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ABSTRACT

Since introduction of 193nm exposure wavelength, thze formation becomes a serious challenge edlyeai mask
used for big number of exposures. Several compopresent in air as low concentration contaminargsl@ading to
haze building. Well understood is the sulphate @hadsaze formation, however, still causing significéomsses and
demanding for re-cleaning of the mask during méskiime.

There are plenty of publications taking differeppeoaches to reduction of the final sulphate cotteéion on the mask
and reduction of the use of sulphuric acid durihg tmask manufacturing. Beside traditional proces$i@ water
extraction, UV exposure, baking, IR exposure atuuat, Ammonia solution treatment more exotic metheete

published as surface treatment preventing migratfaime sulphate ions on mask surface. The numbegmosures till
haze crystals growth prevents further use of theknmnot solely dependent on the sulphate coratortron the freshly
manufactured mask. Additional factors as storagkuse conditions are significantly influencing fieriod till re-clean
of the mask is needed.

In this work we try to assess above mentioned amtres and provide rough estimate of their limits.

Haze, sulphate, mask contamination

INTRODUCTION

Ammonium Sulphate was recognized as major hazecediar 193 nm exposure in late 90. There are stwothar
materials causing haze growth as e.g. oxalatesthasutbroad usage of sulphuric acid for cleaningpbbtomasks
combined with very low concentration of sulphaté, lumidity and ammonia air contamination leadirmg Haze
formation are reason for the focus on sulphate.hdze

As mentioned in many publications, the haze crysia¢ growing during mask usage and are mainlysxpdnduced'
For successful reduction of the haze occurrencemnigtthe mask manufacturing, but to same degreerthsk handling
and treatment during exposure and storage at afeare important. Inappropriate storage of masksomparable to
post clean contamination of the mask during theufaaturing process and such issue can not be shlyathange of
mask manufacturing process, however, there arerfadhfluencing the susceptibility of the mask tosp clean
contamination as we will show later on. One inréiteare mentioned approach is blocking of the sukphmolecules
adsorbed on the mask surface by additional treatofenask surface for HT-PSM mask.

The main task for clean processes with respectai® llemains the reduction of sulphate contaminaifotihe mask,
usually measured as concentration of sulphate itermsample, extracted at defined conditions andyaed via ion
chromatography (IC).

Main focus of our work is to estimate the effectiges of sulphate removal by previously mentioneztgsses and
provide rough estimate of the critical contaminatievel at the freshly manufactured mask.

The task for cleaning process with respect to @thpls to remove the contaminant from surface arikl &f mask and
protect the surface against future contaminatiter éfie cleaning process.

Following chemical reactions lead to creation of@nium sulphate.

Ammonium chemisorptich SO, O [°01"ePr . S(OH), O M SOZ‘(NHZ)4
Sulphate creatidn

Adsorption of sulfur dioxide(SOZ)g M - (SO2 )S
Oxidization of sulfur dioxide(O, ), OfY ~ 2(0), , (0),

Formation of sulfuric aci({g)s)S + (H 20)g M - (SOf_ )S + 2(H ’ )S



Sulphate formatior(NH;)48'0;4 + Z(SOE_ )S + 4(H +)S M - 2(NH, ), S0, +S(OH),,
Last reaction is chemical reaction between adsoidrexion mask surface.

There are several approaches in use for reductiSunlphate level;

» Water extraction,

» Bake — sometimes combined with UV exposure and

* Vacuum treatment.
Some authors report methods for sealing of the reasiace to avoid diffusion of sulphate ions to thask surface or
blocking the adsorption center to avoid further taamnation of the mask from environment. In thesecpsses
following physical and chemical mechanism are involved:

» Solid - Liquid extraction
The extraction rate and equilibrium is dependensuriace area and diffusion path length, which manbe changed.
Since sulphate molecules are polar, use of pajaidias water is advantageous as well. For suadesstraction also
the solubility of sulphate in given liquid, surfaeeergy solid-liquid between solvent used and tlskrsurface are
important as well as the solvent viscosiffhe extraction rate is strongly influenced byfdifon of sulphate molecules
towards surface and transport of extraction lighi@ugh the bulk.

e Thermal desorption
Desorption rate of sulfur dioxide and trioxide rsvén by temperature according to following equatio

Ea
R=A[ 7 [N* [1]

WhereA is attempt frequenc, is activation energy of desorptidnjs Boltzmann constan, is temperature and* is
concentration of adsorbent power to kinetic ordedesorption.

» Heat decomposition
Thermal decomposition of sulphate / sulfuric acidhiermodynamically possible at temperatures al3®@2C. Such
high temperatures can not be used for baking ofrthek without affecting strongly the registratiéi.temperature of
about 220°C and above the influence of bake proises®easurable as typical distortion of the masinbklas we will
show later.

» Haze crystallization followed by dilution in water
(NH,),SO, haze crystals observed on exposed masks are kroolwe temovable by soft clean process. The ammonia
sulphate crystals have very high solubility in waté (754 g/l at 20°C, 843g/l at 50°¢)Main contributor to removal
mechanism of haze nuclei / crystals is dilutionvater.

Following methods were proposed as alternativeaaied the haze crystal nucleation and growth by ifitadion of
surface

» Sealing of bulk contamination to avoid haze crygtalwth during mask exposure

» Blocking of adsorption centers on surface

METHODOLOGY

Sulphate level at the end of each experiment wama®d as follows. Mask blank was extracted at®b§ 100 ml DI
water. Subsequently the water sample and refersan®le were analyzed using IC. The analysis ofrdfierence
sample is used as check of used water purity tadasgstematic error by contamination of sample frdiffierent
sources. The values estimated at identically pezbaamples are significantly higher than numbertwiogd at
Chemtrace lab. To provide readers an idea of ttatioe between Chemtrace and AMTC results, corigraturve
between both methods is shown in Eig.

For sulphate the detection limit of the analysigjigen setup is about 0.1 ppb. The contaminatiorefdrence sample
was in all cases below detection limit and the lteshtained at water sample can be used as meadDredto the
experiment setup the concentration measured regeesatole mask surface - front side, back sidethagide wall. The
surface of the front side and the back is 232.2emch; side wall surface is 38.71%cWe have to take into account that
the areas of the front side and the back side efrhask represent about 46.2% each of the totairthe side wall
surface is about 7.6%. As we will show later, tlmmtdbution of the back side to the total sulphleel is almost
negligible, due to the fact, that quartz surfacadsorbing sulphate to very low level as we wilhsHater.



Sulphate removal effectiveness was measured usioya FAR8 COG mask blanks contaminated to high lduel
sulphuric acid wet process and rinsed subsequémtigold water in order to get representative and meg@roducible
results.
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Fig.1 — Correlation between analysis results obtainechfAMTC analysis and Chemtrace analysis. Chemtragkysis is in contrary
to the AMTC procedure performed on the front sidéhefmask only. Further difference is lower tempeeaof the extraction water
at Chemtrace method.

The sulphate removal effectiveness is strongly deéeet on the surface material. Due to the varyiegsidy of
adsorption centers and different surface areadheemtration of Sg3” differs when comparing chrome, chromium oxide
(ARC), MoSi A61A and quartz surfaces.

Among COG mask blanks Hoya AR8 COG Mask blank isupknowledge the most sensitive production matersed
nowadays for high end mask manufacturing due tdhiod absorber and especially the GERC layer acting as buffer
for sulphate. Reduction of the ARC layer thicknkesgls to strongly reduced concentration of adsosogzhate. Further
strong decrease is observed when Chrome absorbeouiARC layer is analyzed followed by oxide anitrice
materials Hoya A61A MoSi layer, ShinEtsu binaryabgr (OMOG) without hard mask and quartz substrate

Fig.2 shows comparison of the susceptibility of matsriakentioned in text. At first look one can see digantly higher
sulphate level at Chrome materials AR8, NTAR5, NTTARF11 decreasing in listed order from 200 ppb maev95
ppb. Non metallic materials as A61A MoSi, OMOG withh hard mask and Quartz show significantly lovesel below
10 ppb. The effect of ARC layer at chrome surfaaa be judged by comparing sulphate level of NTABLR -
material, having comparable Chrome layer thickressSTARS chrome layer, but no Cr@RC layer.
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Fig.2 — Sulphate concentration estimated at differerierias after sulphuric acid and cold water treattn€hrome surfaces exhibit
significantly higher sulphate level then MoSi, OM@@sorber and quartz surfaces. Tested materiaShaeme - AR8, NTAR7,
NTARS5, TF11, CR; MoSi - A61A; OMOG without hard maakd Quartz. White rectangles at the top of eachidgaesent the
uncertainty of the estimation caused by blank &mblvariation, contamination process and analggmsoducibility.



WATER EXTRACTION

The easiest method used for sulphate level reduddiovater extraction. Since both cold and hot wate available at

any clean tool, there is no need for hardware neatibn and the process setup is rather simpleedis w

The process can be described as solid-liquid eidraavith known parameters influencing the thermuatyics and

kinetics of the process.

The SQ” extraction rate from mask surface is driven byewaemperature and so the final SQevel is dependent on

the process time and temperature only. Furtherofacas e.g. media flow, nozzle-mask surface distamc arm

movement were not significant with respect to;S€oncentration. The effect of temperature is véryrs). For sulphate

removal rate higher water temperature is of adwmmthowever, hot water temperature is limited bsesa factors:

< hardware limitation — water heater power and headatrol characteristics

 raising level of defect originating from materiat®cted from heater / tubing between heater azdlao

» phase change of a half tone phase shift mask (HWRS raising with increasing water temperaturgessally if
chemistry doped hot water is used

For above listed reasons the temperature hasdbdsen, at which the hot water defects are witbaeptable limits, the

tool heater lifetime is not impacted (vapor bublgeseration) and the phase change per clean iswsplecification.
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Fig.3 — Effect of rinse water temperature estimated 88 Anask blanks at constant media flow of about hiite and extraction
time of 20 minutes. Water temperature was varid¢dden 20 and 83 °C.

Second parameter, one has to optimize, is rinse fithe impact of rinse time on $Cconcentration is nonlinear as one
can see in Fig. In the beginning of the process the sulphate @atnation reduction is very fast and decreases with
increasing rinse time significantly. At given temgteire the process stops at certain nonzero selmuatcentration. At
tested conditions the S© concentration reaches level of about 13-15 ppér afbout 2000s rinse time and is not
changing anymore with increasing rinse time. Thyatihmic plot of the SE concentration (Fig) identifies change in
the kinetic of the S extraction. The first part of the process fromibaing to approx. 1000s represents in our opinion
desorption from mask surface. In the second geetkinetics is assumed to be driven by diffusiothefSQ* molecules
from ARC layer bulk material or transportation thghh material grain boundaries to the surface, fodld by desorption
from the surface, which is the faster process aorkases the driving force of the diffusion.
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Fig.4 — SQ? level as function of rinse time. The temperaturhai water used is 83°C measured at impact poiatemflow is
2l/minute. SG* extraction was measured at Hoya AR8 mask blankssaited by sulphuric acid and cold water rinse@g*Sevel of
200+7ppb; Logarithmic plot of Sg3 concentration as function of hot water rinse timronlinear as one can expect for extraction
process. The SP extraction is driven by different processes dedént rinse time. This fact leads to decreaseeebrption rate and
limits the hot water extraction at given temperatirr final level of about 13-15 ppb. Whereas atrétte at the beginning of the
process is limited by desorption from surface (grma), later on the dominant process is tranggaons from bulk material via
diffusion (white area). At rinse time of about 280afe base level is reached and further rinse Woieeduce the SO level as
measured via IC.

As mentioned previously the limitation of the hoater rinse are phase angle change and defect-elimiting both
temperature and process time.

Figure5 shows influence of hot water rinse on mean phasage at 83°C hot water process. Phase change maéasu
using hot water rinse only seems to be very srhallyever, combined with remaining clean processhtitevater rinse
contribution significantly increases. Similar, thkase change measured using clean process withbwdter rinse is
significantly smaller than using full clean procésse Figh). Since the phase change for full clean processt®qual

to phase change of its component, the effect caaxpéained by interaction between hot water rinsd eemaining
process steps only. Which steps interferes withwatér rinse is not known yet.

Mixing of the hot water with ammonia, ozone and gnather frequently used chemicals leads to sigaificaise of the
phase change compared to shown level as observeiby authors e 4.
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Fig.5 - Phase angle change as function of hot water tinse using C@ doped water heated to 83°C. Phase change
measured using hot water rinse is very small (doliel. Phase change estimated is -0.137 °/houmgu88°C hot water
doped with CQ. Combining this rinse step with ready to use platremoval clean process leads to significant @has
change increase of -0.21 °/hour (dashed line). digsrepancy in phase change indicates strongaictien between
steps in clean process.

UV EXPOSURE/HOT PLATE BAKING

The UV treatment and bake used separately havévedialow efficiency. Both processes support deson, UV
exposure decomposes sulphate as well as bakeyahiggr temperatures. UV exposure is reported toefdaransfer of
ions in direction of exposure - towards mask swfathen exposed on the back side and towards makkwihen
exposed on the front sitle

3 minutes UV exposure at 172nm wavelength in dryreduces sulphate concentration from 200ppb d@aapprox.
140ppb. Further increase of exposure time doesadoice the sulphate level significantly.

Baking of the mask at 200°C for 10 minutes leadsetorease of SO level to about 90 ppb. S®molecules decompose
at very high temperatures of about 350-408°€ Such high temperatures are not applicable fokrnkesaning process.
That is, the reason for assumption, that the méshraof this SQ* concentration reduction in this case is desorption
Best results were obtained by combination of UV balle steps followed by water rinse. There arengtinteractions
between factors between involved process stegsglme6 interaction between UV exposure time and bake ézatpre
is demonstrated. High environmental humidity insesathe nucleation and growth of haze crystalsséteafor the
humidity effect are reactions leading to transférsolfur oxides to sulphate, where water is invdlvend transfer
chemisorptions of ammonium ions on silica surfacehe mechanism of the nucleation and crystal grastiscussed
in detailed by Wu at &l



¥OS

Fig.6 — Sulphate level after combined bake/UV procesiwed by short cold water rinse. The viewgraplkutoents strong
interaction between temperature and UV exposure.tim

In general, as expected, high temperatures arentaty@ous for sulphate reduction. There are seveoa¢ interaction
between parameters as e.g. gas composition andkpdéere which we do not discuss in detail.

As mentioned previously disadvantage of very higimgerature at bake step is distortion of the mamqsurable as
registration. In order to avoid such distortione thake step has to be extremely short, what impasgstively the

sulphate removal process, or alternatively the marn bake temperature has to be limited to 250°@. diktortion of

the mask originates from very small decrease oVibeosity of amorphous quartz substrate heateduen thought the
glass transition temperature for quartz is ad@@O °C, the effect of distortion is measurableady at 220°C, which is

less than 20% of the glass transition temperateigure 7a shows the permanent registration change meastrg@i3a
nm HT PSM masks heated for 1200s to 250°C.
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Fig.7 —a, - Distortion of HT-PSM masks heated for 1200836°C. The measured area of mask is 132x132covered
equidistantly by 12x12 registration measuremertepas. Distortion observed can be measured anigaalithe maskb, -

Registration scale of mask set treated by bakergigeatures of 200, 220 and 250 °C for 600s — bldel200s. In this viewgraph the
process window at the limit for bake temperature eatment time is shown. At temperatures abo24nd treatment time of
more than 600s the irreversible distortion of thesknis measurable.

VACUUM TREATMENT

Treatment of manufactured masks before pellicle mting by IR radiation in vacuum was proposed agoctiffe
sulphate reduction methdduring this process the masks get heated up totdl&®°C which is acceptable for all types
of masks, even for EUV mask. The vacuum treatmemeducing the sulphate level without any sidectftsn defect
level. Impact of the relatively long process on GBgistration, Phase/ Trans was not reported. Pprigess in our

opinion is the most gentle one with respect torttask properties. Disadvantage of the process maglatvely long
process time.



Short vacuum treatment (<1 hour) of a mask at press0.1mbar in blgas atmosphere at temperature of less than 60°C
does not lead to significant reduction of the satpHevel. Within 2h treatment the sulphate levadrdases from starting
value of 200ppb down to approx. 160ppb. Furtheretese of sulphate level is, similar to hot watdraetion, very slow
and has most probably same reasons. Transporedulfate/ sulfur containing molecules from theambsr on phase
shifter bulk material is diffusion process whichsignificantly slower than the solid-liquid extraxt from the surface.
More promising results can be expected at raisegéeature, however, for such process identicaltditicins are valid as

for bake.

INFLUENCE OF EXPOSURE
lllumination of the mask during exposure by 193ni light is enabling many photochemical reactionadieg to
contamination of the mask. Dissociation of molecaaygen from air during illumination by shorter vedength than
246nm is mentioned in literature as key factor ilegdo sulfur trioxide formatioA.Due to adsorption on the mask
surface the concentration of reactants for ammesulphate is significantly raised compared to gastien. Formation
of haze crystals reduces the portion of occupiesbigdion sites at mask surface and leads in thgttav@ropagation of
the haze reactants concentration. Limitation of H@ze source is the environmental contaminatidgheomask storage.
The illumination drives also diffusion of ion comants through the bulk towards mask surface.
The contamination level of the absorber is infliegcthe timeframe until haze can be detected. Thigamination
originates from mask blank, processes used duriagkmmanufacturing or environment during exposui starage of
the mask. Differences in lifetime of the mask depen the absorber material used.
Potential mask manufacturing processes which prowelirectly impact Sulphate /haze level on the kmagyht be (but
not limited to): embedding of sulfur, carbon oroagen from resist into absorber of the mask dueitag.
The environmental conditions play a crucial rolehe dynamics of haze formation too. Humidity, aife ammonia
and sulphates would be only a few ingredients tatioe.
Even for masks processed by identical clean preseasd having comparable sulphate level measurecktbgction at
mask house, strong differences in maximum exposauat are reported by wafer fabs.
This confirms the fact, that only portion of thezhasources can be identified by IC analysis. Tiesme maximum
sulphate level above which the mask will exhibizddormation after short exposure time. Furtheuctidn of the
sulphate level measured by IC does not necesskedlgts to improvement of the mask life time, sinbe bulk
contamination, one can not estimate via IC, becodwmsinant. Figure3 illustrates the expected relation between the
sulphate level measured via IC and the maximum sxocount before haze formation. Below certaiplsate level
thresholdA, high exposure cour® can be reached before haze crystals form on thek.n#d low sulphate level the
environment is permanent source of continuous coini@ion. In such case the environmental contananadr ions
transported to mask surface from the bulk by UViath are limiting factors for haze formation. stilphate level
aboveA the starting mask contamination is limiting. Instltase the sulphate concentration is high enounghaér
humidity and exposure lead to haze nucleation agstal growth. This is the reason for low exposdose till haze
appears. Further increase of sulphate startind Bines not change the dose to haze formation ggnify, since only
the nucleation and crystal growth is faster.
The maximum exposure dose to haze formation at $oNphate level depends not only on the environnienta
contamination, but on the mask material —its susiodify to sulphate sorption and bulk contaminatio
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Fig.8 — Expected probability of haze crystal formati¥raxis represents sulphate level on the mask asasd by IC analysis at the
mask manufacturing time. Y axis represents exposose or number of wafers exposed. The color igrdia represents the



probability of haze formation at given combinatmfrstarting sulphate level and exposure dose. vibisgraph reflects the idea of
haze formation as discussed in text.

CONCLUSIONS

For reduction of sulphate level within mask mantifeing several processes are available, havingmdifit advantages.
None of the processes available today can be used #or reduction of sulphate level after sulfuaitid process (about
200ppb) down to level acceptable for high volumenafacturing, which is about 20 ppb or less accagydmanalytical
protocol shown.

With respect to sulphate level, there is minor adizge for masks manufactured using thin Chromer lageNTAR7, Cr
layer without CrQ ARC layer or HT-PSM masks with high MoSi area. 3&enaterials exhibit strongly reduced affinity
to sulphate sorption due to thinner ARC layer aesize of Chrome absorber respectively.

Using optimized process steps for all availabléntégques described above we can reach sulphatebel@lv detection
limit of 0.1 ppb using all sulphate free procesaad less then 3 ppb sulphate contamination usiifgrisuacid strip
process followed by sulphate free clean processesKigure).
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Fig.9 — final sulphate level estimated on AR8, NTAR7, AcOMOG materials using: sulfuric acid strip procé&dkowed by sulfuric
acid free cleans (left viewgraph); sulfuric aciddrstrip and clean processes (right viewgraphpltai level measured using the
AMTC protocol described above is below 3 ppb fomaditerials. Using sulphate free strip and cleacgsses, the sulphate level is
below 0.5 ppb

Very promising candidate for reduction of sulphleteel is the vacuum treatment process, which neelde investigated
more in detail. The only so far known disadvantafehe vacuum process is very long process timepeoed to
alternative processes.

According to our experience the sulphate leveks§lthen 20 ppb is acceptable for mass exposuris aontlcausing any
troubles unless combined with additional contanimafrom e.g. pellicle out gassing, storage enwvinent, transport
boxes etc.
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