LIQUID-FREE SAMPLE TRAPS AND ANALYTICAL METHOD FORMEASURING
TRACE LEVEL ACIDIC AND BASIC AMC

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Prosisl Application No.
61/874,706, filed on September 6, 2013, and U.&viBional Application No. 61/933,294,
filed on January 29, 2014. The entire teachingb@$e applications are incorporated herein

by reference.

BACKGROUND OF THE INVENTION

[0002] The measurement of parts-per-trillion level aca basic airborne molecular
contamination (AMC) is essential for process pridtecand yield control in semiconductor
photolithography and adjacent applications. Rigaé&tmonitoring solutions are highly
desired, as they provide instantaneous and conttoeasurement. However, even the most
advanced monitors cannot achieve detection limithe low parts-per-trillion range, and
many restrictions apply for the detection of aciiMC.

[0003] Discontinuous sampling with sample traps is capabbhieving parts-per-
trillion level measurement, but the currently adedpmnethods use sample traps filled with
deionized water (also commonly referred to as img@in, bubblers and beakers, and all of
which are referred to herein as impingers) to aapsoluble acidic and basic AMC. Several
inherent disadvantages of these methods resuitonsistent data and increased detection
limits. Some proprietary solid state solutionsénbeen reported, but involve complex
preparation, have high background signals and re@4i-72 hour sample duration, or they
are protected trade secrets that are not avaiehés industry standard.

[0004]  Thus, there is a need for a sample trap and acalytiethod for measuring trace
level acidic and basic airborne molecular contamtiggparticularly those acidic and basic
airborne molecular contaminants typically encowrdean the semiconductor industry, that
overcomes these disadvantages, has adauy parts-per-quadrillion) detection limit and

requires a shortee., 4-8 hour) sample time.

SUMMARY OF THE INVENTION

[0005]  Described herein is a liquid-free sample trap #ilatws parts-per-quadrillion

(ppq) measurement of acidic and basic AMC, for gxXefrin a gas stream from a cleanroom
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or other semiconductor manufacturing facility, witl shorteré.g., 4-6 hour) sampling
period. The liquid-free sample traps describe@ineran be used in an analytical method to
measure trace levels of acidic and basic AMC.

[0006]  One version of the invention provides a liquid-ftesg for trace levels of an
acidic or basic airborne molecular contaminant gas. The liquid-free trap comprises a
housing, comprising an inlet and an outlet; a flath between the inlet and the outlet; and a
rigid sintered hydrophilic material situated in flev path between the inlet and the outlet
and sealed in the housing. The rigid sintered dyhitic material is functionalized with from
about 0.05 molar milliequivalents to about 10 moialtiequivalents of a basic species for
trapping an acidic airborne molecular contaminarihe gas or from about 0.05 molar
milliequivalents to about 10 molar milliequivalemtsan acidic species for trapping a basic
airborne molecular contaminant in the gas.

[0007]  Another version of the invention is a liquid-freeq for trace levels of an acidic
or basic airborne molecular contaminant in a gasypgrising a housing, comprising an inlet
and an outlet; a flow path between the inlet aredatlitlet; and a rigid sintered hydrophilic
material situated in the flow path between thetiated the outlet and sealed in the housing.
The rigid sintered hydrophilic material is functadized with from about 0.05 molar
milliequivalents to about 10 molar milliequivalemtsa basic species that forms a solvent
soluble €.g., water-soluble) reaction product with an acididaine molecular contaminant
in the gas or from about 0.05 molar milliequivatetd about 10 molar milliequivalents of an
acidic species that forms a solvent soluklg.( water-soluble) reaction product with a basic
airborne molecular contaminant in the gas.

[0008]  Another version of the invention is a liquid-freap for trace levels of a basic
airborne molecular contaminant in a gas. The diguee trap comprises a housing,
comprising an inlet and an outlet; a flow path lestw the inlet and the outlet; and a rigid
sintered hydrophilic material situated in the flpath between the inlet and the outlet and
sealed in the housing. The rigid sintered hydrophaterial is hydrophilic ultrahigh
molecular weight polyethylene having an average gaze of from about 5 microns to about
50 microns and is functionalized with phosphoricac

[0009] Yet another version of the invention is a liquiddrtrap for trace levels of an
acidic airborne molecular contaminant in a gase lduid-free trap comprises a housing,
comprising an inlet and an outlet; a flow path lestw the inlet and the outlet; and a rigid
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sintered hydrophilic material situated in the flpath between the inlet and the outlet and
sealed in the housing. The rigid sintered hydrophaterial is sintered stainless steel
having an average pore size of from about 5 mictorabout 50 microns and is
functionalized with an alkali metal carbonate ardsbonated.g., sodium carbonate).

[0010]  Another version of the invention is a method fapping trace levels of an acidic
or basic airborne molecular contaminant in a ga&sast. The method comprises passing a
gas stream into the inlet through the flow path aatof the outlet of a liquid-free trap
described herein at a flow rate and for a periotinoé sufficient to trap a detectable quantity
of the acidic or basic airborne molecular contamingith the rigid sintered hydrophilic
material.

[0011]  Another version of the invention is a method foredéing or measuring trace
levels of an acidic or basic airborne moleculartabrninant in a gas stream. The method
comprises providing a liquid-free trap for tracedks of an acidic or basic airborne molecular
contaminant; passing a gas stream into the intetthh the flow path and out of the outlet of
the liquid-free trap at a flow rate and for a pdras time sufficient to trap a detectable
quantity of the acidic or basic airborne molecaantaminant with the rigid sintered
hydrophilic material; desorbing the trapped acalidasic airborne molecular contaminant
from the rigid sintered hydrophilic material, thieyeproviding a sample; and analyzing the
sample for trace levels of the acidic or basicainle molecular contaminant, thereby
measuring trace levels of an acidic or basic aiteanolecular contaminant in a gas stream.
The liquid-free trap comprises a housing, compgsin inlet and an outlet; a flow path
between the inlet and the outlet; and a rigid sa@ttdnydrophilic material sealed in the
housing between the inlet and the outlet. Thelregntered hydrophilic material is
functionalized with from about 0.05 molar milliegalents to about 10 molar
milliequivalents of a basic species for trappingaaitic airborne molecular contaminant or
from about 0.05 molar milliequivalents to aboutri®lar milliequivalents of an acidic
species for trapping a basic airborne moleculatazomant.

[0012]  Another version of the invention is a housing fdiqaid-free trap for trace levels
of an acidic or basic airborne molecular contamimaa gas. The housing comprises a
hollow, substantially cylindrical upstream componeaving a longitudinal axis and
comprising an inner surface, an outer surfacenket and an upstream surface, the inner

surface having a tapered portion tapering outwdrdiy the inlet to the upstream surface
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and terminating at the upstream surface; a holdastantially cylindrical downstream
component comprising an outlet and a downstreafaceirand a locking nut to secure the
upstream component to the downstream componenowitausing the upstream and
downstream components to rotate with respect tcaongher. The upstream surface and the
downstream surface together create a space tbadlisd from the environment and situated
in a flow path between the inlet and the outlet.

[0013] The liquid-free traps described herein and the pusttior measuring trace levels
of an acidic or basic airborne molecular contamimam gas stream using the liquid-free
traps described herein allow ppq level measuremfeatidic and basic AMC within one
work shift, typically, a 4-6 hour sample periodh€ltraps can easily be manufactured and
prepared in small lab operations, are sealed frder@al contamination, including
contamination due to operator handling in the fiblave months of shelf life and show high
capture efficiencies while minimizing secondary mineal reactions and analytical artifacts.
Capacity results for the liquid-free base trap gsimmonia (NH) as a test gas yielded more
than 200 parts-per-billion-hour (ppb-h) at 100%toap efficiency without any moisture
(simulating sampling of clean dry air (CDA) op)Nind 350 ppb-h at 40% relative humidity
(RH). Given modern supply gas concentrations ahamia of less than 1 ppb, and
cleanroom concentrations of less than 10 ppbV anemdme capture efficiencies achieved
for ammonia translate to a quantitative capturamimonia for 20-35 hours of sampling at
3.5 liters per minute (Ipm), much in excess of wikatquired for ppq level analysis. This
allows for the sampling of AMC within one work shénd without the need for overnight
(typically, 12-72 hours) sampling, enabling quicked more accurate identification of the
potential source(s) of AMC.

[0014] Performance testing indicates that the liquid-fraps described herein provide
more precise and more accurate results fog, ' and HF in comparison to standard
impingers in lab testing, with a relative standdediation not exceeding 8% and capture
efficiency greater than 95% for all three compoundsetic acid was the only compound
that showed slightly decreased performance blinssiintained a precision and accuracy
comparable to the other compounds tested. In-fieldlation deployment of the liquid-free
traps described herein to external and internagbousrs in parallel with standard wet
impingers resulted in less than 10% difference betwthe traps, providing evidence that the

liquid-free traps are suitable for replacement ef unpingers in the field.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015]  The foregoing will be apparent from the followingra particular description of
example embodiments of the invention, as illusttatethe accompanying drawings in which
like reference characters refer to the same pamasighout the different views. The drawings
are not necessarily to scale, emphasis instead Ipéaced upon illustrating embodiments of
the present invention.

[0016] FIG. 1A is a representation of a liquid-free traqu$ing in one version of the
invention.

[0017] FIG. 1B is an exploded view of a liquid-free tregsambly in one version of the
invention.

[0018] FIG. 1C is an exploded view of a liquid-free trags@mbly in one version of the
invention.

[0019] FIG. 1D is another view of the locking nut in FIG#-1C.

[0020] FIG. 1E is another view of the upstream componéat teast FIGs. 1A and 1B.
[0021] FIG. 1F is another view of the downstream compooéat least FIGs. 1A and

1B.

[0022] FIG. 1G is a transparent, assembled view of adidrge trap in one version of the
invention.

[0023] FIG. 2 is a graph of capture efficiency as a fuorcof trap capacity, and shows
the ammonia capacity of a liquid-free base trapPatand 40% RH.

[0024] FIG. 3is a graph of capture efficiency as a fuorctf capacity, and shows the
SO, capacity of a liquid-free acid trap at 0%, 22% &8b6&6 RH.

[0025] FIG. 4 is a graph of ammonia capture efficiency &snction of test number, and
shows the ammonia capture efficiencies of a stahidapinger, a pH-adjusted impinger and a
liquid-free trap according to the invention.

[0026] FIG. 5A is a graph of ammonia concentration asnatfon of measurement
number for a known ammonia gas source, and shats$hé concentration of ammonia
measured by an impinger was consistently lower tharknown ammonia concentration and
lower than the ammonia concentration measuredlioy@-free trap.

[0027]  FIG. 5B is a correlation plot of the captured amraaoncentration for a liquid-
free trap and a standard impinger, and showsltleadata sets for the two traps are not

statistically significantly different.
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DETAILED DESCRIPTION OF THE INVENTION

[0028] A description of example embodiments of the inv@mfollows.

[0029]  As used herein, the singular forms “a”, “an” ankie't include plural referents
unless the context clearly dictates otherwise. sThar example, reference to “an airborne
molecular contaminant” can include a plurality obarne molecular contaminants. Further,
the plurality can comprise more than one of theesairborne molecular contaminants or a
plurality of different airborne molecular contamits.

[0030] Unless defined otherwise, all technical and sdierterms used herein have the
same meanings as commonly understood by one afagdskill in the art. Methods and
materials similar or equivalent to those describedtin can be used in the practice or testing
of embodiments of the present invention. Nothiagein is to be construed as an admission
that the invention is not entitled to antedate sdishlosure by virtue of prior invention.
"Optional" or "optionally" means that the subsedlyedescribed event or circumstance may
or may not occur, and that the description includetances where the event occurs and
instances where it does not. All numeric valueginecan be modified by the term "about,"
whether or not explicitly indicated. The term "abogenerally refers to a range of numbers
that one of skill in the art would consider equerdlto the recited value€., having the same
function or result). In some embodiments, the t&about” refers to £10% of the stated
value, in other embodiments, the term “about” reter+2% of the stated value. While
compositions and methods are described in terrfsoofiprising” various components or
steps (interpreted as meaning "including, but moitéd to"), the compositions and methods
can also "consist essentially of" or "consist o8 various components and steps, such
terminology should be interpreted as defining esaiyclosed or closed member groups.
[0031]  Although the invention is shown and described watbpect to one or more
implementations, equivalent alterations and madlifons will occur to others skilled in the
art based upon a reading and understanding o$pleisification. In addition, while a
particular feature or aspect of the invention mayehbeen disclosed with respect to only one
of several implementations, such feature or aspegtbe combined with one or more other
features or aspects of the other implementatiomsaasbe desired and advantageous for any
given or particular application. Furthermore,he extent that the terms "includes”,
"having", "has", "with", or variants thereof, aread in either the detailed description or the

claims, such terms are intended to be inclusianmanner similar to the term "comprising."
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Also, the term "exemplary" is merely meant to maarexample, rather than the best. Itis
also to be appreciated that features, layers aetdarents depicted herein are illustrated with
particular dimensions and/or orientations relatovene another for purposes of simplicity
and ease of understanding, and that the actuahdiomes and/or orientations may differ
substantially from that illustrated herein.

Liquid-free Traps

[0032] One version of the invention provides a liquid-ftesp for trace levels of an
acidic or basic airborne molecular contaminant gas. The liquid-free trap comprises a
housing, comprising an inlet and an outlet; a flmth between the inlet and the outlet; and a
rigid sintered hydrophilic material situated in flev path between the inlet and the outlet
and sealed in the housing. The rigid sintered dylltic material is functionalized with from
about 0.05 molar milliequivalents to about 10 maialtiequivalents of a basic species for
trapping an acidic airborne molecular contaminarihe gas or from about 0.05 molar
milliequivalents to about 10 molar milliequivalemtsan acidic species for trapping a basic
airborne molecular contaminant in the gas.

[0033]  Another version of the invention is a liquid-freap for trace levels of an acidic
or basic airborne molecular contaminant in a gasygrising a housing, comprising an inlet
and an outlet; a flow path between the inlet aredatlitlet; and a rigid sintered hydrophilic
material situated in the flow path between thetialed the outlet and sealed in the housing.
The rigid sintered hydrophilic material is functadized with from about 0.05 molar
milliequivalents to about 10 molar milliequivalemta basic species that forms a solvent
soluble é.g., water-soluble) reaction product with an acididaine molecular contaminant
in the gas or from about 0.05 molar milliequivatetd about 10 molar milliequivalents of an
acidic species that forms a solvent soluklg.( water-soluble) reaction product with a basic
airborne molecular contaminant in the gas. Exergalvents are described hereinbelow.
In more particular versions of the invention, teaation product is insoluble in the gas (a
solvent-soluble, gas-insoluble reaction product).

[0034] The gas can be gas from a cleanroom, electrochkdepasition, chemical
mechanical planarization (CMP), wafer handling or ekch, or any inert supply gas, such as,
but not limited to, argon, nitrogen, clean dry(&@bDA) or EXTREME CLEAN DRY AIR
(XCDA®, available from Entegris, Inc.).
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[0035]  “Liquid-free trap,” as used herein, refers to gttlaat relies on a solid material
(e.g., arigid sintered hydrophilic material), rathearha liquid, to trap an AMC. Liquid-free
traps are distinguishable from standard impindersgxample, which rely on liquid,

typically, water, to trap AMC.

[0036] It is to be understood that the liquid-free trapsldsed herein can be used to trap
a single acidic or basic airborne molecular conttemi or a pluralityd.g., more than one,

two, three, four, fiveetc.) of acidic or basic airborne molecular contamisarfurther, the
plurality can comprise more than one of the sam@oaie molecular contaminants or a
plurality of different airborne molecular contamms €.g., more than one, two, three, four,
five, etc.).

[0037] “Trace levels,” as used herein, refers to a comagah of an acidic or basic AMC
of less than 1 part-per-million. Typically, traleeels refer to concentrations in the parts-per-
quadrillion (ppq), parts-per-trillion (ppt) and paper-billion (ppb) ranges.

[0038]  “Airborne molecular contaminant,” as used heregfiers to chemical
contaminants, typically in the form of vapors, thah have a detrimental effect on a product
or process, particularly in the semiconductor itduand adjacent industries. Exemplary
airborne molecular contaminants include, but atdimoted to, salts of Group | and Group I
metals, hydrogen halides.q., HF, HCI), SQ, SO, wherein x is 1 or 2, NOwherein x is 1 or
2, siloxanes, organophosphorus compounds, amatgeswater-soluble primary, secondary
and tertiary amines, ammonia), moisture, oxygedrdgarbons (typically, having fewer than
30 carbon atoms), organic water-soluble acidsgaoic oxyacids€.g., those oxyacids with

a primary pKa of less than 4.76, sulfuric acidriaiacid, nitrous acid, phosphoric acid),
volatile acids and bases.

[0039] As used herein, “acidic airborne molecular contamnthrefers to airborne
molecular contaminants that will undergo an acideb@eaction with a base. For example,
hydrogen fluoride chemically reacts with sodiumasionate in an acid-base reaction to form
sodium fluoride, carbon dioxide gas and wasee Exemplification, Equation (11)).
Exemplary acidic airborne molecular contaminantdude hydrogen halideeg., HF, HCI),
chlorine, nitrogen dioxide, nitric oxide, sulfurodide, organic water-soluble acidsg,

acetic acid) and inorganic oxyaciasy, those oxyacids with a primary pKa of less than

4.76, sulfuric acid, nitric acid, nitrous acid, gipboric acid).
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[0040] In some versions of the liquid-free traps describeckin, the acidic airborne
molecular contaminant is a hydrogen halieg.( HF, HCI), an organic water-soluble acid
(e.g., acetic acid) or an inorganic oxyac#lg;, those oxyacids with a primary pKa of less
than 4.76, sulfuric acid, nitric acid, nitrous agithosphoric acid). In some versions of the
liquid-free traps described herein, the acidic AMGulfur dioxide, a hydrogen halided.,

HF, HCI) or a water-soluble organic ac#lg, acetic acid), or a combination of the
foregoing.

[0041] As used herein, “basic airborne molecular contantingfers to airborne
molecular contaminants that will undergo an acideb@eaction with an acid. For example,
ammonia chemically reacts with phosphoric acidotonfammonium dihydrogen phosphate
and diammonium monohydrogen phosphate Exemplification, Equation (4)). Exemplary
basic airborne molecular contaminants include asi@g., water-soluble primary,
secondary and tertiary amines, ammonia).

[0042] In some versions of the liquid-free traps describeckin, the basic airborne
molecular contaminant is an amirey(, a primary, secondary or tertiary water-soluble
amine, ammonia, preferably ammonia).

[0043] *“Rigid,” used herein in reference to a rigid siehydrophilic material, refers to
a material that maintains its structural integ(ey., does not rupture or significantly distort
or consist of a granular form, is able to form ammintain an integral seal with the housing)
under vacuum or at pressures up to about 10 aahftow rates of a gas stream of up to
about 20 liters per minute (Ipm). It will be unsterod that rigidity is often a function of the
thickness of a material. Thus, a rigid materiadt be adequately thick to maintain its
structural integrity under vacuum or at pressupesoiabout 10 atm or at flow rates of a gas
stream of up to about 20 Ipm.

[0044] In versions of the invention, the rigid sinteredlfgphilic material has a thickness
of from about 0.025 centimeters to about 2.5 cestims, from about 0.1 centimeters to about
1.3 centimeters, from about 0.1 centimeters to 8Od@b centimeters, from about 0.25
centimeters to about 0.65 inches, of about 0.3moeters or of about 0.15 centimeters.
[0045]  “Sintered,” used herein in reference to a rigidesiad hydrophilic material, refers
to a porous solid mass of material. The rigidesied hydrophilic material can be in the form
of a frit or disc. A liquid-free trap can includeultiple layers €.g., one, two, three) of the

rigid sintered hydrophilic material. The layersidze the same=(@., each sintered stainless
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steel functionalized with sodium carbonate) oratét €.9., sintered stainless steel
functionalized with sodium carbonate and sintetathkess steel functionalized with sodium
bicarbonate, sintered stainless steel functiondhzigh sodium carbonate and sintered
hydrophilic polyethylene functionalized with phospic acid).

[0046] In versions of the invention, the rigid sinteredlfgphilic material has an average
pore size of from about 1 micron to about 100 nrisydrom about 2 microns to about 50
microns, from about 5 microns to about 50 micrdresn about 60 microns to about 90
microns or about 20 microns, although other smaltet larger pore sizes can also be used.
Methods for measuring average pore size are welvknn the art.See, for example, ASTM
E128-99(2011).

[0047]  “Hydrophilic,” used herein in reference to a rigichitered hydrophilic material,
refers to a material that is wettable with watkr preferred aspects of the invention, a
hydrophilic material€.g., a hydrophilic polymeric material, such as surfacalified

ultrahigh molecular weight polyethylene, or stassisteel, such as 316L stainless steel) can
have a contact angle of about zezg.( 0-10°, 0-5°) with water. A material that is vedite
with water can have a surface tension similar & ¢ water. The surface tension of water is
71.97 dynes/cm at 20 °C. Although not wishingéddound by any particular theory, it is
believed that water wets sintered stainless steehpillary action.

[0048] In versions of the invention, the rigid sinteredlfgphilic material is sintered
metal, such as sintered stainless steg|, (type 316L stainless steel).

[0049] In some versions of the invention, the rigid siatehydrophilic material is
polymeric, for example, sintered hydrophilic polydene €.g., ultrahigh molecular weight
polyethylene), sintered hydrophilic polytetrafluetbylene, sintered hydrophilic
polyethersufone or sintered hydrophilic nylon.

[0050] Methods of increasing the water wettability of poBric materials, for example,
reducing the contact angle of the material withewvat increasing the surface tension of the
neat material, preferably without altering or witlhgubstantially altering the bulk properties
of the neat material, are well-known in the artr Example, a hydrophilic coating can be
applied to the surface(s) of a neat polymeric ngtesuch as polyethylene, or its surface(s)
can be treated with plasma, ultraviolet or lasdrat@on or with an oxidizing solution to
increase the surface energy of the neat polymeremdker the material hydrophilicee, for

examplelnagaki, N..et al. "Hydrophilic surface modification of polyethylehg plasma
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exposure,'Polymer Preprints 31.2 (1990): 380-381; Korsmeyer, Richard ¥ al.
"Mechanisms of solute release from porous hydrappolymers,"International Journal of
Pharmaceutics 15.1 (1983): 25-35; Hatakeyama, Hyoe and Tatsukialkéyama,

"Interaction between water and hydrophilic polynieféermochimica acta 308.1 (1998): 3-
22. Hydrophilic polymeric materials are also commaeltgiavailable, for example, from
GENPORE, Reading, PA.

[0051] The rigid sintered hydrophilic materials disclo$estein are preferably chemically
inert and chemically clean.

[0052] Used herein, “chemically clean” refers to a matef@ example, a rigid sintered
hydrophilic material or a housing, that, upon dption (e.g., extraction) and analysis, for
example, by ion chromatography, produces a siganhly an intensity of less than 10% of
the detection limit to be achieved for each aireamolecular contaminant with a sampling
time of 6 hours. For example, if the detectiontiof ammonia to be achieved over a 6-hour
sampling time is 10 ppt, a chemically clean mateupon desorption and analysis, will not
produce an ammonia signal corresponding to gréladéer 1 ppt ammonia.

[0053]  The rigid sintered hydrophilic materials in theuid-free traps described herein
are functionalized with from about 0.05 molar neitjuivalents to about 10 molar
milliequivalents, from about 0.05 molar milliequigats to about 5 molar milliequivalents,
from about 0.1 molar milliequivalents to about 16lan milliequivalents, from about 0.1
molar milliequivalents to about 5 molar milliequigats, from about 1 molar milliequivalent
to about 10 molar milliequivalents or about 5 retjuivalents of a basic species for trapping
an acidic airborne molecular contaminant in a gefsoon about 0.05 molar milliequivalents
to about 10 molar milliequivalents, from about Or6lar milliequivalents to about 5 molar
milliequivalents, from about 0.1 molar milliequiealts to about 10 molar milliequivalents,
from about 0.1 molar milliequivalents to about Slanonilliequivalents, from about 1 molar
milliequivalent to about 10 molar milliequivalerds about 5 milliequivalents of an acidic
species for trapping a basic airborne moleculatasnmant in a gas. The number of molar
milliequivalents of the acidic or basic species barcalculated from the capacity of a liquid-
free trap, taking into account the identity of #wdic or basic species on the rigid sintered
hydrophilic material and the identity of the basicacidic airborne molecular contaminant.
[0054] The basic species is not particularly limited, slhubuld undergo an acid-base

reaction with one or more acidic airborne molecutamtaminants of interest in a gas to
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provide a reaction product. Typically, the reactproduct is insoluble in the gas such that it
precipitates out of the gas and forms a solidaalhe rigid sintered hydrophilic material. In
addition, in versions of the invention in which ttgid porous hydrophilic material is
intended to be extracted using a solvent, the mtoofuthe reaction between the basic species
and the acidic airborne molecular contaminant shbelsoluble in the solvent.

[0055]  The acidic species is not particularly limited, bhould undergo an acid-base
reaction with one or more basic airborne molecodartaminants of interest in a gas to
provide a reaction product. Typically, the reactoduct is insoluble in the gas such that it
precipitates out of the gas and forms a solid@athe rigid sintered hydrophilic material. In
versions of the invention in which the rigid porduyalrophilic material is intended to be
extracted using a solvent, the product of the readietween the acidic species and the basic
airborne molecular contaminant should be solubldénsolvent. Exemplary solvents are
described hereinbelow.

[0056]  “Functionalized,” as used herein, refers to thecowalent attachment of basic or
acidic species to a rigid sintered hydrophilic mateas might be achieved, for example, by
surface adsorption. For example, a rigid sinténgttophilic material can be treated with a
weak triprotic acid solution, then dried. Althougbt wishing to be bound by any particular
theory, it is thought that this process causesit to crystallize on the surface of the rigid
sintered hydrophilic material within the pore sture. A rigid sintered hydrophilic material
can also be treated with a solution of base, thea d Although not wishing to be bound by
any patrticular theory, it is thought that this pFss causes the base to crystallize on the
surface of the rigid sintered hydrophilic matevigthin the pore structure.

[0057] In some versions of the invention, the rigid siatehydrophilic material is
functionalized with a basic species. The basiciggecan be selected from an alkali or
alkaline earth metal salt of bicarbonate, carbonateydroxide, or a combination of the
foregoing €.g., NaHCQ, NaCO;, KOH, etc.). In more specific versions of the invention,
the rigid sintered hydrophilic material is functadized with an alkali earth metal salt of a
bicarbonatedg., NaHCQ) or carbonateg(g., NaoCOs).

[0058] In other versions of the invention, the rigid sietéhydrophilic material is
functionalized with an acidic species. The acgtiecies can be a polyprotic acid, for

example, phosphoric acid or citric acid, prefergtitpsphoric acid.
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[0059] In some versions of the invention, the housingpslgmeric material, for
example, acrylonitrilebutadienestyrene (ABS), ammtrile ethylene styrene (AES), acrylate
styrene acrylonitrile (ASA), cellulose acetate (Cé8llulose acetate butyrate (CAB),
ethylenevinylacetate (EVA), high density polyetmdg(HDPE), high impact polystyrene
(HIPS), liquid crystal polymer (LCP), medium deggiblystyrene (MDPE), methyl
methacrylate(acrylic) (MMA), perfluoroalkoxy, polgdsulfone, polybutylene terephthalate
(PBT), polycarbonate (PC), polyalkoxysulfone, pohyde (PA), polyethylene (PE),
polyether ether ketone (PEEK), polyetherketone (RBKlyetherimide (PEI),
polyethersulfone (PES), polyethylene terephthgREET), polyoxymethylene (acetal)
(POM), polypropylene (PP), polyphthalamide (PPAlyphenylene oxide (PPO),
polyphenylenesulfide (PPS), polystyrene (PS), pdfgse (PSU), polyvinylchloride (PVC),
polyvinylidene fluoride (PVDF), styrene acrylonigri(SAN), thermoplastic elastomer (TPE),
thermoplastic olefins (TPO), thermoplastic polyhegte (TPU), ultrahigh molecular weight
polyethylene, or blends thereof. Preferred matefa the housing include PEEK and
ultrahigh molecular weight polyethylene. A partanly preferred material for the housing is
PEEK.

[0060] In some versions of the invention, the housindgsnaically clean, as that term is
described hereinabove.

[0061] In some versions of the invention, the housingheirtcomprises an upstream
component including the inlet, a downstream compoireluding the outlet and a locking
nut to secure the upstream component to the dosaretcomponent. A housing according
to these versions of the invention is depictedl®.A.A. Housing 1 in FIG. 1A is a three-
piece housing comprising locking nut 2, upstreamponent 3 and downstream component
4. Locking nut 2 secures upstream component ®wmdtream component 4. Spring ring 12
prevents locking nut 2 from moving past it. Howsinis designed such that upstream
component 3 and downstream component 4 do noerofigh respect to one another during
assembly or disassembly of the liquid-free trapl.AA also depicts longitudinal axis A of
the upstream and downstream components and thedpelt of housing 1. Although not
shown, locking nut 2 can have a knurled, or otheewextured surface to facilitate assembly
and disassembly of the liquid-free trap. Locking 2 is also depicted in FIG. 1D.

[0062]  Upstream component 3 and downstream componentvheae tube ends, 5 and

6, respectively, that can be used for installirgltbusing in a manifold, for example. It will
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be understood that tube ends 5 and 6 can be replateany other connection known in the
art, for example, a flange. International Publ@maiNo. WO 2005/057177, in particular FIG.
5A and description thereof, illustrates a manifiold which a liquid-free trap described
herein could be installed for sampling gas fronteaieroom or other semiconductor
manufacturing facility, for example.

[0063] FIG. 1B is an exploded view of a liquid-free tregs@mbly in one aspect of the
invention. FIG. 1B shows that, in one aspect efittvention, upstream component 3 can
have tapered portion 11. In the aspect of thentiwe depicted in FIG. 1B, tapered portion
11 forms a frustoconical shape and tapers outwaodlpstream surface 14, dimensioned to
match or substantially match the dimensioné€s).(diameter) of rigid sintered hydrophilic
material 7. The tapered portion serves to decrieseelocity of the gas flow and increase
the time in which the gas is in contact with thgdisintered hydrophilic material, thereby
increasing the removal efficiency of the liquiddrgap. The angle of the tapered portion,
measured from the longitudinal axis A (depicte&iG. 1A) of the upstream component, is
from about 5° to about 45 °, from about 10° to al8fif or about 15 °. Upstream component
3 also has a stop in the form of flange 17. Gra®dwa upstream component 3 provides a
groove in which spring ring 12 (not depicted) resid In preferred versions of the invention,
the upstream component is fabricated as a unitargent. Upstream component 3 is also
depicted in FIG. 1E.

[0064] Downstream component 4 is depicted in FIG. 1FFI(. 1F, downstream
component 4 has downstream seat 13, also dimemsiormeatch or substantially match the
dimensions of rigid sintered hydrophilic material Threads 15 on downstream component 4
mate with threads 16 on locking nut 2 to securéreapsn component 3 to downstream
component 4. Although not required, hex nut 1&/jges downstream component 4 with a
grip that can be particularly useful in looseniagking nut 2 after use of the liquid-free trap.
Hex nut 10 also provides a grip that is usefulaalimg the liquid-free trap. Hex nut 10 can
be any shape that provides a grip to facilitatdéirsgand unsealing locking nut 2. In
preferred versions of the invention, downstreampoment 4 is fabricated as a unitary
element.

[0065] Rigid sintered hydrophilic material 7 is sealedthia version of the invention
depicted in FIGS. 1B and 1D-1G, between upstreafacel 14 of upstream component 3 and

downstream seat 13 of downstream component 4 [sgpre created by tightening locking
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nut 2. Together, upstream surface 14 and dowmstseat 13 seal rigid sintered hydrophilic
material 7 from outside exposure or contaminatitsievmaintaining a flow path between
tube end or inlet 5 and tube end or outleBée FIG. 1G. As can be seen in FIG. 1G, even in
the sealed and assembled positioned, flange 1% atpprtion of upstream component 3 from
entering threads 16 of locking nut 2 and creatgapabetween flange 17 of upstream
component 3 and downstream component 4. The gaess® ensure there is adequate
distance over which locking nut 2 can be tightetoeskal the rigid sintered hydrophilic
material in the housing. Rigid sintered hydroghitiaterial 7 can also be sealed between
upstream component 3 and downstream componenhd asings 8, depicted in FIG. 1C.
Housing 1 secures the rigid sintered hydrophili¢derial without twisting or tearing of the
rigid sintered hydrophilic material.

[0066] A particular version of the invention is a liquide€ trap for trace levels of a basic
airborne molecular contaminant in a gas. The diguee trap comprises a housing,
comprising an inlet and an outlet; a flow path lestw the inlet and the outlet; and a rigid
sintered hydrophilic material situated in the flpath between the inlet and the outlet and
sealed in the housing. The rigid sintered hydrophaterial is hydrophilic ultrahigh
molecular weight polyethylene having an average gaze of from about 5 microns to about
50 microns and is functionalized with phosphoritadn a particular aspect of this version
of the invention, the basic airborne molecular aarihant is an amine.g., a water-soluble
primary, secondary or tertiary amine, ammonia,gredily ammonia). In another particular
aspect of this version of the invention, the rigiiatered hydrophilic material is functionalized
with from about 1 to about 10 and, preferably, d@gunolar milliequivalents of phosphoric
acid.

[0067]  Another particular version of the invention is @uiid-free trap for trace levels of
an acidic airborne molecular contaminant in a géise liquid-free trap comprises a housing,
comprising an inlet and an outlet; a flow path kesw the inlet and the outlet; and a rigid
sintered hydrophilic material situated in the flpath between the inlet and the outlet and
sealed in the housing. The rigid sintered hydrophaterial is sintered stainless steel
having an average pore size of from about 5 mictorabout 50 microns and is
functionalized with an alkali metal carbonaggy(, sodium carbonate) or bicarbonagey(,
sodium bicarbonate). In a particular aspect of tieirsion of the invention, the rigid sintered

hydrophilic material is functionalized with fromatzt 1 to about 10 and, preferably, about 5,
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molar milliequivalents of the alkali metal carbomat bicarbonate. In another particular
aspect of this version of the invention, the acaiborne molecular contaminant is an
oxyacid €.g., sulfuric acid, nitric acid, nitrous acid, phospleacid), sulfur dioxide, a
hydrogen halidegg., HF, HCI) or a water-soluble organic acely, acetic acid), or a
combination of the foregoing. In yet another mautér aspect of this version of the
invention, the acidic airborne molecular contamtriarsulfur dioxide, a hydrogen halide
(e.g., HF, HCI) or a water-soluble organic acely, acetic acid), or a combination of the
foregoing.

[0068]  One version of the invention is a manifold commgsa liquid-free trap for trace
levels of an acidic or basic AMC in a gas. In adgfic version of the invention, the manifold
comprises a liquid-free trap for trace levels ofardic airborne molecular contaminant and a
liquid-free trap for trace levels of a basic aim®molecular contaminant. International
Publication No. WO 2005/057177, in particular FBA and description thereof, illustrates a
manifold into which one or more liquid-free trapssdribed herein could be installed.
Sample traps for organic AM@.Q., carbon traps) may also optionally be installethin
manifold. The liquid-free trap for trace levelsasf acidic airborne molecular contaminant
and the liquid-free trap for trace levels of a basrborne molecular contaminant can be
connected in series or in parallel, preferablyanaiel.

[0069]  Another version of the invention is a system, casipg a liquid-free trap
described herein; and a pump or a gas humidifres, @mbination of the foregoing (a pump
and a gas humidifier).

Housings

[0070]  Another version of the invention is a housing fdiqaid-free trap for trace levels
of an acidic or basic airborne molecular contamimam gas. The housing comprises a
hollow, substantially cylindrical upstream componeaving a longitudinal axis and
comprising an inner surface, an outer surfacenken and an upstream surface, the inner
surface having a tapered portion tapering outwdrdiy the inlet to the upstream surface
and terminating at the upstream surface; a holdmstantially cylindrical downstream
component comprising an outlet and a downstreafaceirand a locking nut to secure the
upstream component to the downstream componenowitausing the upstream and

downstream components to rotate with respect tcaoo¢her. The upstream surface and the
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downstream surface together create a space tbaalisd from the environment and situated
in a flow path between the inlet and the outlet.

[0071] Exemplary materials for the upstream componentddvenstream component and
the locking nut are as described above with regpeubusing materials. In preferred
versions of the invention, the upstream comporteetdownstream component and the
locking nut are PEEK.

[0072] In some versions, the upstream component or thesto@am component,
preferably, the downstream component, further cisapra grip to facilitate sealing and
unsealing of the locking nut.

[0073] In some versions, the upstream component or thestogam component,
preferably the downstream component, further cosegrthreads on an exterior surface
thereof and the locking nut comprises threads ontanior surface thereof for mating with
the threads of the upstream component or the dosarmtcomponent, preferably the
downstream component.

[0074] In some versions, the housirgg, the upstream component, the downstream
component, preferably, the upstream component)éutomprises a spring ring for
preventing the locking nut from disengaging frora tipstream component or the
downstream component, preferably the upstream coero

[0075] In some versions, the upstream component furth@pcses a stop for preventing
the locking nut from disengaging from the upstreammponent and to secure the upstream
component in the locking nut upon assembly of thasing éee, for example, flange 17 in
FIG. 1G). In some versions, a spring ring situatedhe upstream component and the stop
together prevent the locking nut from disengagnogifthe upstream component.

[0076] In some versions, the tapered portion tapers odtwat an angle of from about
5° to about 45 °, from about 10° to about 30° a5 ° from the longitudinal axis of the
upstream component.

[0077] It will be understood that any of the housings desd herein can be incorporated
into the liquid-free traps of the invention by siting a rigid sintered hydrophilic material in
the space created by the upstream surface anadwrestteam surface. Thus, some version
provide a liquid-free trap for trace levels of andé or basic airborne molecular contaminant
in a gas, comprising a housing described herethaargid sintered hydrophilic material

situated in the flow path in the space createchbyupstream component and the downstream
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component between the inlet and the outlet anetdealthe housing. Aspects and
alternative aspects of the rigid sintered hydroplmiaterial are as described herein with
respect to liquid-free traps.

Methods

[0078]  Another version of the invention is a method fapping trace levels of an acidic
or basic airborne molecular contaminant in a ga&sasi. The method comprises passing a
gas stream into the inlet through the flow path aatof the outlet of a liquid-free trap
described herein at a flow rate and for a periotineé sufficient to trap a detectable quantity
of the acidic or basic airborne molecular contamingith the rigid sintered hydrophilic
material.

[0079]  Another version of the invention is a method foredéing or measuring trace
levels of an acidic or basic airborne moleculartabrinant in a gas stream. The method
comprises providing a liquid-free trap for tracedks of an acidic or basic airborne molecular
contaminant; passing a gas stream into the intetthh the flow path and out of the outlet of
the liquid-free trap at a flow rate and for a pdras time sufficient to trap a detectable
quantity of the acidic or basic airborne molecaantaminant with the rigid sintered
hydrophilic material; desorbing the trapped acaidasic airborne molecular contaminant
from the rigid sintered hydrophilic material, thieyeproviding a sample; and analyzing the
sample for trace levels of the acidic or basicainle molecular contaminant. The liquid-free
trap comprises a housing, comprising an inlet andwlet; a flow path between the inlet and
the outlet; and a rigid sintered hydrophilic matksealed in the housing between the inlet
and the outlet. The rigid sintered hydrophilic er&l is functionalized with from about 0.05
to about 10 molar milliequivalents of a basic spedor trapping an acidic airborne
molecular contaminant or from about 0.05 to abomtdbar milliequivalents of an acidic
species for trapping a basic airborne moleculatasnimant. Aspects and alternative aspects
of the liquid-free trap are as described above.

[0080] It is to be understood that the methods disclosedih can be used to trap, detect
or measure trace levels of a single acidic or baisborne molecular contaminant or a
plurality (e.g., more than one, two, three, four, fiets.) of acidic or basic airborne molecular
contaminants. Further, the plurality can compns®e than one of the same airborne
molecular contaminants or a plurality of differamborne molecular contaminantsg,

more than one, two, three, four, fi\atg.).



-19 -

[0081] “Detectable quantity,” as used herein, refers tamount or concentration of
trapped airborne molecular contaminant greater thamethod detection limit (MDL). The
MDL is the minimum amount or concentration of aim® molecular contaminant required to
produce a signal that can be considered to bereiftérom zero with 99% statistical
confidence. MDL can be determined using the Hubdos method. Typically, an MDL
needs to be in the high ppg range to report lowgl AMC.

[0082] In some versions of the methods described helg@périod of time is from about
0.5 hours to about 8 hours, from about 2 hourdtmt8 hours, from about 4 hours to about
6 hours or about 6 hours.

[0083] In some versions of the methods described heltefldw rate of the gas stream
into the inlet through the flow path and out of thelet of the liquid-free trap is greater than
zero and less than about 20 Ipm, less than abolpinidess than about 5 Ipm or less than
about 4 Ipm. In some versions the flow rate isuadolpm. In some versions, the flow rate is
from about 0.5 Ipm to about 5 Ipm or from about @ %bout 4 Ipm.

[0084] In preferred versions of the invention, desorbiogiprises extracting the trapped
acidic or basic airborne molecular contaminant ftbmrigid sintered hydrophilic material
using a solvent. The solvent in these versiorte@invention is not particularly limited and
includes any solvent that does not interfere withdanalytical methoce(g., ion
chromatography). “Solvent,” used herein, is meam@ncompass use of either a single
solvent or a mixture of solvents in the extracti@xemplary solvents include organic
solvents €.g., water-miscible organic solvents, such as ethawatone and acetonitrile),
water, and mixtures theredd.q., a water-miscible organic solvent and water, agch0%
ethanol in water). lon chromatography compatib@gaic solvents include solvents, such as
ethanol, acetone and acetonitrile, having a sutiatgion of less than 30 dynes/cm.

[0085] In some versions of the invention, the solventaser or a mixture of a water-
miscible organic solvent and water. In preferretsions of the invention, the solvent is
water. Water used for extraction should typichkydeionized water to prevent
contamination of the sample.

[0086] The gas stream can be a gas stream from a cleaned@etrochemical deposition,
chemical mechanical planarization (CMP), wafer Higwgdor dry etch, or a stream of any

inert supply gas, such as, but not limited to, argutrogen, clean dry air (CDA) or



-20 -

EXTREME CLEAN DRY AIR (XCDA®, available from Entey, Inc.). XCDA® contains
<1 ppb HO, <10 ppt volatile bases, <1 ppt all other contamts.

[0087] In some versions of the methods described hergirgating the trapped acidic or
basic airborne molecular contaminant using a stlean comprise ultrasonically treating a
mixture of the rigid sintered hydrophilic matersaid the solvent.

[0088]  Analysis of the sample can include detectieg.( identifying the presence or
absence of a particular acidic or basic airborngeoutar contaminant) and/or calculation of
the level é.g., concentration, amount) of the acidic or basib@ine molecular contaminant
in the gas stream. Typically, analyzing the santptudes calculating the level of the acidic
or basic airborne molecular contaminant in thesggeesam, thereby measuring trace levels of
the acidic or basic airborne molecular contamimatiie gas stream. Calculation can be
achieved, for example, by quantifying the conceitneof the acidic or basic airborne
molecular contaminant in the sample and using dnepée concentration to calculate the gas-
phase concentration of the airborne molecular coimant by using the flow rate and sample
time to determine the overall air or gas volumdemtéd. Quantification of the concentration
of the acidic or basic airborne molecular contamirzan be achieved, for example, by
comparing to a standard or calibration curve ousing other techniques known in the art.
[0089] A wide variety of techniques can be used to anatllygesample, including gas
phase chromatography mass spectrometry (GCHBI&) for airborne molecular
contaminants desorbed into the gas phase), chem#sgencedg., for ammonia, by
catalytic conversion of ammonia into NO, followeg dhemiluminescent detection of NO),
fluorometry €.g., by addition of a suitable dye to the sample) imndchromatographye(g.,

for airborne molecular contaminants desorbed irfliquad, such as a solvent). A preferred
analytical technique is ion chromatography.

[0090] In some versions of the methods described herealyzing the sample comprises
analyzing the sample using ion chromatography. clmomatography is a well-known
technique. Specific ion chromatography conditiossful in analyzing the samples described
herein can be found in the Exemplification.

[0091] In some versions of the invention, the method frttomprises removing the
rigid sintered hydrophilic material from the hougifior example, prior to desorbing the
trapped acidic or basic airborne molecular contamtifrom the rigid sintered hydrophilic

material.



-21-

[0092]  Another version of the invention is a method foraseing trace levels of an
acidic or basic airborne molecular contaminant gaa stream, comprising providing a
manifold comprising a liquid-free trap for tracedés of an acidic or basic airborne
molecular contaminant; passing a gas stream ietantbt through the flow path and out of
the outlet of the liquid-free trap at a flow rateddor a period of time sufficient to trap a
detectable quantity of the acidic or basic airbanmecular contaminant with the rigid
sintered hydrophilic material; desorbing the trappeidic or basic airborne molecular
contaminant from the rigid sintered hydrophilic eval, thereby providing a sample; and
analyzing the sample for trace levels of the aaidibasic airborne molecular contaminant.
Aspects and alternative aspects of the liquid-free are as described herein. Aspects and
alternative aspects of the method are as descaibedk.

[0093] In a particular version of the invention, the metltomprises providing a
manifold comprising a liquid-free trap for tracedés of an acidic airborne molecular
contaminant and a liquid-free trap for trace lew#la basic airborne molecular contaminant;
passing a gas stream into the inlet through the flath and out of the outlet of the liquid-
free trap for trace levels of an acidic airborndeunolar contaminant at a flow rate and for a
period of time sufficient to trap a detectable ditgof the acidic airborne molecular
contaminant with the rigid sintered hydrophilic ewl, and passing the gas stream into the
inlet through the flow path and out of the outléthe liquid-free trap for trace levels of a
basic airborne molecular contaminant at a flow eae for a period of time sufficient to trap
a detectable quantity of the basic airborne modoczbntaminant with the rigid sintered
hydrophilic material. The trapped acidic airbomelecular contaminant is desorbed from
the rigid sintered hydrophilic material for trapgitrace levels of an acidic airborne
molecular contaminant, thereby providing a firshgée, and the trapped basic airborne
molecular contaminant is separately desorbed frerigid sintered hydrophilic material for
trapping trace levels of a basic airborne molecetartaminant, thereby providing a second
sample. The first and second samples are sepasaielyzed for trace levels of the acidic
and basic airborne molecular contaminant, thereégsuring trace levels of the acidic and
basic airborne molecular contaminant. The liquekftrap for trace levels of acidic airborne
molecular contaminant and the liquid-free traptface levels of basic airborne molecular

contaminant can be connected in series or in ghraleferably in parallel.
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[0094] The liquid-free traps described herein are typycafied in an active sampling
configuration. As used herein, “active samplingfers to the use of a gas moving device,
such as a pump, coupled to the liquid-free tragelover a gas stream to the rigid sintered
hydrophilic material. In active sampling, an ertrsource of energy coupled to the liquid-
free trap is used to deliver a gas stream to tiid sintered hydrophilic material. For
comparison, passive sampling uses the energy a$ &self to deliver the gas to the rigid
sintered hydrophilic material, such as occurs Ifigsiion.

[0095] In some versions of the methods, a pump is usddate the gas stream into the
inlet through the flow path and out of the outléthe liquid-free trap. The inlet can be open
to ambient conditions.

[0096]  Typically, the pressure of the gas stream at tjid sintered hydrophilic material
is about 1 atm.

[0097] In some versions of the methods, the gas stredwmisdified prior to passing into
the inlet of the liquid-free trap.

[0098] In some versions of the invention, the gas stresathd entire stream, for example,
the entire stream of CDA or XCDA. In alternativersions of the invention, the gas stream
is a portion €.g., a representative sample) of the entire streamgxXample, of CDA or
XCDA.

[0099] In some versions of the methods described hellg@rhasic airborne molecular
contaminant is an amine.§., a primary, secondary or tertiary water-solublersm
ammonia, preferably ammonia).

[00100] In some versions of the methods described helle@acidic airborne molecular
contaminant is sulfur dioxide, a hydrogen halidg.( HF, HCI) or a water-soluble organic

acid €e.g., acetic acid), or a combination of the foregoing.

EXEMPLIFICATION

Introduction

[00101] Process and equipment issues related to acidibasid AMC in

photolithography applications have been well docuee, including reticle hazing (1),
reaction with photoresist and corrosion (2). Ae slknsitivity of critical processes to AMC
exposure in photolithography increases, the recamaiex allowable concentrations continue
to decrease and AMC monitoring and concerns hapareded to areas outside of the

lithography bay, to include electrochemical depositchemical mechanical planarization
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(CMP), wafer handling and dry etch. Timternational Technology Roadmap for
Semiconductors (ITRS) recommends a minimum detection limit ofd@for both acids and
bases at the 22 nanometer (nm) node and theseidet@uits are expected to decrease to
ppq levels with the introduction of 14 and 10 nichigologies (3). AMC controls and
specifications for the introduction of extreme aMiolet (EUV) lithography are currently still
based on those of deep ultraviolet (DUV) lithognapbut may change to push those limits
further down, as new process or equipment sergtvare discovered. All concentrations
described herein are in volumetric (v/v), molartsigmol/mol), not mass based.
[00102] Real-time AMC monitoring solutions are desirabledugse they provide
instantaneous and continuous measurement. Howaxem,the most advanced technologies,
such as ion mobility spectrometry (IMS), continuees/e cavity ring-down spectroscopy
(CW-CRDS), photoacoustic spectrometry (PAS) anémstican only achieve reliable
detection limits in the ppb to high ppt range.atidition, sample transport, particularly of
acidic compounds, is affected by line losses aadtren with bases. Finally, real-time
monitors typically have substantial cost of owngrgbr maintenance, operation and
calibration.
[00103] Traditionally, devices filled with deionized watsych as impingers (also known
as bubblers) or open beakers have been the prfsareple trap method for the
measurement of acidic and basic AMC. An impingea cylindrical container partially filled
with liquid, (typically deionized water) that all@xgas to be drawn through the liquid. As the
gas passes through the liquid, soluble contamireititer react or dissolve into the liquid,
dissociating into ionized species that can theartayzed by ion chromatography. For
example, hydrogen chloride gas (HCI) has a highatigtion constant and completely
dissociates in water to form chloride anion (Eratl):

HCl + H,0 & H;0" + CI~ (1).
[00104] Although impingers are generally effective, thetoap efficiency for different
species varies and is dependent on and limitee@gral factors, including analyte solubility,
dissociation constant of the dissolved specieq@wadive losses, residence time of the gas
within the mass transfer zone, bubble size angthential for secondary reactions
(formation of HNQ,, interference with dissolved GQUV-catalyzed reactions,

disproportionation of species and conversion frama species to another).
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[00105] The mass transfer zone for gas diffusion withinmapinger trap can be
considered at the gas/liquid interface of each b it travels through the liquid column.
The longer the gas is in contact with that intezfeébe more gas can dissolve into the liquid.
Bubble size and consistency has a significant itnpache capture efficiency of the trap
since large bubbles may inhibit diffusion by pretiregn gas in the center of the bubble from
reaching the mass transfer zone during its reselénme in the water. A high density of very
small bubbles, on the other hand, can also dectemssfer efficiency since many small
bubbles can reduce the surface area of the masddraone by effectively creating one
large bubble. Combined, these factors limit thesgae flow rate of the sample gas through
the trap and trap size is limited by practical iempentation considerations. This decreases
detection capability by limiting the absolute ambohcontaminant that can be collected
during a given sample duration.
[00106] Impingers also undergo evaporative losses rangorg 0.1-0.5 ml/h depending
on trap design, flow volume and moisture conterthefsampled gas. This also limits sample
time and decreases residence time of gas by regltl@nheight of the liquid column. Larger
liquid volumes can be used to compensate for teaporative losses, but this results in
sample dilution and decreased detection capahiityeasing sample times.
[00107] The standard analysis method for impinger traptewis is ion chromatography
(IC) with conductivity detectors. Quantitative rsaeement using ion chromatography is
dependent on full dissociation of the ionized speciAs indicated in Equation 1, hydrogen
chloride is a strong acid, resulting in full disgdion and a 1:1 ratio of captured to detected
chloride anions. However, when attempting to deteszk acids and bases, partial
dissociation has been observed, resulting in nogali response curves. This is another
limitation of impingers as it may require secondaggctions (added chemicals) to produce
the ionized species. For example, ammonia gas)(t weak base in solution and only
partially dissociates to form the ammonium ion (&tpn 2):

NHj (g + H,0 © NHs (qq) + NH,* + OH™ (2).
The amount that does not dissociate and remaiaguesous ammonia in solution will not be
detected by IC. The amount of gas that does ssbdiate varies and depends on both
temperature and total pH of the impinger solutften resulting in measurement

inconsistency.



-25-

[00108] Sulfur dioxide gas (S§)is technically an acidic gas acting as an elecawceptor
(Lewis acid) and reacts with water through a comphechanism producing a number of
intermediate species in tautomeric equilibrium higtependent on both pH and temperature
(4). Oxidation of the resulting species by exagater or dissolved oxygen, autoprotolysis,
and dimerization can further result in a numbesaxfondary species, contributing to
substantial variability and inconsistent measuramesults. Finally, S@was also found in
an internal study to not quantitatively dissolveure water at air concentrations above 1 ppb
without the aid of added peroxide to fully convietb the dissolved form.

[00109] One persistent artifact associated with water igpgis is the formation of “virtual
NOy”, the ionic forms of nitrous and nitric acids frahe dissolution of atmospheric NO
(the sum of NO and N£) which cannot be distinguished in single impirsgeom actual
HNO, or HNG; and which frequently get reported as false passtivin prior studies, it was
found that up to 1% of ambient N@nay get converted to HN@5). At ambient
concentrations of several hundred ppb, that sigaalbe very substantial.

[00110] In addition to chemical limitations, impinger trag® also often subject to
handling errors, inadvertent contamination andoibkential for bacterial degradation,
particularly if the liquid gets transferred betwestarage/transport and sampling vessels, a
practice carried out by many labs. Water impindnerge limited shelf life of a few weeks at
the most, and are prone to bacterial contaminagiarticularly after being exposed to
ambient air environments, and international shigmfien causes customs delays based on
the concern over the presence of liquid.

[00111] To address the disadvantages of impinger trapgualifree adsorbent trap has
been developed specific to both acidic and alkajem phase contamination. The specific
liquid-free traps described in the Exemplificatianlude porous substrates coated with either
a bicarbonate (NaHC{por phosphoric acid (##P0Oy) solution, resulting in ionic capture of
the AMC species and eliminating several problenseeiated with the dissolution based
capture mechanism of liquid impingers.

Methodology

[00112] The liquid-free traps described herein captureia@dd basic compounds on a
solid state medium that is coated with a basegfxample, NaHCGg) to capture acids or an
acid, for example, HPQ,, to capture bases, and subsequent extractiombifrtédium in

water, for example, deionized water, for analysi$@ This adds one logistical step to the
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sample processing (dissolution of the captured ilmngter) compared to water impingers,
but has many advantages.

[00113] Each sample trap type was evaluated with commotanunants for the
respective AMC class. Ammonia (NHwvas selected as the alkaline test gas, sineeait i
weak base that remains a potential concern argLiglly the highest concentrated or only
base in most semiconductor environments. Hydrogemide (HF), acetic acid (G4€OO0H)
and sulfur dioxide (S@ were selected as acidic test gases. Hydrogendk, as a
moderately acidic inorganic species commonly fo(often as an artifact from using PFA
impinger materials and tubing), acetic acid, asntbakest common organic acid, and sulfur
dioxide, for the reasons previously mentioned, wesed to evaluate trap performance for all
potential chemical behaviors.

Capacity

[00114] Trap capacity describes how much mass of an AMCiepean be trapped before
chemical reaction is exhausted and the compoundesk through the trap without being
retained. Capacity is a potential limitation o stempling time at a given concentration or a
limitation of the maximum concentration that carshenpled at a given sample time.
Because it is ultimately a function of both timelawoncentration, capacity is expressed in
ppb-hours (ppb-h), which enables the calculatioaeitbfer time or maximum concentration by
using the amount that is known.

[00115] Initial testing was done by performing a titratiointhe extract as a proof of
concept that some capacity for the target AMC didte Once feasibility was established,
the trap was subjected to a known challenge ainvgmglative humidity and the capture

efficiency (CE) was monitored over time and caltedas:

CE = (1 - (m)) «100 (%) 3)

Downstream

Trap capacity (in ppb-h) was then calculated bytiplying the total hours of testing (above
a specified CE) by the challenge concentrationis Ehessentially the same process as
determining the capacity or lifetime of a chemiiéér.

[00116] The NH; challenge was created using a NIST traceable diomedevice (122
ng/min NH; + 4.99% at 30° C, National Institute of Standaadd Technology) and diluted to
a concentration of approximately 10 ppb using jeditlean dry air (EntegfisGatekeepér
purifier CE700KF04RR). The stability of the upstreaoncentration was verified with a

Total Molecular Base monitor (Extraction Systems |TMB) prior to placing the sample



-27 -

trap in the gas stream. The TMB was then useeétibyvthe downstream concentration at a
measurement interval of 2 minutes until the CE decreased below 90%. Sample flow
through the traps during testing was approxima@elyliters per minute (Ipm), pulled by the
vacuum pump of the monitor.

[00117] The SQ upstream challenge was created using a NIST tioée@armeation
device (473 ng/min £ 2.77% at 40° C) and diluted mncentration of approximately 16 ppb
using purified clean dry air (Gatekeeper purifi@®O0KF04RR). The stability of the
upstream concentration was verified with a Thernmad# 43i-TLE SQ monitor prior to
placing the sample trap in the gas stream. Theatoronas then used to verify the
downstream concentration at a measurement intef\@minutes until the CE had decreased
below 90%. Sample flow during testing was appratety 0.5 Ipm, pulled by the vacuum
pump of the monitor.

[00118] To create a variable humidity challenge, the peuiiftlean dry air dilution gas was
split and a controlled percentage was bubbled giraltra-pure water (UPW). The
humidified portion of air was used for the humidityallenge. The downstream moisture
level was verified by an in-line hygrometer (COLBRMER® 03313-66).

Accuracy and Precision

[00119] The precision and accuracy of liquid-free trapandard liquid impingers
(containing deionized water) and impingers spikétth @.005M phosphoric acid were
determined for comparison by taking multiple sarmiea known NHchallenge.
Acidification of impingers was done to maximize imation of NH; for comparison to pure

DI water devices.

[00120] The NH; challenge was created using the NIST traceablmagetion device as
above and output was diluted to a concentraticappfoximately 8 ppb using purified clean
dry air adjusted to 40% RH. The stability of thestream concentration was verified with the
TMB prior to and during sampling.

[00121] The SQ capability of liquid-free traps, standard liquidpingers and impingers
spiked with 3% HO, as an oxidative catalyst were determined for corapa by taking
multiple samples of a known $S©Ohallenge. The challenge was created using t8d NI
traceable permeation device as above and dilutacctmcentration of approximately 16 ppb
using purified clean dry air adjusted to 35% RHheBtability of the upstream concentration
was verified with a Thermo Model 43i-TLE S@onitor prior to and during sampling.
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[00122] The HF testing of liquid-free traps and standagdill impingers were compared
by taking multiple samples of a known HF challengkich was created using a NIST
traceable permeation device (1971 ng/min + 15%9aChand diluted to a concentration of
248 ppht 15% using purified clean dry air adjusted to 4R%.

[00123] The CHCOOH testing was done with liquid-free traps arahdard liquid
impingers for comparison by taking multiple sampméa known CHCOOH challenge. The
challenge was created using a NIST traceable peionedevice (327 ng/min + 2% at 35°C)
and diluted to a concentration of 13.3 ppb + 2% agigiurified clean dry air adjusted to 25%
RH.

[00124] The sample flow of all traps was controlled by mgjithrough a #14 orifice
directly upstream of the trap with a vacuum pumps(Jorr) resulting in a flow rate of 1.07
Ilpm.

[00125] The capture efficiency of the liquid-free trap aisoludes the extraction
efficiency or recovery of the measured AMC from siadéid media used to capture the AMC.
A second series of testing was included as patteoinitial testing to determine the
extraction efficiency as a function of time andragtion conditions for Nkl

In-field Evaluation

[0089]  The performance of sample traps in controlled latmyy conditions is an
indication of optimal performance. However, whamsling in the field, the control of
external conditions may not be ideal and the paréorce of the sample trap under less
controlled conditions was evaluated. For methdilaton, the liquid-free traps were
deployed to the field for both semiconductor envin@nts and internal support, in parallel
with standard impingers for comparison.

Sample Analysis

[00126] After sampling, the liquid-free trap solid mediasateansferred to a 30 ml HDPE
container and extracted with deionized water amication. The extraction solution was
then analyzed using a Thermo-FishBionexX’ ICS3000 ion chromatography system
equipped with electrolytic suppression and conditgtetection. The anion channel of the
system uses a potassium hydroxide eluent gradigmiaw AS19 250 x 2 mm analytical
column and CRD200 carbonate removal device. Ttiercahannel uses a methane sulfonic

acid eluent gradient and CS19 250 x 2 mm analytickimn.
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[00127] The Hubaux-Vos method was used to statisticallgmaine the instrument
detection limit (IDL) and the method detection lirfMDL) with a 99% confidence interval.
IDL was found to be 0.00026 mg/L NHand MDL was found to be 0.00053 mg/L NH

The regression model had ah\Rilue of 0.9998 and prob>F value of <0.0001, iatiigy the
regression model was appropriate for the data. r@sidual plot did show some irregularity,
but did not indicate any clear trend. The mod@reslicted to be quadratic regression based
on the weak dissociation of ammonia in water (gracids and bases with 100% dissociation
are linear).

Results

Media Selection

[00128] A solid porous media was selected for its pradtigahandling and preparation, as
well as for coating with the capturing chemical &fiiiciency in capturing the AMC of
concern in a single pass at the flow rates neeafedeftecting low concentrations of AMC.
The actual solid porous material for the base isaplow cost, one-use component of the trap
that can be discarded after extraction.

[00129] Ultra-fine filtering type 316L stainless steel (§®yous discs (available from
Applied Porous Technologies, Inc. in 2, 5, 10, A8 40-micron pore sizes and dimensions of
% inch diameter x 1/16 inch width) were subjectedrising with deionized water and
extraction for measurement of background contanténamhe results of the measurement are

reported in the following table:

Amount | Amount Amount Amount Amount Amount
Sample mg/L mg/L mg/L mg/L mg/L mg/L

Lithium | Sodium | Ammonium | Potassium | Magnesium § Calcium
Sintered Metal Disc in 5ml Water (Pre-rinsed) 0.0000 0.0008 0.0001 0.0059 0.0007 0.0462
Sintered Metal Disc in 5ml Water (Pre-rinsed) 0.0000 0.0008 0.0001 0.0058 0.0007 0.0467

Some initial surface contamination was observeticbuld be removed with a deionized
water rinse. No amines were present in the risseadple.

[00130] GENPORE surface-modified hydrophilic ultra-high molecuiaeight
polyethylene (UHMWPE) solid phase extraction coluimitn(available under the part number
6mLPU and having an average pore size of 5-50 ms;ra diameter of 0.513 + 0.005 inches
and a depth of 0.125 + 0.020 inches was evaluaedpmtential solid porous material. The
use of a surface-modified hydrophilic PE incregsaigmer wettability by effectively

reducing the contact angle to zero without changmegbulk properties of the material.
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[00131] A number of chemicals for coating the solid poroedia were investigated and it
was concluded that bicarbonate and phosphoricveeid suitable for a number of reasons
associated with ion chromatography handling, degirad of columns, interference with
detected compounds and speed of analysis, as svedlading of the media.

[00132] Citric acid was also evaluated as a coating matefieb% citric acid solution was
used to chemically treat the sintered 316L SS meidizussed above. Citric acid was
selected based on the following properties: it p@kprotic, water-soluble acid (which may
increase the number of potential active sitesy; léss than a C6 organic acid (high molecular
weight organics, greater than C6, can potentiallytaminate the IC suppressor, forming a
film on the membrane); it is a weak acid (elimingtpotential interference caused by strong
acids, such as sulfuric acid and hydrochloric aeith the ion-exchange resin of the IC
column); and the anion is stabilized by intra-malac hydrogen bonding from other protic
groups in citric acid.

[00133] To test the capacity of the treated material, éeéatedia was extracted with 30
mL water. The citric acid deposited in the poredure of the media should dissolve into
water, decreasing the pH of the solution. The arhoticitric acid was then calculated from
the volume of 0.005 M NaOH titrant used to reachehuivalence point. 5%
phenolphthalein in 50% ethanol was used as anatwfic A theoretical capacity of 1.87 mg
ammonia was calculated from the amount of 0.005&®N titrant used to reach the
equivalaence point for the solution resulting fribra extraction of the sintered 316L SS
media.

[00134] Although the SS media had a low background contatian levels and a high
theoretical capacity, the low ionization energi€&ooup 1 and 2 metal impurities in the
media resulted in an increase in dissolved metama Although not wishing to be bound
by any particular theory, the presence of theccédid is thought to facilitate the mobility of
the metallic ions out of the media and into theodeied water used for extraction, resulting

in IC interference and preventing the quantitabbH,".
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Acid Trap Preparation
Material Supplier Part Number Specification
Assembly Entegris ESIO05971 Machined PEEK

Porous Metal Disc

10233-200 Dimensions: 0.500"x0.125"
0233-20 Material: 316LSS

Porosity: 20 micron
0.1M Sodium Carbonate
(NaxCOy)
N/A N/A Anhydrous CAS 497-19-8

(>99.99% trace metals purity and <10mg/kg

[72]

Substrate Applied Porou

Chemical
Coating

trace anion N&LO; powdeb

[00135] Prior to chemical treatment, the 316LSS substrattenal was rinsed a minimum
of three times with deionized water (18 Qjrto remove soluble surface contamination.
After the rinse, the material was ultrasonicallyaried in deionized water for a minimum of 1
hour to allow penetration into the pore structuréhe material. The material was rinsed a
minimum of three more times with deionized watefiobe being allowed to dry completely in
a chemically clean, purified XCDA purged oven atB85°C.

[00136] 500mL of a 0.1M NgCO;s solution was prepared by adding 5.03g of anhydrous
sodium carbonate (CAS 497-19-8) to 500mL deionizater.

[00137] The 316LSS substrate was thoroughly rinsed in 250frthe 0.1M sodium
carbonate solution by vigorously shaking in a absdemically clean container for a
minimum of 60 seconds. The rinse solution was wiechand the rinsed substrate was
ultrasonically treated in the remaining 250mL o&8&; solution for a minimum of 15
minutes. The substrate and solution was pouredigira HDPE mesh screen that had been
thoroughly rinsed to remove surface contaminato the solution was allowed to pass
through the mesh to waste while the coated medsacetected on the screen. The HDPE
mesh screen was placed into a purified XCDA pumezh at 30°C (the media should be
evenly distributed to allow uniform drying) untilé media is completely dry. Although not
wishing to be bound by any particular theory, ibédieved that treatment of the solid porous
media results in the formation of the hydrated siftodium carbonate. Sodium carbonate

decahydrate is stable at room temperature butystadlizes at 32°C to sodium carbonate
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heptahydrate, N&O;:-7H,0, then above 37-38°C to sodium carbonate monotg;dra
Na,COs-H0.

[00138] Treated media was stored in a sealed, chemicagnotontainer below 30°C to
prevent dehydration of the crystallized J8&s;exH,0 treatmentand intrusion of ambient
contamination. Treated media can be stored falta§@.

[00139] A second acid trap, which was used in the experisnéescribed herein, was
made in accordance with the procedure outlined alfmvthe sodium carbonate acid trap

using sodium bicarbonate instead of sodium carl@onat

Base Trap Preparation
Material Supplier Part Number Specification
Assembly Entegris ESI005971 Machined PEEK
Porous Hydrophilic Polymer
Substrate GenPore® 6mLPU Hydrophilic Dimensions: 0.513"x0.125"
Material: Hydrophilic UHMW-PE
Porosity: 5-50 micron
0.05M Ortho-phosphoric Acid
Chemical (HsPQy)
Coating N/A N/A Crystalline CAS 7664-38-4
(>99.999% trace metals pur)ty

[00140] The GenPore® hydrophilic media does not requiretig@tment. Rinsing the
media prior to use will remove the hydrophilic dogt making the media unsuitable for the
intended application.

[00141] 500mL of a 0.05M HPO, solution was prepared by adding 2.45g of crystalli
ortho-phosphoric acid (CAS 7664-38-4) to 500mL deed water.

[00142] The GenPore® substrate was thoroughly rinsed im256f the 0.05M ortho-
phosphoric acid solution by vigorously shaking limsed, chemically clean container for a
minimum of 60 seconds. The rinse solution was waiechand the rinsed substrate was
treated ultrasonically treated in the remainingrBe®f HzPO, solution for a minimum of 15
minutes. The substrate and solution were pouneditin a HDPE mesh screen thoroughly
rinsed to remove surface contamination, allowirgygblution to pass through the mesh to
waste and the coated media to be collected orcteers. The HDPE mesh screen was placed
into a purified XCDA purged oven at 30°C (the meshauld be evenly distributed to allow

uniform drying) until the media is completely dnpalthough not wishing to be bound by any
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particular theory, it is believed that treatmersiulés in the formation of the crystalline
phosphoric acid within the pore structure of thelime Ortho-phosphoric acid hydrate is
stable at room temperature but has a melting @biB0°C, while the anhydrous crystalline
solid melts at 42°C.

[00143] Treated media was stored in a sealed, chemicagnatontainer below 30°C to
prevent the crystallized4RO, from melting and intrusion of ambient contaminatidreated
media can be stored for 60 days.

Trap Assembly

[00144] The trap was assembled as shown in FIG. 1B. TEFR@bated forceps were
used to handle the media, minimizing surface cartasecuring the disc on its side. A
5/16” wrench was used to tighten the locking nguarter turn past initial tightness to ensure
a proper seal with the media.

Media Extraction

[00145] The trap was opened by unscrewing the locking fitie trap was held vertically
with bottom assembly on the bottom. The top as$éemas separated from the bottom
assembly so that the media remained within theobotissembly. The bottom section was
inverted and the media allowed to fall into a 30salmple vial by aligning the inverted
bottom assembly over the mouth of the sample \ffahe media became stuck in the
assembly, a chemically clean push rod was insémtedhe trap opening and used to push the
media into the vial.

[00146] 6mL of 18.2nf2 deionized water was pipetted into the sampleasataining the
media. The extraction was begun by vigorously sitathe closed sample vial for a
minimum of 60 seconds before ultrasonically tregtime media in the extraction solution for
a minimum of 4 hours. Sample vials were then stareanalyzed in accordance with the
appropriate analytical method.

[00147] The sample trap housing used in these experimentade from polyether ether
ketone (PEEK). A sample liquid-free trap housiaglépicted in FIG. 1A and an assembly
drawing of a liquid-free sample trap is depictedi® 1B. Liquid-free trap housing 1 in
FIG. 1A and in the housing used in these experimisma three piece design that provides
sealing and secure retention of the solid porousmnad, optimized internal flow channeling
and easy preparation and handling. Housing 1 desldocking nut 2, upstream component 3

and downstream component 4. Upstream componemd 8@vnstream component 4 each
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have tube ends, 5 and 6, respectively. The tuble ierthe trap used in these experiments
have a 6.4 mm OD and can be capped with standbedfittings for transport and storage.
Length of the trap can be chosen to match thadwingercially available organic traps made
from stainless steel or glass. Internal desigyptgnized for flow, handling and minimized
contamination.
Ammonia Capacity
[00148] With diffusion and dissolution of the sample gas tiaquid eliminated, ammonia
capture is based on a simple acid/base reactiosaartity in liquid-free traps is primarily
determined by the number of active sites for idmoading, i.e., the amount and nature of acid
used to coat the porous material, where thg fédHns a combination of the mono-
ammonium and diammonium salts on the surface o$tlhstrate (Equation 4). The tri-
ammonium salt is unstable.

NHs g + HsPO, & (NH,)H,PO, + (NH,),HPO, (4)
[00149] Trap capacity for Nglwas determined to be 200 ppb-h at 0% relative Hiyni
For typical 0% RH applications, such as supply pratess gas lines, trap capacity is more
than one hundred times what is required for typical OEM specifications and ITRS
recommendations for allowable AMC concentratioksitegris Analytical Services typically
finds less than 1 ppb of AMC in CDA ang hhes, but process gases may contain higher
levels.
[00150] The addition of moisture at 40% relative humidrngreased trap capacity to 350
ppb-h. The increase in capacity by adding moisteselts from the ability of water to lower
the free energy of formation for the reaction asé &econdary consequence may provide a
means for ion mobility within the media. Capadily NHz; was determined at the 99%
capture efficiency level, i.e., less than 1% brdakugh.
[00151] FIG. 2 is a graph of capture efficiency as a fuorcof trap capacity, and shows
the ammonia capacity of the liquid-free base tta@paand 40% RH.
[00152] Given modern supply gas concentrations of less thgpb and typical clean room
concentrations of less than 10 ppb ofd\Nthe measured capacity translates to a quangtativ
capture of NHfor 20-35 hours of sampling at 3.5 Ipm, much iness of what is required for
ppg-level analysis. This allows for the samplingAdC within one work shift and without

the need for 12-72 hour sampling time typicallydise
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[00153] Alkaline capacity is a function of the number ofthec active sites for ionic
bonding (in this case thé'and 29 protons of HPQ,) and can be extended to other

compounds with similar chemical behavior, like agsifEquation 5).

Capacity (Mol Eq.) — (Number of Active Sites)

|Net Ionic Charge| ®)
Equation 5 is believed to provide a rough estiniat@mine capacity. However, pkf the
alkaline species and steric hindrance due to larg#ecule size can be considered. As an
approximation, it is estimated that the same caép&ai amines or any combination of
ammonia and amines can be collected.
Sulfur Dioxide Capacity
[00154] Trap capacity for SPwas determined to be 5 ppb-h at 0% RH and 90%upapt
efficiency. The addition of moisture at 22% retathumidity increased trap capacity to 60
ppb-h for 90% CE, and at 35% relative humidity tcapacity increased to more than 400
ppb-h for 99%. FIG. 3 is a graph of capture efingy as a function of capacity, and shows
the SQ capacity of a liquid-free acid trap at 0%, 22% 8686 RH.
[00155] For typical dry applications, like process gassineap capacity is sufficient to
meet requirements for typical tool OEM specificai@nd ITRS recommendations (typically
in the ppt range). Entegris Analytical Servicesslnot find S@to be elevated above 1 ppb
even in fairly outdated semiconductor environmenisnce, the capacity is considered
sufficient and not a limitation for sample time.
[00156] Without wishing to be bound by any particular thedhe proposed mechanisms
to describe the capture of $6n the dry medi@volves an initial reaction of SQvith
excess water to produce the intermediate bisutfit€Equation 6), the primary reaction
product in a pH range of 2 to 8.
SO0,y + H,0 © HSO3™ + HY  (6)

The resulting bisulfate ion is then free to reaithwWaHCQ; on the surface of the media to
form the sodium sulfate salt (Equation 7).

HSO5™ + 2NaHCOs) © Na,SO,(s) + Hy,0 +2C0, + HY (7)
[00157] Even at 0% RH, there is some capacity fop 8@ to direct ionic bonding and the
presence of crystalline water bound to NaH@®the decahydrate saNlgHCG; - 10 HO).
The resulting sodium sulfate salt completely digses in the extraction solution and was
quantified as Sg” using established ion chromatography methodis expected that acidic

species, that directly interact with NaHEXO form immediate ionic bonds and do not depend
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heavily on the presence of moisture, will have iigantly improved capacity at lower
relative humidity.

Ammonia Accuracy and Precision

[00158] The standard water impinger had an average cagtiiceency of 88% for NH at
40% RH in relation to the calculated and monitorified challenge concentration of 8.0 ppb.
Although not wishing to be bound by any particulsory, the decreased capture efficiency
in a standard impinger likely results from the @ddissociation of ammonia in solution
(Equation 2) and/or incomplete diffusion from thekaibbles into the water column. A
decrease of pH of the solution results from eithdecreasing ammonia concentration or the
presence of an acidic species and has a direct effithe ionization of ammonia, shifting
the equilibrium increasingly towards ammonium fotima& This results in the characteristic
non-linear calibration curve for ammonia and amiingsn chromatography analysis.
[00159] This theory is corroborated by the test resultmftbe pH adjusted impinger,
which was spiked with 0.005M phosphoric acid andclinad an average capture efficiency
of 95.1% for NH at 40% RH, the remaining 5% likely attributednadequate capture
efficiency. The increased concentration of phosplaunterions in the pH adjusted solution
facilitates better conversion of the dissolved amiado the fully dissociated ammonium ion.
Based on this, it can be predicted that the; Bipture efficiency of the impinger will
continue to decrease with increasing ammonia wherpBng with water impingers. This
phenomonenon is particularly disadvantageous feriusemiconductor fabs with older
technology nodes, where concentrations above 1@mpfound, or non-lithobay process
areas with increased ammonia levels.

[00160] The liquid-free trap had an average capture efiimyeof 99.8% for NH at 40%

RH with the lowest trap to trap variability (standa@eviation of 7.6%) of the three traps
tested. The chemical mechanism of the liquid-frap media is based on the formation of
ionic bonds (Equation 4) and is not subject tolitihé@ations of dissolution-based capture.
Instead, the only limitations result from its caipaovhich was shown to be sufficient.
[00161] The results of the ammonia accuracy and precisiomparison are reported in

Table 1 and depicted graphically in FIG. 4.
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Table 1.
Average Measure .
Sample Trap NH3; Concentration ReIeE)tlve_ S.tandard Capture Efficiency
eviation
(ppb)

Standard Impinger 7.02 8.3% 87.8%

pH Adjusted 7.61 10.3% 95.1%
Impinger

Liquid-Free Trap 7.99 7.6% 99.8%

TMB Monitor 8.00 2.3% 100%

Sulfur Dioxide Performance

[00162]

36% RH for a challenge concentration of 16.8 pHiowever, this average is skewed heavily

by the presence of one outlying data point (matefés a high standard deviation), which, if

Standard water impingers had an average captuocgeeffy of 91% for S@at

excluded, would reduce the capture efficiency t#86I'he low capture efficiency results

from the formation of multiple intermediate spedmsolution and the decreased ionization

with increasing concentration of those intermedsgecies. This would indicate that the

capture efficiency is inversely proportional to centration and will decrease as the tota} SO

concentration increases. The formation of sulfitd sulfate anions will also act to acidify

the impinge, shifting the equilibrium increasingbyvards the gas phase as the pH of the

solution decreases. The data from the sulfur depierformance tests are summarized in

Table 2.
Table 2.
Average Measured :
Sample Trap SO, Concentration Relatlve_ S_tandard Capture Efficiency
Deviation
(PpRb)
Standard Impinger 15.3 16.7% 91.1%
. R
Impinger with 1% 16.7 5.1% 99.4%
H20,
Liquid-Free Trap 16.3 4.9% 96.5%
SO, Monitor 16.8 3.7% 100%
[00163] Water impingers spiked with 1%,8, performed substantially better than

standard water impingers, with an average and iameistent capture efficiency of 99.4%.

The improved performance may be a result of thexpee fully oxidizing both undissociated
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SO, and partially oxidized species in solution andlifi@ting complete conversion to the
sulfate ion (Equation 9).
S0, + H,0, < 2H* + 50,*~ 9

[00164] The liquid-free trap had an average capture effmyeof 96.5% for S@at 36%
RH, with the smallest amount of trap to trap vatigbof 4.9% relative standard deviation.
Although the 1% HO, impinger had higher capture efficiency, the addeabxide is an
additional process step and can be detrimentakt@oh-exchange resin used in the analytical
columns of the IC system, posing a disadvantageofaine analysis. In addition, the
presence of peroxide can also oxidize atmosphaseg including NO and G(creating
artifacts and altering impinger chemistry.

2NO + 3H,0, - 2H* + 2NO5~ + 2H,0 (10)

€O, + 2H,0, - H* + HCO,™ + 2H,0 (11)

The reactions identified in Equations 10 and 11nairgmized by the liquid-free trap due to
the absence of a source for further oxidation.
Performance for HF
[00165] For the capture of HF, the water impinger had duwepefficiency of 98.2% and
the liquid trap 100.2% for air sampled at 40% RFhe liquid-free trap had a slightly better
precision than the impinger with a 3.5% standandad®n. The high capture efficiency of
the impinger is expected since HF is fully miscii¢gh water in all proportions and interacts
through hydrogen bonding, unlike other hydrogemndesal The primary mechanism of
capture on the liquid-free trap is purely an iomiaction ( Equation 12).

NaHCOs(s) + HF gy — NaFg + COyq) + Hy0( (12)

The results of HF performance experiments are suimathin Table 3.

Table 3.
Average Measured :
Sample Trap HF Concentration Relatwg S.tandard Capture Efficiency
Deviation
(ppb)
Standard Impinger 244 5.5% 98.2%
Entegris Liquid-Free 249 3.5% 100.2%
Trap

Permeation Device 0

(Calculated) 248 15.0% N/A
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[00166]

trap technology, which indicated significantly laweapture efficiencies for both types of

These results differ from previously reported resstdr impingers and liquid-free

trap (6). This may be a result of the moisturetennof the sample gas and is supported by
the behavior of HF at low concentrations in thespree of water. It has been shown that the
primary solute species is the H-H bonded ion gai) - F], which facilitates dissociation
and increases HF solubility (7).
Acetic Acid Performance
[00167] For the capture of acetic acid, the standard imgmbad an average capture
efficiency of 98.2% at 36% RH and a 4.1% relatitandard deviation. The liquid-free trap
had about the same capture efficiency of 96.1%stightly higher variability when
compared to the standard impinger. There is noreasexpect a decreased performance
specifically for CHCOOH since it is captured primarily through ionamkling (Equation 13)
but the fairly high pK(weak acidity) of acetic acid may contribute to tdapture efficiency
being less than 100%.

NaHCO; + CH;COOH < NaCH;CO0~ + CO, + H,0 (13)
Nevertheless, this is considered to be a suffigiesiilt for acetic acid monitoring in the
semiconductor industry. The results of the aastid performance tests are summarized in
Table 4.

Table 4.
Average Measured .
Sample Trap Acetic Acid Relzglve; S_tandard Capture Efficiency
. eviation
Concentration (ppb)
Standard Impinger 13.1 4.1% 98.2%
Liquid-Free Trap 12.8 5.7% 96.1%
Permeation Devic 0
(Calculated) 13.3 2.0% N/A

In-field Evaluation
[00168]

The performance of sample traps in controlled latwy conditions is an

indication of optimal performance. However, whamsgling in the field, the external

conditions may not be ideal and sampling can ire'@@mple operator handling, shipping,

etc.
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[00169] The performance of the liquid-free trap under lemstrolled conditions was
evaluated for Nil The liquid-free traps were deployed to the fi@dboth external
customers and internal support and sampled inlphvath standard impinger traps. Both
trap types showed a repeatability of about 5% betwaeasurements. However, impingers
showed capture efficiencies consistently 5-20% lotvan those of the liquid-free traps,
resulting in an average 10.2% difference betweeriio traps in more than 100 real-world
data points over a concentration range spannimgdiders of magnitude, between <10 ppt
and 0.1 ppm. FIG. 5A is a graph of ammonia comed¢ioh as a function of measurement
number for a known ammonia gas source, and shats$hé concentration of ammonia
measured by impingers was consistently lower tharkhown ammonia concentration and
lower than the ammonia concentration measured éyidghid-free trap.

[00170] The correlation of the two trap types is 0.98, dating that the data sets for the
two traps are statistically not significantly diémt. An ANOVA analysis of the data
produced a Measured= 0.0094, kit = 3.9 and P-value = 0.92, indicating a confirm@tid the
null hypothesis, that data are not statisticalijedent. Nevertheless, the 7.6% difference
indicated by the slope of the line likely refletite approximately 10% increase in measured
capture efficiency of the liquid-free trap compatedhe standard impingeseg Table 1).
[00171] FIG. 5B is a correlation plot of the captured amraaoncentration for the liquid-
free trap and a standard impinger, and shows tieadiata sets for the two traps are not
statistically significantly different.

Shelf Life

[00172] Shelf life of the liquid-free trap has been studigdoreparing a number of coated
substrates and then storing these over a peritted months, analyzing redundant samples
every week to observe potential trends. The daigest that liquid-free traps can be stored
in chemically clean containers and refrigeratedufpto three months without impact above
the detection level. A plot of the data indicatedincreasing trend in the Nildoncentration
during storage. This shelf life matches that ofanig AMC traps and enables quicker
dispatch and onsite storage for immediate deploymen

Conclusions

[00173] To address the disadvantages of water-filled imgrinigaps, a liquid-free
adsorbent traps specific to both acidic and alkadjas phase contamination has been

developed. Capacity results for the liquid-freeeorap for ammonia yielded more than 200
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ppb-h at 100% capture efficiency without any moist{simulating sampling of CDA orJN
and 350 ppb-h at 40% RH. Capacity results forusudfoxide were highly dependent on the
moisture content of the sampled gas: at 0% reldireidity, capacity yielded only 5 ppb-h
at 90% capture efficiency, but increased exponkytiamore than 1200 ppb-h at 40%
relative humidity. HF and acetic acid performanes satisfactory and matches that of
standard impingers.

[00174] Given modern supply gas concentrations of less thapb and cleanroom
concentrations of less than 10 ppb, both acid @seé lbapacity significantly exceeds what is
found in related environments and what is requicedow-level analysis. Trap performance
allows for the sampling and analysis of ppg-levM@ within one work shift and without the
need for 12-72 hour sampling typically applied bystlabs in the industry.

[00175] Performance testing indicates that the liquid-trap provides both more precise
and more accurate results for B, and HF in comparison to the standard impingealn |
testing, with a relative standard deviation note®ding 8% and capture efficiency greater
than 95% for all three compounds. Acetic acid viiesanly compound that shows slightly
decreased performance but still maintained a poeecend accuracy fully suitable for the
application.

[00176] Deployment to the field at both external custoniessand internal support
applications in parallel with standard impingepsaesulted in up to 10% difference between
the trap types, providing the necessary evideratlitjuid-free traps are suitable for
impinger replacement.

[00177] The liquid-free traps disclosed herein representlsstantial improvement over
existing sampling techniques based on easier id4iiandling, reduced contamination
through handling, extended shelf life and elimidatencerns over shipping liquids.
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[00178] The teachings of all patents, published applicatemd references cited herein are
incorporated by reference in their entirety.

[00179] While this invention has been particularly showd described with references to
example embodiments thereof, it will be understopdhose skilled in the art that various
changes in form and details may be made therehmowitdeparting from the scope of the

invention encompassed by the appended claims.
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CLAIMS

What is claimed is:

1.

A liquid-free trap for trace levels of an acidiclzasic airborne molecular contaminant
in a gas, comprising:

a housing, comprising an inlet and an outlet;

a flow path between the inlet and the outlet; and

a rigid sintered hydrophilic material situated e flow path between the inlet
and the outlet and sealed in the housing, the sigittred hydrophilic material
functionalized with from about 0.05 molar milliegalents to about 10 molar
milliequivalents of a basic species for trappingaaidic airborne molecular
contaminant in the gas or from about 0.05 molali@gjliivalents to about 10 molar
milliequivalents of an acidic species for trappabasic airborne molecular

contaminant in the gas.

A liquid-free trap for trace levels of an acidicliasic airborne molecular contaminant
in a gas, comprising:

a housing, comprising an inlet and an outlet;

a flow path between the inlet and the outlet; and

a rigid sintered hydrophilic material situatedtie flow path between the inlet
and the outlet and sealed in the housing, the sigittred hydrophilic material
functionalized with from about 0.05 molar milliegalents to about 10 molar
milliequivalents of a basic species that formslaesa soluble reaction product with
an acidic airborne molecular contaminant in theagasom about 0.05 molar
milliequivalents to about 10 molar milliequivalemtsan acidic species that forms a
solvent soluble reaction product with a basic aineanolecular contaminant in the

gas.
The liquid-free trap of claim 2, wherein the solvenwater.

The liquid-free trap of claim 1, 2 or 3, whereir ttigid sintered hydrophilic material
is functionalized with from about 0.05 molar midligivalents to about 5 molar

milliequivalents of a basic species for trappingaaitic airborne molecular
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contaminant in the gas or from about 0.05 molalieqilivalents to about 5 molar
milliequivalents of an acidic species for trappabasic airborne molecular

contaminant in the gas.

The liquid-free trap of claim 1, 2 or 3, whereir thgid sintered hydrophilic material
is functionalized with from about 0.1 molar milliggalents to about 10 molar
milliequivalents of a basic species for trappingaaitic airborne molecular
contaminant in the gas or from about 0.1 molariegjllivalents to about 10 molar
milliequivalents of an acidic species for trappabasic airborne molecular

contaminant in the gas.

The liquid-free trap of claim 1, 2 or 3, whereir ttigid sintered hydrophilic material
is functionalized with from about 1 molar milliegaients to about 10 molar
milliequivalents of a basic species for trappingaaidic airborne molecular
contaminant in the gas or from about 1 molar ngliwalents to about 10 molar
milliequivalents of an acidic species for trappabasic airborne molecular

contaminant in the gas.

The liquid-free trap of claim 1, 2 or 3, whereir thgid sintered hydrophilic material

is functionalized with about 5 molar milliequivaterof a basic species for trapping an

acidic airborne molecular contaminant in the gaahmut 5 molar milliequivalents of

an acidic species for trapping a basic airborneemdéar contaminant in the gas.

The liquid-free trap of any one of claims 1-7, wdiarthe average pore size of the

rigid sintered hydrophilic material is from abouiricron to about 100 microns.

The liquid-free trap of claim 8, wherein the avergpre size of the rigid sintered

hydrophilic material is from about 2 microns to ab60 microns.

The liquid-free trap of claim 9, wherein the avergpre size of the rigid sintered

hydrophilic material is from about 5 microns to ab60 microns.

The liquid-free trap of any one of claims 1-10, wéie the rigid sintered hydrophilic

material is sintered metal.
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The liquid-free trap of claim 11, wherein the rigithtered hydrophilic material is

sintered type 316L stainless steel.

The liquid-free trap of any one of claims 1-10, wdie the rigid sintered hydrophilic

material is polymeric.

The liquid-free trap of claim 13, wherein the rigieshtered hydrophilic material is
sintered hydrophilic polyethylene, sintered hydiappolytetrafluoroethylene,

sintered hydrophilic polyethersulfone or sintergdrophilic nylon.

The liquid-free trap of claim 14, wherein the rigieshtered hydrophilic material is

sintered hydrophilic ultrahigh molecular weight yethylene.

The liquid-free trap of any one of claims 1-15, wdie the rigid sintered hydrophilic
material is functionalized with a basic speciesesteld from an alkali or alkaline earth

metal salt of bicarbonate, carbonate or hydroxide, combination of the foregoing.

The liquid-free trap of claim 16, wherein the rigithtered hydrophilic material is

functionalized with an alkali earth metal salt afaxbonate.

The liquid-free trap of any one of claims 1-15, wdie the rigid sintered hydrophilic

material is functionalized with a polyprotic acid.

The liquid-free trap of claim 18, wherein the rigithtered hydrophilic material is

functionalized with phosphoric acid or citric acid.

The liquid-free trap of any one of claims 1-19, wéie the housing is a polymeric

material.

The liquid-free trap of claim 20, wherein the hawggis polyether ether ketone
(PEEK).

The liquid-free trap of any one of claims 1-21, wéie the housing further comprises
an upstream component including the inlet, a doweash component including the
outlet and a locking nut to secure the upstreampoom@nt to the downstream

component.
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The liquid-free trap of any one of claims 1-22, wéie the housing is chemically

clean.

The liquid-free trap of any one of claims 1-23, wdie the rigid sintered hydrophilic

material is chemically clean.

A liquid-free trap for trace levels of a basic ainbe molecular contaminant in a gas,
comprising:

a housing, comprising an inlet and an outlet;

a flow path between the inlet and the outlet; and

a rigid sintered hydrophilic material situatedtie flow path between the inlet
and the outlet and sealed in the housing, wheheimigid sintered hydrophilic
material is hydrophilic ultrahigh molecular weigitlyethylene having an average
pore size of from about 5 microns to about 50 nrmsrand is functionalized with

phosphoric acid.

The liquid-free trap of claim 25, wherein the baasidorne molecular contaminant is

ammonia.

The liquid-free trap of claim 25 or 26, wherein tigid sintered hydrophilic material
is functionalized with from about 1 molar milliegaients to about 10 molar

milliequivalents of phosphoric acid.

A liquid-free trap for trace levels of an acidickmrne molecular contaminant in a
gas, comprising:

a housing, comprising an inlet and an outlet;

a flow path between the inlet and the outlet; and

a rigid sintered hydrophilic material situatedtie flow path between the inlet
and the outlet and sealed in the housing, wheheimigid sintered hydrophilic
material is sintered stainless steel having anagsepore size of from about 5
microns to about 50 microns and is functionalizetth\an alkali metal carbonate or

bicarbonate.

The liquid-free trap of claim 28, wherein the rigithtered hydrophilic material is

functionalized with sodium carbonate.
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The liquid-free trap of claim 28, wherein the rigithtered hydrophilic material is

functionalized with sodium bicarbonate.

The liquid-free trap of claim 28, 29 or 30, wher#he rigid sintered hydrophilic
material is functionalized with from about 1 motailliequivalents to about 10 molar

milliequivalents of the alkali metal carbonate ardobonate.

The liquid-free trap of any one of claims 28-31 endin the acidic airborne molecular
contaminant is sulfur dioxide, hydrogen fluorideagetic acid, or a combination of

the foregoing.

A method for trapping trace levels of an acidibasic airborne molecular
contaminant in a gas stream, comprising:

passing a gas stream into the inlet through the flath and out of the outlet
of the liquid-free trap of any one of claims 1-32dlow rate and for a period of time
sufficient to trap a detectable quantity of thedacor basic airborne molecular
contaminant with the rigid sintered hydrophilic eal.

A method for detecting or measuring trace levelaroacidic or basic airborne
molecular contaminant in a gas stream, comprising:

passing a gas stream into the inlet through the flath and out of the outlet
of the liquid-free trap of any one of claims 1-32dlow rate and for a period of time
sufficient to trap a detectable quantity of thedacor basic airborne molecular
contaminant with the rigid sintered hydrophilic eal;

desorbing the trapped acidic or basic airborne outde contaminant from the
rigid sintered hydrophilic material, thereby prawvigla sample; and

analyzing the sample for trace levels of the aaidibasic airborne molecular
contaminant, thereby detecting or measuring traeel$ of an acidic or basic airborne

molecular contaminant in the gas stream.

The method of claim 33 or 34, wherein the periotim€ is from about 2 to about 8

hours.

The method of claim 35, wherein the period of tisirom about 4 hours to about 6

hours.
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The method of any one of claims 33-36, whereirfithe rate is less than about 10

liters per minute.
The method of claim 37, wherein the flow rate ssléhan about 5 liters per minute.

The method of any one of claims 34-38, whereinyaiad) the sample comprises

analyzing the sample using ion chromatography.

The method of any one of claims 33-39, whereinbic airborne molecular

contaminant is ammonia.

The method of any one of claims 33-39, whereirattidic airborne molecular
contaminant is sulfur dioxide, hydrogen fluorideagetic acid, or a combination of

the foregoing.

The method of any one of claims 34-41, wherein d#sg the trapped acidic or basic
airborne molecular contaminant from the rigid siatehydrophilic material
comprises extracting the trapped acidic or basimane molecular contaminant from

the rigid sintered hydrophilic material using avewit.

The method of claim 42, wherein extracting the pipacidic or basic airborne
molecular contaminant using a solvent compriseasdinically treating a mixture of

the rigid sintered hydrophilic material and theveoit.

The method of any one of claims 33-43, wherein@mptis used to draw the gas

stream into the inlet through the flow path andafuhe outlet of the liquid-free trap.

The method of any one of claims 33-44, whereingd® stream is humidified prior to

passing into the inlet of the liquid-free trap.

A system, comprising a liquid-free trap of any afelaims 1-32; and a pump or a

gas humidifier, or a combination of the foregoing.

A housing for a liquid-free trap for trace levefsam acidic or basic airborne
molecular contaminant in a gas, comprising:
a hollow, substantially cylindrical upstream comennhaving a longitudinal

axis comprising an inner surface, an outer surfacenlet and an upstream surface,
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the inner surface having a tapered portion tapeyintgrardly from the inlet to the
upstream surface and terminating at the upstreafacsy

a hollow, substantially cylindrical downstream campnt comprising an
outlet and a downstream surface; and

a locking nut to secure the upstream componeaaownstream component
without causing the upstream and downstream conmgsne rotate with respect to
one another,

liquid-free trap the upstream surface and the dtvwam surface together
creating a space that is sealed from the enviroharahsituated in a flow path

between the inlet and the outlet.

The housing of claim 47, wherein the upstream carepg the downstream
component and the locking nut are polyether ete&orie (PEEK).

The housing of claim 47 or 48, wherein the upstreamponent or the downstream
component further comprises a grip to facilitatelisg and unsealing of the locking

nut.

The housing of claim 47, 48 or 49, wherein the nigash component or the
downstream component further comprises threadsi@xtrior surface thereof and
the locking nut comprises threads on an interioiase thereof that mate with the

threads of the upstream component or the downsteeamponent.

The housing of any one of claims 47-50, further posing a spring ring for
preventing the locking nut from disengaging frora thpstream component or the

downstream component.

The housing of any one of claims 47-51, whereinujpgtream component further
comprises a stop for preventing the locking nuifrdisengaging from the upstream
component and to secure the upstream componem ilo¢king nut upon assembly

of the housing.

The housing of any one of claims 47-52, whereintépered portion tapers outwardly
at an angle of from about 5° to about 45 ° fromlgdmgitudinal axis of the upstream

component.
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A liquid-free trap for trace levels of an acidicliasic airborne molecular contaminant
in a gas, comprising:

a housing of any one of claims 47-52; and

a rigid sintered hydrophilic material situated e flow path in the space
created by the upstream component and the downsttemponent between the inlet
and the outlet and sealed in the housing.



