si gnal dw fztoo_ﬂq)g]ﬁon-response after a period of tine, Chem cal sensors
conpri si 6’ 514" st ate el ectrol ytes such as oxygenpﬁﬂ?m{”‘f@”&%nductors, or
silver or hydrogen cation, conductorg, have been used to nonitor |evels of
oxygen, carbon di oxide, and hydrogen / carbon nonoxi de gas present in a
process environnment and are described in United Kingdom patent application
nunber Oaﬂﬁ%ﬁ?oﬁaﬁ?@ g&PwniA 4 MBRbredEhvirohhent SAthd BRRRGEEIERsMs Such
sensors are generally forned froman el ectrochemcal cell conprising a 15
measur enee saifadla ipomenitaingebalaginant levels witbincumkient evwiranthastsatheyel ectrol yte of

For *oxamyio R R o R AR S SR BB EReR S cerion

el ect r odesnvoomantssut o thodevancoamitedhvathimgenaicoraiactonproskssirty corresponds to

the gas to be 20 detegted, . a silver jon conducting.solid statge electrolyte
and a T ef QVEHIENS. \ngfcier S{ch VaryR oo Lpnaﬁ’ée %%L%'WB'?O SH1SgeV §B‘gerto det ect
‘gases suGhnffedaetiona tHl au6iélexide sohtBitUsadiigPrsisital &ifl antlHontiebgotisde, ni trogen
oxi des and hal ogens through the suitable choice of the appropriate anion.
2s For t '%ﬁ?@%ﬁj%fé’ﬁ?ors of United Kingdom patent application nunber
0308939.8, the solid state el ectrol yte conducts oxygen anions and the
reference electrode is generally coated or formed froma catalyst that is
abl e to ddwemigal sensees einisiigaclid staterlediohiteichasEXYERIANGT i s positi oned’
withip a i J [14 | at -on. oxygen

adj acg)nt. C{Oﬁéelijri(gr ’gc?gﬁ‘(yzé\é oéﬁgdgtsé‘%nd%dn?g%#&n%wé%%y %ﬁ?&?ﬁ%&g@ b Eg:{ﬁ ftglf state oxygen
ani on corelets aoxygenotardon tiexide sdrslchydsdgen é sirban eogexide ghs presentried  f r om doped

031 031 2008 PR RO BARG A BB B Ept e bloR Raddnted £
number 0308939.8 and GB 2,348,006A, GB 2,119,933A respectively. Such
sensors are generally formed from an electrochermical cell comprising a

15 measurement electrode, a reference electrode and a solid state electrolyte of a
suitable ionic conductor disposed between and bridging said electrodes.

For example, the gas__m_dnitor of GB 2,348.006A comprises a detection elactrode
containing a silver salt-having an anion, which corresponds to the gaé to be

20 detected, a silver ion conducting sofid state electrolyte and a reference silver
électrode. The gas monitor can be used to detect gases such as carbon dioxide,
sulphur dioxide, sulphur trioxide, nitrogen oxides and halogens thrbugh the
suitable choice of the appropriate anion.

25 For the oxygen sensors of United Kingdom patent application number 0308939.8,
the solid state electrolyte conducts oxygen anions and the reference electrode is
generally coated or formed from a catalyst that is able to catalyse the dissociative
adsorption of oxygen and is positidned within a reference environment, in which
the concentration of oxygen adjacent the reference electrode remains constant.

30
Solid state oxygen anion conductors (solid state electrolytes) are generally formed
from doped metal oxides such as gadolinium doped ceria or yttria stabilised

4 | - - 03/03/2005



WO 2005/ 019817 PCT/ GB2004/ 003370 -4 zirconia (YSZ). At tenperatures bel ow
.the critical tenperature for each electrolyte (To) the electrolyte nateri al
i S non-conducting. At tenperatures above Tc the electrolyte becones
progressively nore conductive. 5 Oxygen |evels as determ ned by such Sensors
Printedn\0310d/H006r ed envi ronnent iAtPAMRNLET ned by the el ect r ochemigaag7930

pot ent i alyyy ARG €d by the reduction of oxygen E’rféhztﬁi?&ﬂ@nﬁ he nmeasur ement
~and reference el ectrodes. The steps associated wth the overall reduction
reactions at each electrode are set -gqut below, the half- cell reaction at
each el ectrode being defined by equations 1 and 2 below. 10 02(gas) t
20(ads) Equation 1 (Qlads)+2e't 2. Equation 2 The el ectrochem cal potenti al
gener at edzimoni2dBZE| &t tengesaties detoarthe néﬁtab@an‘phmturum’rmhequati on: .15

E=E+RTI na(,0ad tign 3 ZF a(.0 where .E i the electrpchem cal

hal f - cel | é‘%‘@ﬁ?wﬁﬁeq?%@'ﬁ%m%iﬁ@%%% Cﬂ%‘f&@mgenéh‘?mpéraék&fﬁﬁaﬁa V& especti vel y;
Ee is theTshertatrdiyrl Rebines brigieseivelyahdre eehducpry ential of the cell at unit
Q(ads) 20 activity Ris the gas constant T is the tenperature of the cell

F is Faraday's constant a(Oads) and a(Q2") are the activities of the

adsor bed oxyffllevts d\Gathfidd KSR Befsid AlsyMshibRAAGRoMYeMEN anion in the
solid state 1 onic conductor respectively he activity of adsorbed oxygen
at the el dtemyord by e glastroehamica poloptigs egaﬁfaﬁe@hmhetr@duqtm obaxydeal pressure
of 0Xy9eN 085 boliifie ndhshidfnefiihd AMFERHe AHAGEN! ThGiePk B64dcRHey s defined by

equati on
with the overall reduction reactions at each electrode are set out below, the half-

cell reactron at each electrode being defined by equations 1 and 2 below.

10
Cgas) 5 20y ' _ Equation 1
O +26 & O ~ Equation 2
The electrochemical potential generated at each electrode is determined by'the
Nermst equation: ‘
5 p=E° +RL |, 2(0ads) © Equation 3

| 2F  a(o™)

where _

E is the electrochemical half-cell potential at the reference or measurement

slectrode respectively; ' |

E® is the standard electrochemical half cell potential of the cell at unit Ofaqs)
20  activity | '

R is the gas constant

T is the temperature of the cell

F is Faraday's constant

a(Oags) and a(0%) are the activities of the adsorbed oxygen at the electrqde '
25  surface and reduced oxygen anion in the solid state ionic conductor respectively.

The activity of adsorbed oxygen at the electrode surface is direétly proportional to
the partial pressure of oxygen gas, Poz, in the environment adjacent the elsctrode
~ as defined by equation 4 below:
30

g B o 03/03/2005 - . .



30 5 03/03/2005 Printed: 03/04/2006 Al PAMPHLET 04767980 WD 20051019817
,PCTI G(B2004/ 003370 5 a(Ood~) = Kp'o Equation 4 Since a(02") is unity, by
definition, and the activity of the adsorbed oxygen at the 5 el ectrode
surface is proportional to the partial pressure of the oxygen in the
‘ ehintado 0BO4P0GRI] acent t he el ect AbRRMPHLEACe (equation 4), the hab4ze7eb0
potenti al wgapspPgswitten in terms of the partial (_er?(?diﬁ(ﬁmﬁ’sfm ©oxygen in the
~particular environnent adjacent the neasurenent or reference el ectrode
‘respectively 10 E=EO+4F I npo2 Equati-gn5 The potential difference V generated
across the cell is defined in terns of the difference in the half-cell
potentials between the reference and neasurenent el ectrodes in accordance
with equation 6. 15 V = E(R -E(m = RT Lnr P"'R) Equation 6 4F k.Po2(ar))
where V is the potential differencg,across the cell 20 E(R) and E(M are
the el ectrochem cal potenti all(@mrséFKthe reference and ne&Sidpieieht el ectrodes
respectively; R T and F are as defined above; and Po2(R) and Po2(M are the
partial pressures of oxygen at the reference and neasurenent el ectrodes
respect i Vefigte A% Natifith &t ddrhitBAL M e arcﬁ%grcﬁrtﬁ@ aa&#béae AR el ectrodes
are exposed to the saire ‘oxygen partial préssure e.g. at pherlc | evel s of
oxygen; t Rleciiedeauifage ’SdDFIDP@"(fil lena] doalbe orastial Huessare of §hQélxbgeﬂ i fhreocess
T o Bhfir R ATadde 2 sk Bae d6HAS! (BaiBR ) RERENES SAGRUNESH °d 11 the
manuf act ure o sem uctor

-be written in terms of the pamat pressure of oxygen in the particular environment

adjacent the measurement or reference electrode respectively

10 ‘ E= E@+-§I Inpc,;E : . Equation 5

The potential difference V generated across the cell is defined in tarms of the
difference in the half-cell potentiais between the reference and measurement
~ electrodes in accordance with equation 6.
15 | |

V = Ew—Ean= RT. RT 5 o Por ~ Equation 6
4F Pazuu)

where
V is the potential difference across the cell
20 E and Eqy are the electrochemical potentials at the reference and measurement.
electrodes respectively; - |
'R, T and F are as defined above; and -
Pozpmy and Pogpyy are the partial pressures of oxygen at the reference and
measurement elecirodes respectively.
25
Note that if both the reference and measurement electrodes are exposed to the
same oxygen partial pressure e.g. atmospheric levels of oxygen, the potential
difference across the cell is zero. In process environments such as the oxygen
deficient environments encountered in the manufacture of semiconductor products
39 the partial pressure of oxygen adjacent the measurement electrode is considerably

6 | | | | 03/03/2005



30 the partial pressure of oxygen adjacent the neasurenent el ectrode is
considerably 6 03/03/2005 6 |ess than that adjacent the reference

el ectrode. Since the electrochem cal potential at each electrode is
governed by the Nernst equation, as the partial pressure of oxygen at the
measur enent el ectrode decreases, the el ectrochem cal potential at the
nmeasur enent el ectrode changes, which results in the formation of a
potential difference across the cell at tenperatures above the critical
tenperature. The potential difference_across the cell is determ ned by the
ratio of the partial pressure of oxygen at the reference and neasurenent

el ectrodes in accordance wth equation 6 above. The oxygen sensor can
therefore provide a user with an indication of the total anmount of oxygen
present iigds ahamotRktt &R eht &R rdfSHBHER Ndlectbd¥D ISihcé MATEIERTEHMidAl PaektRPatP&tceNt i al

di fference across the cell. US 4,464,244 describes a device for detecting
concent r ateciomis iefgoperyge hy ithe geges eqlation, g tha satial gresalrect radgeneatcibb| and
means for supplying a controlled current to the cell. The present invention
provi des MeApHERTRIE elBFtrode Apareasph dhe slectpehpmical retentiy! gt the gregaireroent GlestERd® nant s i n
a nonitored process enviro nt, the nmethod conprisi t he steps of

D v i G SRS SR £ U B e RTAL & Pl AiTe oA FAree Sepl SLBMBREYR: g an
el ect r oChENLGAl criR&ll ?eﬂ{gfe{égj%‘? The g&&tialtﬁ%rél&eegéosgftheo hYe o%'té?&in@d’mﬂﬁhﬁ%é ochem cal

sensor conprising a s st at oxygen ani on conduct or In oxygen

ani on conflietrafBl RedstieSor dkyglh aBIRB &le@ndel dntlinfcaburbRENR RIeBfd4e® inTdccordan@Basur enent
el ectrode fornmed on a first surface of the conductor for exposure to the

noni t or edvitk ByUatiamérestve. The leygee asisorene tHerefdre plovioele uso mith bs indigativabethe al  f or
catal yzing the dissociative adsorption of the organic contam nant nol ecul e,
and a r eftedal@meent of @agenduesenidn mgnipredenyicantiact siplvf faprdaigmining thegesieiatt or f or
exposure to a reference environnent, the reference el ectrode conprising

mat eri al 4feEACEASOSPIPiCRly t he di ssociation of oxygen anions; exposing the
measurenent el ectrode at a sensor tenperature Tads below the critica
tenperature Tc of the solid state oxygen anion conductor to the nonitored

Printed: (33 82490 iless dBcdHr deBtird@Bncentfatiohd:? BlyGOFR/ARE, @AM, bosskgnt for a

time tads to cause one or nore organi c contam nant species to be adsorbed
ont 0 and eelynds eandinearatiortshphingra matelied currbet tenhaselr enent el ect r ode

The present invention provides a method of monitoring the levels of trace organic contaminants in
a monitored process environment, the method comprising the steps of providing an
electrochemical sensor comprising the steps of providing an electrochemical sensor comprising
the steps of providing an electrochemical sensor comprising a solid state oxygen anion conductor
in which oxygen anion conduction occurs at or above a crftical temperature Tc, a measurement
electrode formed on a first surface of the conductor for exposure to the monitored environment,
the measurement electrode comprising material for catalyzing the dissociative adsorption of the
organic contaminant molecule, and a reference electrode formed on a second surface of the
conductor for exposure to a reference environment, the reference electrede comprising material
for catalyzing the dissociation of oxygen anions; exposing the measurement electrode at a sensor

temperature T, below the critical temperature Tc of the solid state oxygen anion conductor to

the monitored



thereby | eading to the build up of a carbonaceous deposit at the surface
thereof; raising the tenperature of the sensor to a value Ttr above the
critical tenperature 5 Tc of the solid state oxygen ani on conductor and
passing a current Ip between the reference electrode and the neasurenent
Erivtetir @H@B-2007 a tine tp taken forDEMe potential difference ER(40287 980
sensor to reach a constant value determined by the equilibriumbetween the
flux of oxygen anions arriving at the el ectrode surface and the rate of
‘desor ption of oxygen gas fromthe el ectrode surface; and determining io from
the total charge (Iptp) passed thrqygh the sensor @bmﬁrmpr{@@re Ttt the
anount of carbonaceous deposit present at the surface of the neasurenent

el ectrode and therefore the concentration of organi ¢ contam nant speci es

present  dnRirdritfenitfo? QR G0 Y ERREBAS or ndrd dlghmie calaMmant Hecies eRNi C
contam nants, at tenperature Ttit and constant electrical current Ip, the

pot ent i albechdepded Aple and dgbydrogrnageatithe guface of therfaeastreman elestrodget er ni ned by.
the eaul dhRehyaBRg KARE phitPug b1 moreéxaemeﬁegf&ﬁhé Qaﬁaceaﬁé%fl ng at the

el ectrode sur ace desor pti oxygen gas 2(g)) fromthe
el ect r odeaisingtheclempenabire phtyetsenemtma welne Té ahave Me@lnmétenmrmxasever when

car bonac r are :
ot o S o SRR bhte AU GerP A ingBRal At SARb et BB Y. 2L (i ving
at the GEﬁeoenceébcmde‘&mahe Trieiasurearent dlectretie dmta tire tydakeniforghe he equi | i brium

concentrat en_ani ns that, in 25

ons ce, whi.ch
Secor dan oA 1S Y ShrbS plredtn A et valis Mo BERRS W1y | o
i ncr easedqullibfivrh bmeemﬁédlux\bhengehaniws aﬂ'mng|a@theselé¢tmhe%drféde dnkde cel | ,
oxygen anj on a}r forced to flo mthe reference electrode to the
roaur e il rols Bl stRST pisSem e Torh SR SRS sHEaeEs PRERSISEINES depost £ s
for megh atfrotnhmesetalfmaﬁget(ngy@ﬁsedwmﬁm] th@@ens%‘ﬂﬁ%ﬁfpbfﬁhr@hﬂstﬁe which results in
the formati on of carbon dioxide. As the 30 carbgnaceous deposits are

t r ansf or AFPUTHY cpaebgnsewua %R‘P%@@?f‘é* ?t oo surtace ol theoneaswersessi vel y decr eases
to zero_ aledibge sl heordiind EihoERRAIA SrBIEE LAY GRbiesiphgesoncent rat i on

of ~oxygen at the surface of the measurement el'ectrode w 27-07-2007
in the process environment.

15 In the absence of organic contaminants, at temperature Ty and constant electrical
curreni I, the potential_ difference across the cell, Vg, is constant and is
determined by the equilibrium between the flux of oxygen anions (O%) ariving at
the electrode surface and the rate of desorption of oxygen gas {Ozg) from the
electrede surface accordmg to equattons land2 above.

20
-However, when carbonaceous deposits are_ present on the electrode surface they |
are oxidised (combusted) to carbon dioxide by the flux of oxygen 'ahions afriving at
the electrode surface. This has the effect of reducing the equilibrium

_ concentration of oxygen anions (0%) at the surface, which means that, in _

25 accordence with equation 3 above, the potential across the cell, Vi, is increased
relatwe to Vo. When the current lp is appiled to the cell, oxygen anions are forced
to flow from the reference electrode to the measurement electrode where they

~ react with the carbonaceous deposits formed at the surface thereof during the
adsorption phase, which results in the formation of carbon dioxide. As the

30 carbonaceous deposits are transformed into carbon dioxide their concentratiori
progressively decreases to zero at the surface of the measurement electrode and

- the concentration of oxygen at the surface of the measurement electrode will

2 ) , - . - | 27-07-2007



Printed: 03-08-2007 DESC EP 04 767 980 -a- M)3B17CEP/ ASB i ncrease to the
const.ant equilibriumvalue determ ned by the flux of oxygen anions to the
.electrode. The potential difference across the cell then returns to the
constant value, Vo, and provides an indication that all the carbonaceous
deposits on the surface of the el ectrodes have been renoved. 5 The total
Rrirdedi03¥98-2987 bonaceous deposit fBF&ed at the surface of theEPR8a67P8Rent

el ectrode can be determ ned by nmeasuring the total anmount of oxygen
transported to the neasurenent el ectrode by the application of current IP
‘(which is required to oxidise all of the carbonaceous deposits) over the
time tp io taken for the potential _gi.fference acrqggiheesglsg to return
fromVO to Vc. Since the transport of each oxygen anion to the surface of

t he neasurenent el ectrode requires the passage of two units of charge, the
total quimstdaby tothe @siygent eqlibisium valadagemined bpthelfiax stivyaes anibng he el ect rode

I's determned b he_term is _Equation 7 2 I nce each_atom of carbon
deposi teﬁ"g? eieﬁé‘_"i‘%rFé‘%:BOtS'f‘t'aiFI@e%nE%P?rBE%thPé‘ﬁlljF aLeuils t°_("B?_ygen atoms for
conpl et e oM GAILOV o, BRE pfcRidas aR iRkbAlioPfhab Al A8 RamoRAGecRY Wepsspd during the
titration phase and 0hence deposited at the electrode during the 20

adsor pt i 8Aherasface ef thpeleciefestioyy been wmoavedi | | be appreciated that by
contrglling the tinme over which adsorption of the 25 organic contani nants
can occur on the surface of the neasurenent el ectrode, the value of the
cur rent The fotal @meynieftcadwnasdeds depasitdorowdaat thensuaiace ehtbat el ectrodes at

t enper at ' | I a for i | f:f erence across
t he cell H{eg 8Jg%8ﬁ{§i?%%1ﬂ%tﬁégﬁ%ﬁgﬁ 5@%9‘68%@?\9%& fogé Ita ﬂOP gin%t rically nonitor
t he | evebsygeh transporied to hemieasurearens efentredecbythe eppleation/ofrcamemtdf i n the parts

e LR R D SR GL o e BoriBoBE DSl WbFHBRR, OVi des @ Tow
10 taken for the potential difference across the cell to retumn from Vi to Vo.  Since the
' transpbrt of each oxygen anion to the surface of the measurement electrode
requires the passage of two units of charge, the total quantity of oxygen atoms
transported to the surface of the electrode is determined by the term:

.’;utp
2

Equation 7
Since each atom of carbon deposited at the surface of fhe electrode requires two
oxygen atoms for complete combustion, the total amount of carbon atoms oxidised
_ during the titration phase and hence deposited at the electrode during the
20  adsorption phase is:

= . Equation 8

It will be appreciated that by controlling the time over which adsorption of the
25 organic contaminants can occur on the surface of the measurement electrode, the
value of the current i, ﬂo_wihQ between the reference and measurement electrodes
at temperature Ty; and the time t, taken for the potential difference across the cell
to drop from Vi to Vy, it is possible to titrametrically monitor the levels of organic
contaminants in the process environment in the parts per trillion (ppt) range or
30 less, The sensor therefore provides a ldw cost alternative to the use of mass

3 | | - 27-07-2007
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3 27-07-2007 Printed: 03-08-2007 DESC. EP 04 767 980 -9- M)3B170EP/ ASB
spectronetry and gas chromat ography in the determ-nation-of ‘lowlevels of -
organic inpurities in process environnents. The reference environnent nay,

.for .exanpl e, be a gaseous source of oxygen at 5 constant pressure (such as

at nospheric air) or a solid-state source of oxygen, typically a netal |
geta. gyg%eo (}oupl e such as Cu / 8%8 and Pd / PdO or a netal  oxide /netal
it 03809 such as cu20/ cuo ‘sensor is also easy toEl§é78n@8an be
used at the point of use as well ras the |ID point of entry to provide
accurate information about the process environnents at all stages of the

“seniconductor fabrication process. The total |evel of contaninants neasured

by the sensor can provide a semi qgantitative ingigzatropraiat he | evel of
har nf ul organi c contam nants present in the is process environnment. The
non-contam nating |ight organic nolecul es present in the process environment
do not sspeckometry hed gaarcﬂnoraamgraphpmrtbadeltemaﬂonejfm legele of angdniar e not

t her ef ore_ne t he harnful organic contam nants, whi ch

have a hi”b‘?’f‘r'?%%@tﬂr?ﬁ?sf)%‘ﬁﬁﬁ hsy with the el ectrode surface (and therefore

wi th other surfaces encountered in the fabrication process) that undergo 20
di ssoci ati on and are therefore subseéuentl oxidi sed at the neasurement

el ect r od&h& [fiergpee enyienmaert oay: kv exaMRlAdbe :83%80H8 EourBR Pt @vEeN Ay the
”PasU’Se”Eéﬁstar@'p%%&tﬁr@‘{‘ﬁ:ch@@ra%b’ézphﬁhé’hlﬂebr‘afsohrﬁlgtaf@édﬁrrée%f o@c?@d ed to the

nmeasurenent el ectrode or material fromwhich it 1S formed will cause

sone of Wrisaliaa metal/ elgharide ceupla sieh gefuy GOanddid RIP erametadlur f ace of the
neasurengﬂ&eﬁ#agttg ecohﬂlesﬂél‘?g@b mg‘@ others. Preferably, the measurenent

el ectrode 1s forned from teriaf ose uptake of organic material proceeds
with a sticking probab| I|ty of or about unity. In addition, the organic

it o 2l i oG RN 0spid i ok 1205308 0Pl B I/ i L e el cctrode

mat eri al e measur emnen y able to
cat al s epoiheofaairy ¢ pxgedaacml_nata irdorovation byt dife processienvironments at

all stages of the semiconductor fabtication process.

" The total level of contaminanté measured by the sensor can provide a serﬁi-
quantitative indication of the level of‘ harmtul organic contaminants present in the '
15 process environment, The non-contaminating light organic molecules present in
the process environment do not stick to the surface of the measurement electrode
and are not therefore measured. It is only the harmful organic cohtaminants,, |
which have a high reaction probability with the electrode surface (and therefore
- with other surfaces encountered in the fabrication process) that undergo )
20 d_iséociation and are therefore subsequently oxidised at the measurement
electrode surface that are detected and therefore monitored by the measurement
electrode.

Careful choice of the material applied to the measurement electrode or the

25 material from which it is formed will cause some of the harmful organic
contaminants to adsorb onto the surface of the measurement electrode in |
preference to others. Preferably the measurement electrode is formed from
material whose uptake of organic material proceeds with a sticking probability of or
about unity. In addition, the organic material is preferably efficiently adsorbed and

30 cracked by the electrode material. Furthermore, the measurement electrode is
suitably able to catalyse the dehydrogenation and cracking of organic
contaminants. Suitable electrode materials include metals selected from the



contam nants. Suitable electrode materials include netals selected fromthe
Printed: 03-08-2007 DESC EP 04 767 980 10 - M3BI 70EP/ ASB group conpri sing
rhenium osmum iridium ruthenium rhodium platinumand palladium and
al l oys thereof. Alloys of the aforenentioned materials with silver, gold
EriatedoPbed-208% al so be used. s THERensor is easily and readif §4 7fR&0act ur ed
usi ng techni ques known to a person skilled in the art. Sensing, reference
and optionally counter electrodes can be applied to a thinble of an oxygen
anion conductor solid state electrolyte such as ytttria stabilised zirconia
either in the formof an ink or a pggnt or using MesEWYogpessSguUCh as
sputtering. The sensing electrode is isolated fromthe io reference and
optional counter electrode via the formation of a gas tight seal. The

- sensor i greup doripriginguieiirebeniidrh, ildiamenutheaiuns rhadigo glatmunt il t enper at ur e of

the electrolyte gn ns to nifor the voltage betyween the sensing
ol ect r oadelimend HoariFahe "l chinelremidonad feneba g y 1o The

r ef er enceyorl &tk dopgler thay 8l bahbed.forned froma material that is able to -
catal yse the dissociation of oxygen in the reference environnent, for

exanpl e platinum The reference environnent can be derived froma gaseous

or sol4d ' j | ] iy Is used as a
J "Fﬂe%reﬁsoﬁ'(?é‘é&ﬁy giéd B@Mﬁﬁxﬁnuflétﬁile?%héﬁ%r% Rhdvin B'd ! S

gaseous reference sou oxygen a gas conpositions can be

used. Solpemsontskiled sdhe eds Fsnsing, siejenoe angpptienally cownigrdlentrodes a netal / net al
oxi de co : X ' /I metal oxide
coupl e s%h%gs%g%%ala Q&n@lg Qiiﬁag d}ggerqiﬁﬁﬂ{ %dr?'(ag%tﬁfs - gggz{l %Llre gﬁé‘ﬂénce materi al s

chosen wisuth de pitirial stabitisétbzimpein &ithergn therfoin oframeink ood paihtorasimgor and i n
parti.cul gt itnation.t e re. T The. sol i state electrolyte
conpri si ﬁ c@%%sé%@]ésawugﬁﬁ@nzﬁégwlqg%tlésctIo %lﬁ'%‘"?‘g?‘ F@W%?om a 25 materi al

t hat exhirbietenceaypdepticnal countzo Bltetrbdeovia thie forwgtion af agastighieeal. SDHC  Sui tabl e
oxygen anj_on cohd‘ug ors i cl.tgg_le adol i nj um folﬂﬁdtceriﬂ an%tﬁ/t.t ria
st abi | | "3 ITBERY SEPRied WD Pepty Diepay o Gogirolig teipersiue ey state oxygen
ani on  caebtrelytr aridvakarddo 8nitor the vyltage ibatvidenlihe sasihgzdléctete and YSZ), which is
conmer ci %I ¥ avai | z%PI e. .

- e feference and counter electrodes respectively.

ts The reference electrode is suitably formed from a material that is abie to catalyse
the dissociation of oxygen in the reference environment, for example platinum.
The reference environment can be derived from a gaseous or solid-state source of

~oxygen. Typically a-tn'iospheric air is used as a gaseous reference source of

oxygen although other gas compositions can be used. Solid-state sources of |

20 oxygen typically comprise of a metal/ metal oxide couple such as Cu/ Cu,0 and
Pd / PdO or a metal oxide /metal oxide couple such as Cu0/ CuO. The
particular solid-state reference materials chosen will depend on the operating
environment of the sensor and in particular the titration temperature Ty,.  The solid
state electrolyte comprising an oxygen anion conductor is suitably formed from a

25  material that exhibits oxygen anion conduction at temperatures above 300°C
Suitable oxygen anion conductors include gaddlinium doped ceria and yttria
stabilised zirconia. Preferred materials for use as the solid state oxygen anion
conductor include 8% molar yttria stabilised zirconia (YSZ), which is commercially
available. | |

30 N

~ Avradiative heater may be used to control the temperature of the cell. Such

heaters include heating filaments, wound around the solid state electrolyte. An

5 | B 27072007



30 A radiative heater may be used to control the tenperature of the cell.
Such heaters include heating filanents, wound around the solid state

el ectrolyte. An 5 27-07-2007 11 electric light bulb can also be used. A

t hernocoupl e may be used to nonitor the tenperature of the cell. Currents
of between 100nA and 100 pA may be used for driving oxygen ani ons between
the reference and neasurenent el ectrodes. Currents outside this range can
be used, depending upon the circunstances. The magnitude of the current
used to drive the oxygen anions between the reference and measurenent

el ectrodes depends upon the surface Yrea of the electrode and the anpunt of

gener al PR DERFCET o Far Sred PO I ot aratordth Pabesidieat or a

| ar ge agpuaf of cracked hydrocarbon deposited on the surface thereof. The
sensor is preferably used in conjunction with a device for neasuring the
potential produced across the cell. According to the nethod of the

i nvention, the sensor continuously cycles between an adsorption node and an
oxygen fCutrerds ploretwesd €001 anch&)0gehs meyp bé osedniodeériving leygee resons batweesl ttle at a
constant tenperature, Tads, which is belowthe «critical tenperature, Tc,
for oxydfderenssi A nshdEBent Sipclipdeni Giriente osiside dhis range can e tused. erendmae Tc f or
YSz, for e le, is in. the range 300C. Tads and fhe sensi.ng e|ectrode

ot er | oo B Btk ok MabPag ARt b g i P ST PORAEMEEhs | ng

el ectrode, 2L, ' ' t 1 r nat e/
crack | ggecf ?%%ngo t h%&%?lﬁgﬁ%%&éﬂ?@%%ﬁ%%%%;ug g?)ﬁlg% rz%(%%ltetaso(?g}g%%e%%&e%ﬂ?f ace. For

a plati MemRORE bf @eBked’ BIIrRYBIP iBrosdAdH 1he duladehPeredNABrgéOchrdn@0& | N the
i deal case conpl ete de-hydrogenation/cracking will occur |eaving a surface

| ayer ofyersedslp bb eshuicsrfooelectrddes heensa grebtsr Suefhck @ta breniprye atrone of dracked for a
time, taos, during which adsorption of the organic contam nants occurs. The
| engt h &ydreqappen depggited op shessyifacgiirejech dhe\eansorjorrefaEbly gseddeanivdetionwih # s
preferably of the orﬂgr of%$02-10§ secgpds G eater sensitivities can be
achi eved®U%& Hgnq25 e e Pateal iR a9 ens

el i's, however, desirable that
saturation of the neasurenent el ectrode during the adsorption Printed:
03-08- 2007 DESC EP 04 767 980

According to the method of the invention, the sensor continuously cycles between an adsorption
mode and an oxygen titration mode:

in the adsorption mode, the sensor is held at a constant temperature, Tads, which is below the
critical temperature, Tc, for oxygen anion conduction within the solid state electrolyte. The Tc for
YSZ, for example, is in the range 300°C. Tads and the sensing electrode material are chosen
such that the catalytic properties of the sensing electrode, at Tads, cause adsorbed organic
material to de-hydrogenate/ crack leading to the build up -of carbonaceous deposits on the
surface. For a platinum electrode, for example, Tads is in the range 20 to 80°C. In the ideal case

complete de-hydrogenation/cracking will occur leaving a surface layer of adsorbed carbon.

The sensor is held at temperature, Tads, for a time, taos, during which adsorption of the organic
contaminants occurs. The length of time, tads, is suitably between 10 and 105 seconds and is
preferably of the order of 102;1 03 seconds. Greater sensitivities can be achieved using longer
adsorption times. It is, however, desirable that saturation of the measurement electrode during

the adsorption



-12- MD3B170EP/ ASB phase is avoided as this wll change the sticking /
reaction probability of the surface, typically surface coverages of < 0.5
nonol ayers are desirable. In the event that saturation of the el ectrode
occurs this can be overcone by burning the carbonaceous deposit off of the
s Brintad:D088-2ME neasurenment el ectr &EBGNd re s adsorbing for &PLEorg7egsoper i od
of time. In the event that inconplete cracking of the hydrocarhbon

contam nant occurs during the adsorption phase, conplete cracking can be
athieved by raising the tenperature of the sensor to a tenperature

i nternmedi ate that of the adsorption_ t enper at ur e, he titration
tenperature, Tot, and optionally apprglng a poten#?%?ﬂnggggﬁis t he sensor
under mhlch condi ti ons conpl ete cracking of the adserbed hydrocarbon

occurs. | BhERTE adRBéd &@Msomchawgermystmmgmacnamgrobéﬁm@fthbs hel d at the
internedi ate tenperature for a period of time sufficient to allow conplete

conver si ofudACeafypicalcsusiare sovpjates A Behmenriaven agflesiale inthéar bonaceous
deposi t oRyidihat YoiiRfibn of thEQ%c%@éHéc?F@lﬂfs c%h%%%@féﬁme'bp bhh‘ﬁnq]t@égen titration

node, the sensor tenperature 1s rapi rairsed fromeither e adsorption
t enper at ucarbonzaoUs depqsﬂeffuohtf@ram‘acaofé ¢ owpeuwremenieiearode indkesd  absol ut e

terrpergturg%or 1héf°f%hﬁﬂ?§ef‘ap%¥ﬁ'r‘% During this tenperature ranp de 20

hydr ogena ani ¢ remain on the surface. Once at Tot, a
small current IPis forced to pass through the el ectrochem cal cell,

punpi ng o en t | e e.surface uatlon 9.

Currents ﬁé‘e %"Qr‘”"&‘“ %ﬁﬁﬁg ggthﬁqu%c ré%n ?Rrg?er 'ﬁp°§ Pe suitabl y used.

5 Tlhe oxygeﬂuﬂmg)meaasmmmrypm@ainmh ;ﬁetetfaei;:ngcgobagaﬁen&drtgsangmgtm t he sensing o

+ electrode_ in accor ce Wt uati on 10. ., - 4. S),. + 4e' Equation
G aas) L RTasE e A Senab o AP R Pl MR (Lo Y SRR e ng

el ect r gde terfysdratiiiey eradg Ganidhice fitRitioh wﬁﬁer&mm; T Qe optmrhéuytagnlglmgrao t he

equilibriumthe nam c val ue p

r tion 3, as the -
titrati onPPERES! anC%?%@@éﬁ'%sm'\M@ﬁr Wﬁ'@h é@]“Lﬂ‘tl%EPP‘EPﬁi\lf%P‘Fm&/‘ﬁé?ﬁ c vol tage Vo

i's 7 27- 04d889dd hydrocarbon occurs.  In some applications, V; may be zero. The
sensor is held at the intermediate temperature for a period of time sufficient to
allow complete conversion of any uncracked hydrocarbon contaminant to a
i5 carbonaceous deposit on the surface of the measurement electrode.

In the oxygen titration mode, the sensor temperature is rapidly raised from either
the adsorption temperature, Tags, or the intermediate lemperature to a fixed
absolute temperature, Tw, which is above T, . During this temperature ramp de-
2¢  hydrogenated organic matefial will remain on the surface. Once at Ty, a small
current 1, is forced 1o pass through the electrochemical cell, pumping oxygen to the
sensing electrode surface, as per equation 9. Currents of the order of 100 nano-
- amps to 100 micro-amps are suitably used. The oxygen progressively combusts
the carbonaceous residue on the senéing electrode. in accordance with equation
25 10.

20% > 20(ads) + 4¢” Equation 9
C(ads) + 20(ads) > CO; Equation 10

30 The potential of the sensing electrode, relative to the reference electrode, will tend

to the equilibrium thermodynamic value predicted by the Nemét,equation 3,as the
titration reaction proceeds. When the equilibrium thermodynamic voltage Vo is

7 | " . 27-07-2007



Printed: 03-08-2007 DESC EP 04 767 980 -13- M)3B170EP/ ASB reached the
oxygen titration reaction is conplete. The total anount of charge that has
fl owed through the cell during the titration reaction is directly
proportional to the anmobunt of oxygen reacted. For the ideal case the anount
oPriotedb@fh08-8%nul at ed during the BEBGrption phase will be 1/EP ®f7870@8% ot al
charge, as per 5 equations 9 and 10. The anount of carbon can be determ ned
fromthe tine taken in the adsorption phase and the surface area of the
sensing el ectrode. Wet potentionetric titration procedures and cyclic
voltammetry are frequently used to_g®nitor the |evyg §? faE cont ami nant
species in solutions. Al of these io processes take ace |n the li quid
phase and use reversible el ectrode processes, nostly using water as the

maj or con&éadhea fHe @a‘ygéﬁmra@h\rmlomscbmtel ThE t@Eandunt 8f dhafdd tiatef f ect
oxi dati on reducti on. cl;;tgase el ectrochem str | s.-confined to the areas |

of el ect rd@ﬁ@ﬁ‘i"%?hr@&‘i‘s‘m §9" ing theolitatien eestion is H%V&W ¥ic, and solid
oxi de, 1 ueling g BPbiyBR Slote’ 4t e oAbl hrhburk bf e reaction. 1S 1t

will therefore reciated that, 1n contrast to the wet titranetric

pr ocedur ecedmulalied dprtmmmeadsomtlmrmﬁwf be Hdiof thedelebchamnge, aspeamet ri c

det er m nat gt _ hase using a
ol 10t aroRyde 8 A, TSy SPRAH Bl AA7 B ETES, U8t P

el ectr odegaKelnhetheadeo@ﬁmepm anphdbes sirtace areacdf due sendinp elastrpde.it is preferred
to use an el ectrode arrangenment - conprising a counter electrode in addition
to the neasurenent and reference electrodes as described above. The counter
el ectr ode Wet nmitlbdnetmditraﬁtjmemmut&s andhgclicefoiaremetlry efedfedquedity wsed | n cont act

or et er o YRRl BUSE LAY BiTEMindt shiite]a sRBlHs"T AEoBHER r i cotr ode
and t he nqmaeseémake alhee:hrtbelmuﬂﬂmseehdmamwltﬂ@ébomie grocyseésre provides a
both the SR EBAG HEte as T EAPEForSiUEt & he Seal R iseci BN B botential -
di fferenCleré@tryCéfbcM)@ia@iﬁMre@aﬂldhe Cad ﬁﬁaﬂemtroﬂ'ﬁwmﬂquﬁbeﬁfm%ﬂ tethectrode is-
preferabl yaréa%roq%%clmc emlca er?srolrsakaoth po entlome nlc%%ld gum%]erovmetﬁch a% ts,gllldy Ses

oxide fuel cells neither of which use any kind of titration reaction.

It will therefore be appreciated that, in contrast to the wet titrametric procedures of
the prior art, the sensor facilitates the titrametric determination of trace organic
contaminants in the gaseous phase using a solid state electrolyte.

20 - Although the sensor can be used with just two electrodes {the reference and
~ measurement electrode) only, it is preferred to use an electrode arrangement
cbmprising a counter electrode in addition to the measurement and reference
electrodes as described above. The counter electrode is positioned adiaceht to
the reference electrode and in contact with the same reference environment as the
25 reference electrode. In this preferred embodiment, the current I, flows between
the counter electrode and the measurement electrode. The reference elect'rode‘
therefore provides a constant reference environment from which the
electrochemical potentials of both the measurement and counter electrodes and
. thefeforé the potentiat difference across the cell can be determined. The counter
30 electrode is preferably formed from a material, such as platinum, which catalyses
the dissociation of oxygen. |

8 | " o | 27-07-2007



t he di ssociation of oxygen. 8 27-07-2007 Printed: 03-08-2007 DESC EP 04 767
980 -14- MI3B17CEP/ ASB The di nensions of the top and bottom surfaces of the
sensor are typically of the order of a few square centinetres or |less. The
el ectrodes forned or deposited on each of the surfaces are therefore

di 31 cordingly. The sensj nd counter electrodes_gr
tegﬁg‘;log&%%@?he order of 1cn®. TF%%rc'gf erence 5 el ectrode |5E89§Jﬁ?§ggf a

| esser di nension. The electrodes are typically fromabout 0.1 to about 50pm
i,n"thickness. Il 9 27-07-2007 Printed: 03/04/2006 Al PAMPHLET 04767980 WO
2005/ 019817 PCT/ GB2004/ 003370 -16- Preferred features of the present
invention will now be described, by Way of exanpl MOSBNYOERNASE reference to

t he acconpanying drawi ngs, in which: 5 Figure 1 illustrates a first

enbodi ment. of an el ectrochem cal sensor; Figure 2 illustrates a second

enbodi nenfhedimegasiengelthe tapandhttogesutaces of fie sensgiare pigally pk¥ieat es t he

rel ati onsbid hel KRB HHERELOAELDS Phd HECifRbS (Y bPRepdsfed B 21 char ge

passed therethrough during the titration time ectrochem cal sensor
of Fi gur eedchoalipe $wiasesamiberatoshdimensiceed acegedingly. depeensinghnsh one side of a

solid stals,cleqidhyd Go baceRARENPING. By b foh*M Tl @Ridrsed 21 rconi um
oxygen anion dShaUCt or Eube. € ‘neasurenent electrode 1S may be deposited
usi ng a t elebimddylis usuadth obs lessendimenssiert. t €he aigciordeappd fypingllydrom abalitt abl e

conmer ci aklLy_avail.able "ink" to the surface. In the event that the
hota BBt BT idkbes

measur ene go'! %rmed on the surface of the electrol yte 12

using ink, the whole assenbly nust be fired in a suitable atnosphere
determ ned by the nature of the ink. In the preferred enbodi nent, the
measurenent electrode 10 is 20 formed fromplatinum Alternatively, the
measur enent el ectrode 10 maybe '

g - © 27-07-2007



el ect r9 yttet

formed fromany other material that is able to catal yse the dehydrogenation
of a  hydrocarbon contami nant such as propyl ene to carbonaceous material at
its surface. In use the nmeasurenent electrode 10 is placed in contact with
a_nonitored environnent 14. 25 A reference electrode 16 is forned on the
appiotsdt @3/84R0%Ee of the el ectr oAYPAMPRLED t he neasurement el ect047d7980

usi ng si mwanreds@sBY ques to those described above f@irdBRasH:gRENt €l ectrode
10. In the preferred enbodiment, the reference electrode 16 is formed from

“platinum Alternatively, the referent®- el ectrode 16 30 may be formed from

any other material that is able to catal yse the dissociation of oxygen to
oxygen anions. In use, the reference electrode 16 is placed in contact wth
a reference environnent 18, which, in this enbodinent, is a gaseous source
16 03/03/ 2005/ 119817

PCT/ 66200? g%ggﬂigéﬁl%gﬁ quﬁé g‘%g@%aeﬁ l%rg‘@g/ﬁ gur‘{fﬁ g|c()jr% é‘g@érag&sw%fas at nospheri c
air. The @Ixampleom%wmrefqrenceamdha amom;Janyrmg)drmegmnwm her form an -

el ectrochem cal cell 14. The sensor is nounted in the environment to be
nonitored using a nounting 5 flange 20, and the neasurenent electrode 10 is
t ypi cals y Higioé dtilkdtratesatfitshembodifrenesfen ederotieatdeal $6nddny ough t he use of gas
tight seals 22. In this way it is possible to separate the nonitored
environment 14 fromthe reference el ectrode 16 and the reference

envi r onnerfiguts? illetrdtesa sestmdrentbdmeht bfftelvdtiodhamiariensoratd t her mocoupl e
assenbly 24 for -heating the sensor and for providing an indication of the

‘tenperature. of the sensor. The heater and/or thernocouple may be, as

i I'lustrat qni’guréls%girategfh%%zae&hsﬁ@rseﬁw% e@&ﬁgg%babss e dB¥ndebonded .to- the

electrolyte or to formati on of ctrodes; sputtered onto the
aEQiBEQﬁﬂ@ﬁQd %reﬁhfeugfbcimutwrt@tlom fieetd el ectrodes or wound round
the electrolyte prior to or subsequent to the isolation of the sensing
el ect rodes fromthe reference and counter el ectrodes. The
The electrochemical sensor of Figure 1 comprises a measurement electrode 10

deposited on one side of a solid state electrolyte 12 comprising an yttrium
_ stabilised zirconium oxygen anion conductor tube. The measurement electrode
15  may be deposited using a technique such as vacuum sputtering or app?yihg any
_ suitable commercially available “ink” to the surface. In the event that the
measurement electrode 10 is formed on the surface of the electrolyte 12 using ink,
- the whole assembly must be fired in a suitable atmosphere determined by the
nature of the ink. In the preferrad embodiment, the measurement electrode 10 is

20  formed from platinum. Alternatively, the measurement electrode 10 may be
formed from any other material that is able to catalyse the debydrogenation of a
hydrocarbon contaminant such as propylene fo carbonaceous material at its
surface. In use the measurement electrode 10 is placed in contact with a

. monitored environment 14.

25 ,
A reference electrode 16 is formed on the opposite surface of the electrolyte 12 to
the measurement electrode 10 using similar techniques to those described above

“for measurement electrode 10. In the preferred embodiment, the reference
- electrode 16 is formed from platinum.  Alternatively, the reference electrode 16

30  may be formed from any other material that is abie to catalyse the dissociation of
oxygen to oxygeh anions.  In use, the reference electrode 16 is placed in contact
with a reference environment 18, which, in this embodiment, is a gaseous source

6 | | | 03/03/2005



tenperature of the sensor is controlled by a suitable control device 26. A
constant current source 28 is also provided to control the current flow ng
from20 the reference electrode 16 to the, neasurenent el ectrode 10. A
voltammeter 30 is also provided to nmeasure the potential difference across
t Peintedi 03/04/2006se t he sensor i s ANAMRHIEET ween an adsor pti on phas@78rgBa

titrationphageeedi? the adsorption phase, the neasygermalglzeet rode 10 is
exposed to an 25 environnment to be nonitored, including any organic -

tontam nants. The sensor is held at-¥tenperature Tads for a tinme tads
during which any organi c contam nants are adsorbed onto and dehydrogenat ed
at the surface of the nmeasurenent electrode 10, resulting in the formation
of car bonaoéoxygedapeyistant pieesura suchTiratmoepissic airheFheeledraies e, 16 trati on

Pheori t1 canoPEiarhls 2 vofer BAR Sheldp Bt i T O The “electrol yie

becones conducting. Once at tenperature Ta a known current | p is passed

bet ween the, reference el ectrode 16 and the neasurenent el ectrode 10 17
03/ 03/ 2005 TBE SRISIS TDRITRH BORRSTITORRRIHD £S TOPRB RS ORI OHREI001 981 7

PCT/ GB2G04hBARE) and the rhbiufdierit @lebO6dRe1 PR EHERIR oS frémB@ss from the
reference el ectrode to the neasurenent el ectrode where they are oxidised

and react V¥Fiemenenaleetndsolbdbwani thediss 98 pastight paria 23t Infis wavftdce of the
- N & ' , di oxi de. 5
measur ementehige td %ﬂﬁgﬁ%g”g'}?%ﬁ%d &Qﬁ&gﬁédéﬁfﬂ ;.Bhﬁms r&fBrdnh %le%ﬁééé)” | oxide. S.

During the' titrati e potentl erence across the cell is
moni t or ed, 16@bgEecheferencerenvirmmmeant®8t aken for the potential difference to
reach a constant value, Vc, characterised by the current |IP. The
~establishment of this constant potential indicates that sufficient oxygen
has pasiwed The sewenistprevidest withem beatenahd thermessuple aesambdy 84 fardedating o cause

surtace. of Hegnhdhodratimydng bR RS AIERAGE B et BROF S R Rbona ot . of
t he oxi dat hustet arid/atthermobaupldmen be esedlhestrated, a self contained cartridge
_ assémbly, 6r may be bonded to the electrolyte prior to the formation of the
electrodes; spuitersd onto fhe electrolyte subsequent to the formation of the
15 electrodes or wound round the slectrolyte prior to or subsequent té the isolation of
the sensing electrodes from the reference and counter electrodes. The -
temperature of the sensor is controlied'by a suitable control device 26.

A constant current source 28 is also provided to control the current flowing from
20 the reference electrode 16 to the measurement electrode 10. A voltammeter 30 is
'a,!so provided to measure the potential difference across the cell.

in use the 'sensor is cycled between an adsorption phase and a titration phase. In
~ the adsorption phase, the measurement electrode 10 is exposed to an

25 environment {o bé monitored, including any organic contaminants. The sensor is
held at a temperature Taas for a time fags during which any organic contaminanis
are adsorbed onto and dehydrogenated at-the surface of the measurement
electrode 10, resulting in the formation of carbonaceous deposits thereat. The

“sensor then enters the titration phase. The tempetature of the sensor is raised to

30  atemperature Ty above the critical temperatu're T, of the electrolyte at which the
electrolyte becoméé conducting. Once at température T a known current | is
passed between the referance electrode 16 and the measurement electrode 10
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By nmeasuring the time taken for all the carbonaceous deposits on the surface
of 15 the nmeasurenent electrode to be oxidised, it is possible to determ ne
t he anount of carbonaceous deposit forned at the surface thereof during the
adsorption phase. Since the length of the adsorption phase is known, it is
't Préinteqy 680086t 0 det er i ne t hA1ZAMIILE]T car bonaceous deposit 0476%880on t he
surface ofvoid@migiectrode per unit time and from t hpspEhmegeneent rati on of
trace organic materials in 20 the process environnent. Figure 2 illustrates
‘a second enbodi nent of a sensor, in-Wri<h the reference nunerals refer to
the sane el enents as indicated above, except that the suffix "a" has been
added-to distinguish the two forns of sensor. In this enbodi nent, the 25

r ef er ence- tBAEPY énivEss oxygepaoonsiedapy framdias reference dlestwdeteee nat eri al whi ch
is seale SRS ' . L.ng-.0at.er i.al typically a
gl ass rmﬂg%z%s%?é_rﬁ%ﬁi S eng%%f]rgr%\ébé%‘}g?%dﬁc%&gggéagﬁggp Iegc;?g n(%g%dn Per el ectrode
34. 1 n t hidepesisodimahat thbeurtacerotie measereanént glenieadesd BBig tipasses t he const ant
current 30 be}q{)weeﬁ?t e counatggr ﬁl ectrode 34 and the neasurenent el ectrode
10a so as FBCPHPRPAAFIONTLFAONAY R ed i n the vol tage measuring device 30a.
. The vol4age 18 03/03/2005 Printed: 03/04/2006 Al PAVMPHLET 04767980 WO

2005/ 019817 PCT/ G32004/ 0033711 -18-. . neasuring device 30a neasures the

vol t age béetuigihe igationphase themoteptial diffegence aprasg thaeplkin mopiieredence el ectrode
16a. Fi guriggethdd ithstht dhSaldiBohapeRniidl dieldhck iSrdath alcofbtadgpassed through
the cell -and 5 the neasured potential difference across the cell during the
passage ofVes goaracterisgcyay B0 eumentiy af hoestablishmentiof thiTpenstaniepteslizlve represent s
total char; r tial difference '
acr oss 1 noaeins Rfs@fient LRGN pa U Y S RIpRnROBAT | 7 cases to 8
maxi muha vaheasutdmen elestrodes toghisessopplade oxidationof el of theldarbdescasmses from a

: . o | . h
ot ent i al sppyiz il 3t FHELARRS A méhinert BIobtGa0 1 Fnd BERIRI Ll e
det er m nedhatgomeng pbintatttheooxiddtive itatonrhasheeh pacbhed.he cel | to the

.By measuring the time taken for alf the carbonaceous deposits on the surface of
- 15 - the measurement electrode to be oxidised, it is possible to determine the amount
of carbonaceous debosit formed at the surface thereof during the'adsorptibn
phase. Since the length of the adsorption phase is known, it is then possible to
determine the amount of carbonaceous deposit formed on the surface of the
electrode per unit time and from this the concentration of trace organic materials in
20  the process environment, |

Figure 2 illustrates a second embodiment of a sensor, in which the reference
numerals refer to the same elements as indicated above, except that the suifix “a”
_has been added to distinguish the two forms of sensor. In this embodiment, the
25 reference environment is provided by a solid state reference material which is
sealed from the sensing environment by sealing material 32, typically a glass
material. This embodiment also includes an optional counter electrode 34,

in this embodiment the current generating means 28a passes the constant current

30 between the counter elecirode 34 and the measurement electrode 10a so as to
minimize errors generated in the voltage measuring device 30a. The voltage
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m ni mum constant value is the tinme taken for oxidation of all the

car bonaceous deposits fromthe surface of the nmeasurenent el ectrodes. 15
Exanpl es Exanple 1 Construction of the Sensor Reference, and neasur enent

el ectrodes, and optional counter electrode, were forned on a thinmble / disc
'qfrnntdmeommgems ani on conducti ngA¢PANMPHOEYt e 20 (commercial |y avaphzdroeofrom

various sypi by sputtering under vacuum or cially
avai | abl ewal hdﬁg{ﬁ%nd firing the assenbly in a sui tgfﬁ e zg@m@%here accordi ng

'to the procedure given by the ink mapgtacturer. A gas tight seal (resistant
to both vacuum and pressure) was formed around the 25 oxygen ani on
conducting. electrolyte to isolate the neasurenent el ectrode fromthe

ref erence neéaeaﬁrrg)@no@rﬁma@mdsoralth@mge betleen ticflieasisbmanisiicuimasd
procedures, Dg%e %H’@@Ee 8 he sensor is to be heated the heater/

t her nocoupPe ap er &hS-appropri ate stage during manufacture. 19
03/ 03/ 2005 Printed: 03/04/ 2006 Al PAMPHLET 04767980 WD 2005/ 019517

PCT/ GB2004/ 003370 -109- Exa le 2 Determination of the TOC levels in a
Process Gigue §éw§t5ateﬁwuqhgn@9 dpthstbe tafaleharde pasesst theughdhaesll angl a To of

300C and g ef’ﬂn@&é&%d‘bﬁgq}ﬁﬁgrﬁg(eﬁ%%m% tﬂgtcélf’&?nn‘ﬁ‘tﬁé‘p&?s%% oSl =% (A) of

lcn?, the electrode ) surface densit at ons/ cn2, was
exposed t chargp ovediratigntime dint Ahe lomgr cw@mnrmwtsaotaachmfg@paﬁedmdof Tads for

o gan ¢ oo ek SivE FERE s IRl e A HE SR, RBRRE B 2 i e o
t he sensothabas trreabmémarge iheteassxtoa manimaemtvalus ibé patentidl @ifdrehceas 1o passed
bet ween t he re{ereeﬂ asurenent el ec e passage of the

cur et RGBS B Ao RFTaedr B 4 R SHEE 19 SRimiApgahuggssage of the

OL 35QV quetimd taieinifortht bbtenfial Lidrarce @orbes th%ﬂ&@bwdng@hmmepassed bet ween
t he
maximum value determined upon application of the current [ tothe celltothe
minimum constant value is the time taken for oxidation of all the carbonaceous

deposits from the surface of the measurement electrodes.

15 Examplés
Example 1
Construction of the Sensor
Reference, and measi;rement electrodes, and optional counter electrode, were
formed on a thimble / d_isc of the oxygen anion conducting electrolyte

20  (commercially available from various suppliers) by sputtering under vacuum or
using commercially available ‘inks’ ‘and firing the assembly in a suitable

- atmosphere accordmg to the procedure given by the ink manufacturer.

A gas tight seal (resistant to both vacuum and pressure) was formed around the

25 oxygen anion conducting electrolyte to isolate the measurement electrode from the
reference electrode and optional counter electrode using standard procedures.
Depending upon how the sensor is to be heated the heater / thermocouple can be
added at any appropriate stage during manufaciure.
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ref erence and neasurenent el ectrode was thus 2.10'3 Coul onbs, which
corresponds to the formation of 0.3 nonolayers of carbonaceous deposit in
15 accordance with equation 11. McLata 1 Equation 11 4e Ap The total

equi val ent partial pressure (nbar) of the organic contani nant (expressed 20
‘Ryingh 08/04/2006 of car bon at ons ATPAMPHLETl ated as 1.0 x 10' 8nbar 04767930 ppt
using eqyahbiRipst2. 13 below. PTCc= Stn; x3.410 EqM&ld@dtesbesse ~ 29

TOE P1,t)=PTOcx 10 Equation 13 20 03/03/2005 Printed: 03-08-2007 CLMs EP 04
767 980 -20- -MO3B170EP/ ASB CLAI M5-3p-A nethod of nonitoring the | evels of
trace organic contamnants in a 5 nonitored process environnent, the nethod
conprising the steps of providing an el ectrochem cal sensor conprising a
solid statxampiegen ani on conductor (12) in which oxygen ani on conduction

occurs at or above a.,critjcal tenperature.Tc, a neasurenent electrode (10)
formed on Dé“?'i“?'@f‘"%’h??é@idfﬂaet"ﬁg 'E'(ﬂ%l?&?%ﬁef'ﬁr exposure to the to nonitored

envi ronnent, the neasurenent electrode (10) conprising material for

cat al ysi ngrt he dissociative adsorption of the organic contaninant nolecul e,
and a ref %ﬁﬁ@@"'@V_éf@tﬁr%@%SQl@'@taTﬁ&lﬁﬁﬁ'ély@rﬁadl“g@eEﬁ%c30§&ﬁ'éd:éPlﬂ“n'ﬁfﬁe conduct or

ot ef ¥ 30° Hicaslrfork ERBIRRTAN £AILBURINY of 11997 fESIERGE, RaG £Od° COTDIT S1 ng

mat eri al r catal ysi ng. the di ssocl a oxygen t o oxygen ani ons;
exposi ng shdacenirnsity, eneitd catemsicofewas ejposed i apmcess gaswpaleling e Tads bel ow

D e hoR S B o 5 L BB BiEygliggonduct o (12
: sticking probability, S, for organic contaminants on the sensing electrode is 0.1.
The temperature of the sensor was raised to Ty and a current I, of 2 x 10°® A'was
10 . passed betwsen the reference and measurement electrode. During the passage

of the current the potential differ_ehce across the cell dropped to a constant value |

of 350mV over a period- ty of 100 seconds. The total charge passed betweén the

' reference and measurement electrode was thus 2.10°° Coulombs, which

corresponds to the formation of 0.3 monolayers of carbonaceous deposit in

15  accordance with equation 11.

St 1 Equation 11

" 4e Ap

~The total equivalent partial pressure (mbar) of the organic contaminant (expressed
" 20 . as equivalents of carbon atoms}) is calculated as 1.0 x 108mbar or 1.0 ppt using
- equations 12, 13 below.

PT°°=§ta—;x3'4 107 Equation 12

25 .'TOC(pp t)sz‘*:x 10° . Equation 13
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organi ¢ contam nant species to be adsorbed onto and 20 dehydrogenate at the
surface of the neasurenent electrode (10) ‘thereby leading to the build up
of -a carbonaceous deposit at the surface thereof; raising the tenperature
g% th%gi éﬁg to a value Tcc above the critical tenperature Tc of the solid
igteg: @g Znion conductor (1GLM®d passing a current | p BReQ4Eswosthe
reference 25 el ectrode (16) and the neasurenent electrode (10) for a tinme tP
taren for the potential difference across the sensor to reach a constant
val ue determ ned by the equilibrium between the flux of . oxygen anions
arriving at the electrode surface ag@-the rate of MOHSITOEPIASB of oxygen gas
fromthe electrode surface; and 30 determning fromthe total charge (Itp)
passed t hrough the sensor at - tenperature Tor the anpunt of carbonaceous
deposit present at the surface of the neasurenent el ectrode (10) and

-thereforeuAmsl 27-07-2007 Printed: 03-08-2007 CLMS EP 04 767 980 - 21 -

MD3B17CEPT ASB concentration of organic contani nant species present in the
process environnent. 2. A nethod according to Caim1, wherein, subsequent

to the Sjadsorpti aingth&Pot rﬁ&ﬁtoﬁﬁ@ﬁférle\}e?’s rerake BrdaRickoh RITRRAHS Mia® | nt er medi at e

Tads and Tv, to facilitate the conplete conversion of any uncracked

hydr odar bon cont affioniiered pepcassenyenseatothe mﬂm«mmnﬂﬁmgﬁbe sigpsalce of the

Teasurerent. el oot bpRIoHN oledRinRERRh FcolPhohF BRBIAUHESAGen { e SensOr 1S

rai sed to Tut. accor wher ei n Tads
is in the range anionca@iuctor () @ wmchpxymnlaomna:oomaﬁongcmwsaiw of dains |

to 3, wherein tadgphs J fithSempsralPOYE af hADLi K ork BIetficasGBPNYS-
formed on a first surface of the conductor for exposure to the
10 monitored ehyironmeht, the measurement electrode (10) comprising
- material for catalysing the dissociative adsorption of the oréanic‘ |
contaminant molecule, and a reference electrode (16) formedona
second surface of the conductor for exposure to a reference
environment, the reference electrode comprising material :for T
15 catalysing the dissociation of oxygen to oxygen anions; exposing the
measurement electrode (10} ata sensbr temperature Tags below the
critical temperature T, of the solid state oxygen anion conductor (12)
to the monitored environment for a time 1, to cause one or more
organic contaminant species to be adsorbed onto and
20 ' dehydrogenate at the surtace of the measurément electrode (10)
' thereby leading to the build up of a carbonaceous deposit at the
~ surface thereof; raising the temperature of the sensor to a value T
above the critical temperamra T, of the solid state oxygen anion
conductor (12) and passingra curreht | between ihe reference:
25 * electrode (16) and the measurement electrode (10) fora time
| taken for the potential difference across the sensor to reach a
constant value determined by the equilibrium between the flux of
oxygen anions arriving at the electrode surface and the rate of
desorption of oxygen gas from the electrode surface; and
30 - determining from the total charge (lqt,) passed through the sensor at
temperature Tu the amount of c_arbdnaceous deposit preseﬁt at the
surface of the measurement electrode (10) and therefore the

1 | - - 27-07-2007



5. A nmethod according to Claim4, wherein tads is of the order of
seconds.

t he

wherein 1,

+

10

20

25

-21 - MO3B170EP/ASB

concentration of organic contaminant species present in the process
environment. '

A method according to Claim 1, wherein, subsequ‘ént to the
adsarption step, the sensor is heated to a temperature intermediate
Tags and Ty to facilitate the complete.conversion of any_u.ncracked'
hydrocarbon contaminant to a carbonacecus deposit on the surface
of the measurement electrode (10), and thereafter the temperature of
the sensor is raised to Ty. '

A method accdrding to Claim 1 Tor Claim 2, wherein Tags is in the
range from 20to 150°C.

A method according to any of Claims 1 to 3, wherein 1,4 is in the
range from 10° to 10° seconds.

A method according to Claim 4, wherein tags is of the order pf
10* seconds.

A method according to any of Claims 1 to 5, wherein Ty is in the

range from 300 to 600°C.

A method according to any of Claims 1 to 6, whersin |, is in ihe range
from 10nA to 100pA.

A method according to any of Claims 1 to 7, wherein a potential V; is
applied across the sensor.

27-07-2007
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20 6. A nethod according to any of Clains 1 to 5, wherein Tdt
range from 300 to 600C. 7.
is in the range
dttiptedf OFPBRAB7 1 to 7, wherein a pottMBtial V; is
2 27.Q7-2007 '

is in

A nmet hod according to any of Clainms 1 to 6,
from-10nA to 900pA. 25 8. A nethod according to
appl i ed acrErsg4 réEsgeNsoOr .



