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GAS STORAGE AND DISPENSING SYSTEM WITH MONOLITHIC
CARBON ADSORBENT

FIELD OF THE INVENTION ) _
{0001] The present invemtion reletes generally to gas storage and dispensing systems, and
partioulasly fo systems of such type utilizing a monolithio carbon sorbent 83 a gas storage medium.

DESCRIPTION OF THE RELATED ARY
. [0602} The physical adserbent-based gas storage and dispensing system disclosed o Tom ef 2l

U.S. Patent 5,518,528 has revolutionized the transportation, supply and use of bazardous gasges in
the semiconductor mdustty The system includes a vesssl holding a physical adsorbent medium
such as molectler sieve or activated carbon, having sorplive affinity for the gas that is to be stored in
and selectively dispensed from the vessel, The gas is held in the vessel in an adsorbed state on the
sorbent medium at redneed pressurs relative to a contesponding empty (of sorbent) vessel holding an
equivalent amount of gas in the “free” (unadsorbed) sfats,

f0003] By such reduced ‘pressure storage, the safety of the gas storage and dispensing operation is
substantially improved, since any leakape will result in a very low rate of egress of gas into the
ambient environment, relative to a conventional high pressure gas storage cylinder.  Further, the
low pressure operation, of the adsorbent-based systemn is associated with a lower likelihood of such
gas leakage events, since the reduced pressure reduces the stress and wear on system components
such as valves, flow controllers, couplings, joints, eto.

{0004) In such adsorbent-bassd gas storage and dispensing systems, the working capacity of the
physical adsorbent medium is an operating constraint, The wotking capacity is the aiount of gas
that can be stored (“loaded”™) on the sorbent medinm and desorptively removed from such sorbent
medium for use. The working capacity is a fonction of the storage pressure of the gas in the sorbent
medium-containing gas storage vessel, and the dispeasing condition of the desorbed gas (e.g.
dispensing pressme of the desorbed gas, when pressure differential is used to effect degorption, end
temperature levels of respective storage and dispensing conditions, when therms! desorption of gas
is used as the dispensing modality}, and the type and character of the sorbent medium itself (o.g.,
involving such parameters es sotbent media size, shape, porosity, pore size distribution, and
torfuosity of interior pore passages).
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{0005] The uxt is continvally seeking improvement in working capacity of the physical adsorbent-
based gas storege and dispensing system,

SUMMARY OF THE INVENTION

_ [0008] The presont invention relates to physical adsorbent-based gas storage 2nd dispensing

systems, and io an fmproved working capasity system of such type,

[0007] In one aspect, the presant invention relates to & fluid storage and dispensing epparatus,
comprising a flaid storape and dispensing vessel having an interior volume, wherein the interior
volume contains a physical adsorbent sarptively retaining a finid therson and from which the fluid is
desorbzble for dispensing fiom the vessel, and a dispensing assembly coupled to the vessel for
dispensing desorbed fluid fiom the vessel, wherein the physleal adsorbent comprises a monokithic
carbon physioal adsorbent that is chamactetized by af least one of the following characteristios:

{2) a fill density measured for arsine gas at 25°C and pressure of 650 forr that is geeater fhan
AD0 grams arsine per liter of adsorbent; '

(b) at least 30% of overall porosity of said adsorbent comptising slit-sheped pores having a size
in a renge of from about 0.3 to about (.72 nenometer, and at least 20% of the overall
porosity comprising micropores of diameter <2 nanometers; and '

{c) having been: formed by pyrolysis and optional activation, at lemperature(s) below 1000°C,
and having a bulk density of from about 0.80 to about 2.0 grams per cubic centimeter.

{6008} Another aspect of the invention relates to a method of forming a monolithic adsorbent for
use in a gas storage and dispensing system, said method comprising: molding a pyrolyzeble material
into a monolithic shape; and pyrolyzing the pyrolyzable material under pyrolysis conditions

producing a monolithic adsorbent that is characterized by at least one of the following
charasteristics:

(2) s fill density measured for arsie gas at 25°C and pressure of 650 torr that Iz greater than
400 grams arsine per liter of adsorbent;

(D) at least 30% of overall porosity of said adsorbent comprising elit-shaped pores having & size
in a range of from about (.3 to about 0,72 naometer, and at least 20% of the ovemll
porosity comprising micropores of diatmneter < 2 nanometers; end
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(s} = bulk density of from about 0.50 to about 2.0 grems per cubic centimeter, wherein the
aforementioned pyrolysis conditions comprise temperature below 1000°C,

10009] A further aspect of the invention relates to & mothod of storing and dispensing a ges,

comprising: febricating 2 gas storage and dispensing vessel; disposing a physicel adsorbent in the

5  vessel having sorptive affinity for said gas; charging suid ges to said vessel for adsorption on the

physical adsorbent; sealing the vessel with a valve kead containing an actuatable valve, to enclose

the physical adsothent and adsorbed gas, and isolate same from an exterior environment of the

vessel; desorbing the edsorbed pas from the physical adsorbent, and actuating the actisatable valve in

the valve head, to flow gas from fhe vessel and through the aci‘;uatable valve, for gas dispensing;

10  wherein the physical adsorbent is characterized by at least one of the following characteristios:

Lr-} () 2 fill density meacused for arsine gas at 25°C and pressure of 650 torr that is greater than

’ 400 grams arsine per lifer of adsorbent;

(b) at least 30% of overall porosity of said adsorbent comprising slit-shaped pores having a size
in a2 range of from about 0.3 to about .72 nanometer, and at least 20% of the overall
13 porosity comprising micropores of diameter <2 nanometers; and

(c) a bulk density of from about 0.80 to ebout 2.0 grams per cubic centimeter, wherein said
pyrolysis conditions comprise femperatire below 1000°C,

[0010] Other aspects, featwres and embodiments of the present invention will be more fully
epparent from the ensning disclosere and appended claims,

20 BRIEF DESCRIPTION OF THE DRAWINGS
f0011] Figure 1 is a graph of weight in grams of phosphine (PHs) adsorbed per liter of carbon, a5 2
function of pressure level, In torr, for 2 Kureha 578-66-6 bead activated carbon {data points marked
by solid diamond markers), a Tokachiho ABF 1403 particulate activated carbon (data points
marked by solid square markers), and carbon formed from polyvinylidene chloride polymer (Sa;:a.u
25 A, Dow Chemical Co.)(daia points marked by open triangutar markers).

L—

{0012} Figie 2 is a graph of volume, in cubic centimeters, of arsine (AsH,) adsorbed per Hter of
carbon, as 8 function of pressure level, in torr, for o Kureha §78-66-6 bead activated carbon (date
points marked by salid diamond markers) and ¢arbon formed from polyvinylidene chloride polymer
{Sarar A, Dow Chemical Co,)(data points marked by open friangular markers),
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[0013] Figure 3 is a schematic rcpresentanon of a storage and delivery system utlhzmg a
monolithic sorbent, according to one embodiment of the invention.

[0014] Figure 4 is a perspective view of a rectangular parallelepiped fluid storage and dispensing

vessel utilizing a monolithic sorbent, according to another embodiment of the present invention.

. [6015] Figure 5 is a graph of adsorbed weight, in grams, of boron trifluoride (BF;) adsorbed per

liter of carbon, as a function of pressure level, in torr, for a Kurcha 578-66-6 bead activated catbon
(data points marked by solid diamond markers) and carbon formed from polyvinylidene chloride
polymer (Saran A, Dow Chemical Co.)(data points marked by solid square markers).

DETATLED DESCRIPTION OF THE INVENTION, AND PREFERRED EMBODIMENTS
THEREOFE
[0016] The present invention is based on the discovery that a physical adsorbent-based fluid storage
and dispensing apparatus may be fabricated utilizing a fluid storage and dispensing vessel having a
monolithic earbon adsorbent material therein, with surprsing and unexpected advantages as regards
the natwre and extent of sorption and desorption of gas on the adsorbent, the packing density
achievable for the physical sorbent medium in the vessel, and the utility of the fluid storage and

dispensing apparatus comprising such vessel for semiconductor manufacturing operations.

{0017] The present invention thus achieves a substantial advance in the art over adsorbent-based
gas storage and dispensing systems of the type described in Tom et al. U.S. Patent No. 5,518,528
which heretofore have used physical sorbent media in a finely divided form, such as a so-called bead
activated carbon, In accordance with the present invention, the gas storage and dispensing system
can be significantly improved in working capacity when the activated carbon is provided, not in a

bead or particulate form, but rather in a monolithic form of specific character.

[0018] The level of improvement achievable by the use of a monolithic form of activated carbon,
relative to the finely divided forms used in the prior art, is highly unexpected, and is even more

surprisingly improved when the gas storage and dispensing vessel is of a shape conforming to the
adsorbent monolith.

{0019] For example, when the vesse! is of a preferred cube or other rectangular paratlelepiped
shape, consistent with the disclosure of co-filed U.S. Patent Application No. 10/314,777 filed
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December 9, 2002 in the names of Dennis Brestovansky, Michasl J. Wodjenski, Yose L Amo and
1.D. Carruthers, for “Rectangular Parallelepiped Fluid Storage and Dispensing System,” the use of a
conformably shaped monolith can increase the working capacity of the physical adsorbent-based gas
storage and dispensing system by at least 85% relative to a prior art system using a gas storage
cylinder of the s;ame “footprint” and vessel interior volume, filled with bead activated carbon.

[0020] By way of background to explanation of the unanticipated advantages of the preferred
packaging of the monolithic physical adsorbent of the invention in a rectangular parallelepiped
conformation vessel in the physical adsorbent-based fluid storage and dispensing apparatus, it would
on initial consideration appear to be highly disadvantageous to employ a rectangular parallelepiped
conformation for a physical-adsorbent-based fiuid storage and dispensing system, since: (i) a
rectangular parallelepiped vessel has six faces, and twelve weld-lines required for fabrication if each
face of the vessel is a separate piece (by contrast, a cylindrical vessel may be fonmed without seams
from tubular rolled steel stock); (ii) consistent with (i), the fabrication cost of a rectangular
conformation vessel would be expected to be substantially higher than for a comresponding
cylindrical vessel; (iii) a rectangular parallelepiped conformation involves “sharp” comers at the
juncture of adjacent perpendicularly oriented walls that offer the potential of forming voids at the
line of juncture, wherein the sorbent bed would not “pack™ against the comer, relative to a
corresponding cylindrical geometry vessel (which is free of such corners, and instead is a minimum
cross-sectional area shape circumseribing the bed of physical sorbent material in the interior volurae
of the vessel); and (iv) the intersection of two perpendicular walls with one another produces a joint

that is susceptible to rupture by pressure or force directed thereon, relative to a “seamless”
cylindrical vessel.

- [0021] It has been determined, however, that the rectangular parallelepiped conformation results in

a vessel which does have less tightly packed sorbent bed regions adjacent the seams at the
intersection of adjacent walls, but that rather than being a disadvantage, such lower density sorbent
bed regions are in fact advantageous as higher gas flow conductance pathways for interstitial

desorbed or unadsorbed gas to flow out of the bulk volume of the sorbent bed.

[0022] Further, precisely because the cylindrical vessel is a minimum cross-sectional area
conformation, with a minimum. circumferential extent of circumscribing wall area, the amount of
sorbent that is “presented” to the wall in the cylindrical vessel is maximized. Considering the
converse, the peripheral extent of the wall that bounds (is adjacent to) the sorbent bed in cross-
section is much greater in the rectangular parallelepiped conformation than in the cylindrical vessel.

The rectangular parallelepiped conformation thereby'-énabies higher volume egress of gas from the
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vessel than from a comrespondingly sized cylindrical vessel, becsuse the wall surfuce bounding the

sorbent bed is non-adsotbing in character, and there is pmportiona!ly more of it in the rectangular

conformation vessel; at the outer margins of the sorbent bed, ihan there is in the eylindrical vessel.”

Ag aresult, the desorbed gas at the wall regions is less readsorbed subsequent fo its initfal desorptive
5  release from the sorbent medium than, desorbed gas in fhe interior poriions of the sorbent bed.

10023] Por these reasons, the rectangular paralielepiped vessel conformation has partionler wtility
for holding the monelithic fonm of the physical adsorbent of the present invention.

{0624] As used herefn, “monolithic” means that the sorbent medium is in a unitary or black-like
form, e.g., in the form of blocks, bricks, discs, boules, efc,, in contradistinetion to conventional
, 10 finely divided forms snch as beads, particles, granules, pellets, and the like, which are generally
EJ{") ‘ utilized in the form of & bed comprising a multiplicity of snch beads, particles, granules, pellets, eto.
‘Thus, in the bed form of muliiple finely divided physical adsarbent elements, the void volume of the
active sorbent is in major part interstitial, or inter-particle, in character, verying according to the
diratosions, shape and packing density of the sotbent particles. By contrast, in & monolithie form,
15 the void volune of the active sorbent is in form of porosity intkinsic to the sorbent material and
voids that may have been formed in the bulk sorbent body during its processing,
!
[0025] The present invention in one aspect relates to a fuid storage and dispensing apparatus,
comprising a fluid storage and dispensing vessef having an interior volume, wherein the interior
volume contains a physical adsorbent sorptively retaining a fluid thereon and from which the fluid is
20 desorbable for dispensing from the vessel, and a dispensing assetbly coupled to the vessel for
dispensing desorbed fluid from the vessel, wherein the physical adsorbent comprises a monolithic
catbon physical adsorbent that is characterized by at least one of the following characteristios:

(;a) a fill density measured for arsine pas at 25°C and pressure of 650 torr that is greater than
400 grams arsine per lter of adsorbent;

e

25 (b) at least 30% of overall porosify of said adsorbent comprising slit-chaped pores having a size
in a rauge of from about 0.3 to about (.72 nanometer, and at least 20% of the overall
porosity comprising mictopores of diameter < 2 nanometers; and

{2) having been formed by pyrolysis and optional sctivation, at temperature(s) below 1000°C,
having a bulk density of from about 0.80 to about 2.0 grams per cubic centimeter,
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{0626} The monolithic adsorbent can be in the form of a single monolithic adsorbent article, or a
multiplicity of monolithic adsorbent articles, The adsorbent can be suitsbly shaped to conform to
e = fhe interlor volume of fhe vessel i which it is disposed, and preferably occuples at least 60% of the
interior volume of the vessel, e.g., from 75 o 95% of such interior volume. While the fuvention is
§  discussed more filly hersinafier in respect of containment of the monolithic adsorbent in the
preferred rectangular parallelepiped shaped vessel, it will bs appreciated that the fnvention is not
thus limited, and that other vessel shapes and conformations can be wiilized, a.g., oylindrical-sheped
vessels, barrel-shaped vessels, frustoconical-shuped vessels, eto.

[0627] The monolithic adsorbent can be formed ag the pyrolysiz product of an organic resin, and
10  more generally can be formed from any suilable pyrolyzable mierial, guch as for example
polyvinylidens chloride, pheaol-formaldshyde resing, polyfurfiury] aleohol, coconut ghells, peanut
1‘»»"5’ - ghells, peach pits, olive stones, polyacrylonitrile, mnd polyacrylamide, The adsorbent can be formed
e in the fluid storage and dispensing vessel in which the fluid will be stored for subssquent dispensing,
i.e., & sity, or the adsorbent can be formed and then introduced into the fluid storage and dispensing
15 vessel. In one embodiment, the adsorbent has at least 20% of its porosity in pores with a dismeter of

less than 2 nanometers.

PETy

J0028] The adsorbent can be provided in the fnid storage and dispensing vessel as a mmltiplicity of
monolithic adsorbent articles that aggregately constitite fhe adsorbent mass. In such multiple
monolithic article arrangement, each of the multiplicity of discrete monolithic adeorbent articles can
20 have 2 length that is between 0.3 and 1.0 times the height of the interior volume of the vessel, end n
cross-sectional area that is between 0.1 and 0.5 times the reciangular cross-sectional area of the
vessel. Bach of the multiploity of discrete monolithio arficles can have a rectangular paratislepiped
shape or alternatively a cylindrical or other suitable shape, In the imterior volume of the fluid
storage and dispensing vessel, the discrete monoliflic articles can be laferally and/or longitudinally
25  sbutted in surface contact with adjacent monolithic members. In one embodiment, each of the
multiplicity of discrete monalithic articles has a length fo cross-sectional dimension ratio, L/D, that
is from about 2 to about 20, e.g., in a range of from abont 4 to about 15, where L is the length or
major axis dimension of the monofithic carbon scrbent article, and D is the transverse or minor axis
dimension. In avother embodiment, the monolithic adsorbent article can have & disc shaps, with a
30 height to diameter ratio, H/D, that is from sbout 0,10 to about 0.80.

-

[0029) The fluid in the fluid storege and dispensing vessel that is sorptively retained on the
adsorbent, and desorbed under suitable desorbing conditions for dispensing of fluid, can be fluid of
sny suitsble type, e.g., fluid heving utility in semiconductor manufacturing, such as hydrides,
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holides and organometallic gaseous reagenis, e.g, silme, germane, arsine, phosphine, phosgens,
diborans, germane, ammonia, stibine, hydrogen sulfide, hydrogen selenide, hydsogen telluride,
nitrous - oxide, hydrogen cyanide, efbylens oxide, devteraied hydrides, hatide (chlorine, bromine,
finorine, and jodine) compounds, and organometsiiic compounds,

[0030] The fiuid in the vessel can be stored at any suitable atmospherie, sub-atmospheric or super-
atmosphetic pressure, e.g, pressure below 2500 tom, such 8 in 2 range of from about 20 torr o
ghout 1200, or pressure in & range of from about 20 forr to about 730 torx for subatmosphetic
prossure supply of gases for jon implantation or other subatmospheric pressure application,

f0831] The vessel holding the adsorbent having fluid adsorbed thereon can be formed of any
suitable vessel material(s) of construction, such as metals (e.g., steel, stainless steél, aluminum,
copper, brass, bronze, and alloys thereof), glassss, ceramios, vitteous materials, polymers, and
composite materjals,

[0032] The vessel can bs of any suitable shape and size, as appropriste to the specific fluid storage
and dispensing application. The vessel can, for example, be of a rectangular pavallelepiped shape,
being of elongate vertivally upstanding form, with a square cross-section, or the vessel oan be
cylindiical with é. cirenlar cross-scgtion, or in any other appropriste shape, size and form.

[¢033} In one embodiment, the invention utilizes o physical adsorbent of monolithic form in &
rectangular parallelepiped vessel defining a elosed interior velume and having a port to which is
coupled a gas dispensing assembly, for selective discharge of gas from the vessel, The sorbent
medium, in the monolithic form of the present invention provides sufficient capacity for sorptive
retention of the sorbate gas in the desired quantily, pood desorpiive release of gas under desomption
conditions, and good working capacity with gaed heels bebavior (i.e., high extent of desorption of
initially adsorbed pas), and has an appropriate sorptive affinity for the gas of interest so that low gas
pressure is maintained in the interior volume of the vegsel during storegs of gas therein,

{0034 The physical adsorbent in accordance with the present invention can be of eny suitdble .
monolithic form, e.g., in the form of blocks, bricks, boules or similar forms of the adsorbent material
that are of a size commensurate with the fluid storsge and dispensing vessel, so that vessel contains
one or & small number, e.g, less than 75, more preferably less than 20, of the discrete monolithic
articles. In a further preferred aspect, the vessel contains no more than 8 such disorete monolithic
articles, even more preferably no more than four such articles, and most preferably the vessel
containg & single monolithic physical adsorbent article, '
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{0035] The monolithic articlefs) deployed in the floid storage and dispensing vessel provide{s) an
apgrepats sorbent masg that Is preferably canformed in size and shape to the interior volume of the

_ fluid storage and dispensing vessel, so that the sorbent mass of the monolithic article(s) occuples at
Iesst 60% of the interior volums of the vassel, preferably in a range of from about 75% to about 95%
of the interior volume of such vessel.

{6036] If provided as a single monolithic sorbent article, the sorbent medium may for such purpose

be formed i sity i the vessel, s.g., by pyrolysis of an organic resin that is in liquid or otherwiss

flowsble forta, with which the vessel is filled to a desired extent prior fo pyrolysis of same in the
" yessel,

{1037] Halternatively provided m the form of mnitiple monokithic arficles, each of such axticles can
be provided with a length that is botween 0.3 and 1,0 times the height of the interior volume of the
vessel, and a cross-sectional area that is between (.1 and 0.5 times the rectangular cross-sectional
area of the vessel, Bach monolithic member can have @ rectanpular parallelepiped shape for
maximizing the volumetric usage of the interior volume of fhe vessel when the vessel is of
rectangular parallelepiped shape, wherein each of the monolithic members may be laterally and/or
longitndinally sbutted in surface contact with adjacent monoHihic members in the inferior volume of

the vessel, Alternatively, in soms instances, it may be desirable for the sorbenf monolithic members

to be in the form of solid eylindets, with the respective oylindrical memibers being Joaded into the
interior volume 50 as to tangently abuf one ancther along their facing side surface, and to at least
partially abui one another in face-fo-face contaot at their circular cross-section end surfaces. In fluid
storage and dispensing vessels of shapes other than cubic or other rectanguler parallelepiped shapes,
the monolithic sorbent article(s) may be comespondingly formed to conform to the shepe of the
interior volume of fhe vessel. For example, the flnid storage and dispensing vesse! can be of
cylindrical shape, with monolithic adsorbent articles therein comprising a vertical stack of disc-
shaped bodies of adsorbent, each having diameter conforming it at its periphery fo the shaps of the
veseel, in close proximity to the facing inner wall surface of the vessel,

[0038] The level of improvement sitendant the use of a monolithic form of activated carbon over
finely divided particulate forms of the prior art is unexpected becanse physical adserbent materials

ate generally clagsified in terms of their surface area available for sorptively relaining the working

gas (adsorbate), and hence pariienlate forms with their high surface to volume ratio have been
considered inherently superior to bulk forms such as blocks and bricks (ie., monolithic forms)
having a lower apparent surface-to-volume ratio. Thus, one would expect intuitively that monolithic

forms of adsorbent would be low efficiency forms, having s reduced sorptive capacity and working



WO 2004/052507 PCT/US2003/038437

" capacity.

- [0039] It has been-digcovered, however, that a carbon monolith may be formed having a similar

micropore volume o5 corresponding bead cerbon, but with a substantially higher density, e.g., a

density in a ranpe of fiom sbout 25% to about 80% higher then the compacted density of the

5  corresponding bend carbon, and that such high density monolith when used in a physical adsorbent-

z . based gas storage and dispensing system provides a striking improvement in mass of gas adsorbed
per unit volume of the sorbent in corparison to 8 bed of bead catbos.

[0040} Carbon monoliths vseful in the bread practice of the present itvention include gross brick,

block and ingot forms, as bulk forms, prefersbly having three-dimensional (x, y, %) character
10 wherein each of such dimensions is greater than 1,5, and preferably greater than 2 centimaters. For

exanmple, the carben monolith way be int the form of & monolith briquette, as made from a polymeric

char such as polyvinylidene chloride (PVDC) or other suitable polymer, having a high bulk density

{measured with voids), ¢.g., on the order of from about 0.80 to about 2.0 grams per cubio centimeter,

with high working capacity Chigh micraporosity aud low heel) and pore tortuosity that is mlfﬁcienttyr
15  low to ensurs ready and rapid rete adsorption and descrption,

P

/!-’-A ‘
L

[004}] In one embodiment, the monolithic carbon sotbent of the invention inoludes a doping agent

on the active carbon to minimize decomposition of the sorbate fluid duting extended storage.

Hustrative of doping agenis that can be usefully employed in the broad practice of the invention are

boric acid (H;BCh), sodium tetraborate (N2,B,0;), sodium silicate (N2,8i0,) and disodium
. 20 hydrogen phosphate (Na,HTOQ,).

{0042] The monolithic carbon adsorbent asticles in another aspect can have a leagth to cross-
sectional dimension zatio, L/D, that is from about 2 to sbout 20, and more preferably from about 4 to
about 15, where L is the length or major axis dimension of the monelithic carbon sorbent attiple, and

e

D is the transverse or minor axis dimension, In a specific embodiment, the monolithic catbon
25  adsorbent is provided in the form of 1" x 1™ square cross-section PVDC char monolith briquettes,

appmx-imately 6" in height. :

[0843] A prefarred monolithic cathon adsorbent comprises pyrolysis products of Saran A, Satan

MC-108 or Saran XPR-1367-D-01452-050 PVDC homopolymers or ocopolymers, as

uliramicroporous catbons having a high proportion of slit-shaped pores of small dimengion, 6., ina
30  range of from about .3 to sbout 0.75 nanometers,

10
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{0044} When fhe monolithic carbon sorbent has pores with a diamster of less than about 2
nanomgters, the monolithie carbon sorbent is able to adsorh gases, o.g., boron friflvoride, above their

Preferred monolithic carbon sorbent masasials for such purpose have a high proportion of pores, e.g.,

5 atleast 50% of porosity, in the smalf micropore, €.g., uliramicropore, size range, This sffect may be

sean by reference to Fignre 5, which is a graph of weight o prams of boron triffucride (BRy)

: adsorbed per liter of carbon, a5 a fimction of pressure level, in lorr, for (i) 2 Kaweha bead activated

' carbon {dafa points marked by solid diawond markers) and (i) carbon formed from polyvinylidene
chloride polymer {S8aran A, Dow Chemical Co.){data points marked by solid square markers),

19 [0045] Although micropore volume is an imporbant criterion for selecting carbon for use fa the
monolithic carbon adsorbent systems of the invention, end micropors volume is déeirably
Q maximized, gages stored in & fixed volume vessel are appropriately compared on a volume per liter
Yo of adsorbent hasis, The adsorbent packing denstty in such instance becomes extremely fmpottant.
To this end, the monolifhiic carbon eliminates void volume in the fluid storage and dispensing vessel

15 inwhich it is employed.

e

[0046) Void volume in the fuid storage and dispensing vessel in accordance with the present
) invention, in a preferred embodiment, does not exceed about 40% of the total interior volume of the
vessel, and more preferably is as low as possible. The packing density of the monolithic carbon
sorbent is desirably as high as possible, with maximum micropore volume on a volume per volume
20 of adsorbent basis, and a high praportion of pore volume being in ultrarnicropores. The
conformation of the micropores is also important, with the poses being desirsbiy slit-shaped to
provide high adsomption levels, but not s small so that the slit conformation interferes with ready

gas release under desorption conditions, e.g., desorption at pressure lsvels on the order of 40 torr.

[0047] During activation of catbon to form activated carbon, the pores are widened at elevated

25  temperature in the preseace of 2 non-oxidizing gag such as nitrogen, followed by exposure fo a0
oxidizing gas such as oxygen or steam for a short duration, and then cooling in a non-oxidizing
atmosphere. In such activation, the level of bum-off of the material is carefidly controlled, since a
high level of bum-off causes wideéning of the pores, with an increase in micropore volume and
concormitent rednction of particle density.

——

30  [0048] The monolithic carbon adsotbent of the inventlon can be suitably formed in any suitable
manner, In one eobodiment, the monolithic carbon is formed from a polymeric material such as the
polyvinylidene chloride polymer commercially svailable from The Dow Chemical Company

1
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(Midland, MI) a5 Saran A or Saran MC-105 polymer, as pressure molded af snitable pressure, ez, a
pressure in a range of from shout 10 kilopounds per equare inch to abont 20 lilopounds per squate

906°C, e.g., on the oxder of about 700°C, This process produces a carboni sorbent material having a
greally increaged fili depeity {viz., the weight of gas adsorbed, e.g., in geams, per kiter of cathon), as
shown in the graphs of Figures 1 and 2.

[0649] The monclithic carbon adsorbent of the invention represents a significant deputture from the
practice of the prior art, which hag uiilized foely divided particles, such as beud activated cartbon
having a particle diameter of 0.1-1.0 ceatimeter and more typically a partiole dismeter of 0.25-2.0
mitlimeters, ar which, in the cass of bulk microporons carbon materials (see Wojtowloz et al. U.S,
Patent Application Poblication US2002/0020292 Al published February 21, 2002}, has utilized high
temperature, e.g., > 1000°C end preferably > 1100°C, to induce high graphitization fevels, in
combination with activation involving repetitive chemisorption/desotption steps pexformed as many
as 76 times (ses Quing, et al. U.S, Patent 5,071,820 fo achieve suitable micropore volume, surface
area and mioropore volume per nnit volume of carbon sdsorbent, a time-comsuming and costly
approack to obtaining a suitable sorbent material for high-pressure gas storage applications
{Wojtowioz et al. U.8. Patent Application Publication US2002/0020292 Al disoloses that optimal
storage capacily for the sorbate gas requires that the gas “be introduced into the storage vessel ata
pressure in the range of from about 500 psi to about 3500 psi” page 2, paragraph [0013], last
sentence),

[0650] In contrast to these prior axi approaches, the monolithic carbon sorbent of the present
invention is formed from a suituble polymeric material, e.g, 2 polymer selected from among
polyvinylidene ehloride, phenol-formaldehyde resing, polyfirfuryl alcchol, coconut shells, pearmt
skells, peach pits, olive stones, polyaerylonitrile, polyacrylamids, ete., that is pressure-moldable,
e.g., at 2a moldiog pressure up to about 20,000 psi or higher, to yield s pressure-molded “green tesin®
bady that is pyrolyzabie at temperatute below 1000°C, preferably not exceeding about 900°C, e.g.,
in a range of from about 500°C to about 900°C, and more preferably in a range of from about 600°C
to about 900°C, to yield 2 monolithic carbon material having a fill density of suitably high value for
the intended pas storage and dispensing applicetion. Monclithic catbon sorbents wseful in the
practice of the present invention include those having a fill density measured for argine gas at 25°C
and a pressurs of 650 torr that is in excess of 400 gramos arsine per liter of carbon adsorbent, and
preferably greater than 450 grams arsine per liter of catbon adsorbent,

{0051} 'The pyrolysis product may be employed as a monolithic sorbent body in accordance with
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the present invention, as is, but such pyrolysis product i:rafmbly 18 activated in 2 maener producing
a monolithic carbon sorbent product with ultramicroporesity having & high proportion, e.g., at least
30% of porosity,.and preferably at least 60%%-of porosity, of slit-shaped pores having a size in
rangs of from about 0,3 to about 0,72 nanometer and 8 significant porosity, e.g., at least 20%, aud
preferably at least 30%, of the overall povosity comprismg micropores, with diameter < 2
panometers, The aciivation process can include any suitsble processing steps for enhancing the
sorptive affinity of the material for the sorbats gas of inferest or otherwise improving the
characteristics of the sorbent medium for adsorption/desorption duty. For example, the activation
process ean inclnde heating in a non-oxidizing atmosphere, .8, of nitrogen, argos, hefinm or other
non-oxidizing gas, followed by switching of the atmosphere to an oxidizing atmosphere, such as
carbon dioxide or steam for a brlef duration, before switching to & non-oxidizing atmosphers and
cooling to ambient tempermtute {e.g., room temperatore), ‘The specifics of the sctivation process,
e.g., the temperature levels and duration of the successive steps can be readily determined within the
skill of the art without undue experimentation, by simple variation of respective process conditions
and analytic determination of the resulting sorbent performance, such as fifl density, porositoetry
characterization, ete, -

[0052] Figure 1is a graph of weight in grams of phosphine (FH,) adsorbed per liter of carbon, a5 &
function of pressure level, in torr, for a Kurcha 578-66-6 bead activated cathon {dats points marked
by solid diamond markers), a Takachtho ABF 14-03 particaiate activated carbon (Takachiho
Kabushiku Kogyo, Ltd., Tokyo, Tapan)(dats points marked by sclid squate markers), and monolithic
catbon formed from polyvinylidesne chloride polymer (Saran A, Dow Chemical Co{(data points
marked by open triangular markers).

[0053] The data in Figure 1 show that the monolithic carbon formed from PVDC polymer has a
substantially higher weight of adsorbed phosphine per liter of carbon than either of the bead
activated carbon adsorbent or the Takachiho particulate activated carbon adsorbent, being generally
more than twics the sotptive loading of phosphine over the pressure tange of from 0 torr to 750 torr,

[0054] Figuee 2 is & praph of volume, in cubic centimeters, of arsine (AsH;) adsorbed per liter of
caibon, 5 & function of pressure level, in forr, for 2 Knreha 578-66-6 bead activated carbon (data
points rarked by solid diamond markers) and carbon formed from polyvinylidens chioride polymer
{Saran A, Dow Chemical Co.)(data points marked by open irizngular markers).

[0055] Figure 2 evidences the superiority of the monolithic carbon adscrbent over bead activated
carbon for arsine loading, The volumetric loading of arsine, in cuble centimeters, per liter of catbon
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i 50-100%+ higher for the monolithic carhon adsorbent over the pressure range of O torr to 770 torx.

. ..{0058] - Set out below. in Table 1 are fill density values of arsine on fie thres types of adsosbent

taterials discussed above in connection with Figure 1, including Kureha 578-66-6 bead activated
carbon, Tekachiho ABF 14-03 particulate activated cerbon, snd PVDC cher monolithic adsorbent,
Each of the materials was evalvated for two sacoples at an arsine pressurs of 650 torr. Fill density
was determined on a weight basis, as prams of adsorbed arsing per gram of adsorbent, as wellason
a volumetrie basis, as grams of adsorbed arsine per liter of adsotbent.

[0057] Table 1. Arsine Capacity on Non-Monolithic Astivated Carbon and Monolithic Carbon

Adsorbent Fitl Density at 650 Tovr Pressure Till Density at 650 Torr Pressure
(grams arsine/gram of | (prams arsinefliter of adsorbent)
adsorbenf)

Kureha 578-66-6 {sample T) .51 361
Kureha 576-66-6 (sample 2) 0.51 361
Takachiko ABF 14-03 (sample 1) | .55 319
Takachifio ABF 14-03 (sample 2) | 0.55 - 319
PVDC chiar (sample 1) 643 486
PVDC char (sample 2} 045 504

{0058) The results in Table | show that while the fill density on a weight basis for the monolithic
carhen adsorbent was approximately 15-20% lower than for the non-monelithic activated carbon
adsorbents, the fill density of the monolithic carbon adsorbent on 2 volurmetric basis was well over
50% higher than the corresponding fill densities of the non-monolithic activated carbon adserbents.

0059} Table 2 below is a corresponding fill density tabulation for fill density values of phosphine
on the three types of adsarbent materials discussed sbove in connection with Figure 1, including
Kureha 578-66-6 bead activated carbon, Takachito ABF 14-03 particulate aclivated carbon, and
PVDC char monelithic adsorbent.
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{0060] Table 2. Phosphine Capacity on Non-Monolithic Activated Carbon and Monolithic Carbon

Adsorbent Fill Density at 650 Torr | Fil Density at 650 Torr

. Pressure (grams | Pressure ' (grams

| phosphine/gram _ of | phosphine/liter of adsorbent)
: adsorbent) .
Kureha 578-66-6 0.165 1974
.| Takachiho ABF 14-03 0.184 107
PVDC char 0.188 212

[0061] The results in Table 2 show that the monolithic carbon adsorbent (PVDC char) had a fill
density on both weight and volumetric basis that were above those of the non-monolithic forms of
activated carbon adsorbent, with the fill density on a volumetric basis being on the order of 100%

higher than the volumetric fill density of ‘phosphine on the non-monolithic forms of activated
carbon.

[0062]The sorbate fluid retained on the monolithic carbon adsorbent in the broad practice of the

_present invention can be of any suitable type, inchuding for example, hydride gases (such as arsine,

phosphine, germane, silane, mono-, di-, and fri-substituted silanes, e.g., alky! silanes of such types),
halide gases (such as boron triftuoride, boron trichloride, halogen-substituted silanes, etc.) and

gaseous organometallic compositions.

[0063] Illustrative sorbate gas species that are usefully storable and dispensable in the practice of
the invention include silane, germane, arsine, phosphine, phosgene, diborane, germane, ammonia,
stibine, hydrogen sulfide, hydrogen selenide, hydrogen telluride, nitrous oxide, hydrogen cyanide,
ethylene oxide, the deuterated hydrides, halide (chlorine, bromine, fluorine, and iodine) compounds,
including such compounds as Fp, SiF4, Cip, CIF3, GeF4, SiF4, boron halides, etc., and
organometallic compounds of metals such as aluminum, barium, strontium, gallinm, indium,

tungsten, antimony, silver, gold, palladium, gadolinium, etc.

[0064] The pressure at which the sorbate gas is stored in the vessel may be any suitable pressure
appropriate to the application for which the gas storage and dispensing system of the invention is
employed. Illustrative pressure levels generally useful in the practice of the invention include

pressures not exceeding about 2500 torr, more preferably not exceeding 2000 torr, e.g., a pressure in
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a range of from about 20 torr to about 1800 torr, or more restrictively from about 20 torr to about
1200 torr. For applications such as ion implantation, the pressure of the gas in the gas storage and
dispensing vessel typically does not exceed about 800 torr, and the stored gas may be at
subatmospheric pressure, e.g., a ﬁr&gsure in a range of from about 20 torr to about 750 torr.

[0065] Figure 3 is a schematic representation of a storage and delivery system according to one
embodiment of the invention. o

[0066] As shown, the storage and dispensiog system 200 comprises a storage and dispensing vessel
204 that is joined at its upper portion to a valve head 206 comprising part of a dispensing assembly

_ including manual actuator 208 for the valve head on the cylinder. The vessel may be formed of any

suitable material of construction, e.g., comprising material such as metals, glasses, ceramics,
vitreous materials, polymers, and composite materials. Ilustrative metals for such purpose include
steel, stainless steel, aluminum, copper, brass, bronze, and alloys thereof, The valve head is joined
by means of coupling 210 to a dispensing conduit 212 having disposed therein a pressure transducer
214, an inert purge unit 216 for purging the dispensing assembly with inert gas, a mass flow
controller 220 for maintaining constant flow rate through the dispensing conduit 212 during the
dispeﬂsing operation, and a filter 222 for removing particulates from the dispensed gas prior to its
discharge from the dispensing assembly.

[0067] The dispensing assembly further comprises a coupling 224, for matably engaging the
dispensing assembly with downstream piping, valving, or other structure associated with the locus
of use of the desorbed fluid, e.g., involving a serniconductor manufacturing facility such as an ion

implantation tool using the dispensed gas as an implant species.

[0068] The fluid storage and dispensing vessel 204 is shown partially broken away to show the

interior monolithic sorbent body 205.

[0069] Figure 4 is a perspective view of a fluid storage and dispensing apparatus employing a
rectangular parallelepiped fluid storage and dispensing vessel 310 according to another and
preferred aspect of the present invention. The rectangular parallelepiped fiuid storage and dispensing
vessel 310 is equipped with a pipe valve connection vaive head 312 and handles 314 welded to the
top face of the vessel. The vessel 310 in a specific embodiment is formed with a welded steel wall
construction, having a square cross-section along the vertical (Jongitudinal) axis of the vessel. The

walls of the vessel are 0,100 inch thick carbon steel, and the interior volume of the vessel is 3.62

- liters. The handles 314 are %4 inch rod stock, formed into the shape shown, and welded at the
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tespective ends to the vessel 310.

{0070} The dispensing valve of the pipe valve connection valve head 312 is threadably engaged
with the vessel 310, by a 1%" pipe thread comnection, The valve head may have any suitable
number of porls, e.g., single port valve heads, dual purt vaive heads, 3-port valve heads, efc.

[0071} The rectanpular parallelepiped finid storage and dispensing vessel 310 containg s monolithic
carbon adsorbent in ifs interior volume, wherefn the monolithle mess may include ong or
alternatively muitiple monolithic carbon budies, each preferably of a reciangular perallelepiped
shape to copform to the shape of the interior volume of the vessel, as previously degetibed.

[0072} It will be appreciated that the compositions and methods of the invention may be practiced
in a widely variant manner, consistent with fhe broad disclosure herein, Accordingly, while the
invention has been descritred hersin with reference to specific features, aspects, and embodiments, it
will be recognized that the invention is not thus Hmifed, but is suscepfible of implementation in
other variations, modifications and embodiments. Ascordingly, the imvention is intended fo be
broadly construed to encompass 21l such other 'variaﬁons, modifications and embodiments, as being
within the scope of the invention hereinafier claimed.
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What is claimed is:

1. A pyrolyzed monolith carbon physical adsorbent that is characterized by at least one of the
following characteristics:

(a) a fill density measured for arsine gas at 25° C. and pressure of 650 torr that is greater than
400 grams arsine per liter of adsorbent;

(b) at least 30% of overall porosity of said adsorbent comprising slit-shaped pores having a
size in a range of from about 0.3 to about 0.72 nanometer, and at least 20% of the overall porosity

comprising micropores of diameter<2 nanometers; and

(c) a bulk density of from 0.9 to 2.0 grams per cubic centimeter.

2 The adsorbent of claim 1, wherein the adsorbent is characterized by characteristic (a).

3. The adsorbent of claim 1, wherein the adsorbent is characterized by characteristic (b).

4, The adsorbent of claim 1, wherein the adsorbent is characterized by characteristic (c).

5. The adsorbent of claim 1, wherein the adsorbent is characterized by characteristics (a) and
(b).

6. The adsorbent of claim 1, wherein the adsorbent is characterized by characteristics (b) and
(c).

7 The adsorbent of claim 1, wherein the adsorbent is characterized by characteristics (a) and
(c).

8. The adsorbent of claim 1, wherein the adsorbent is characterized by characteristics (a), (b)
and (c).

9. The adsorbent of claim 1, comprising one or more pyrolyzed monolith adsorbent articles,

wherein each such article has a disc shape.

10. The adsorbent of claim 9, wherein the adsorbent comprises a multiplicity of said articles in
a vertical stack, wherein each article has a height to diameter ratio, H/D, that is from about 0.10 to
about 0.80.
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11. The adsorbent of claim 1, wherein the adsorbent has three-dimensional x, y and z

dimensions greater than 1.5 centimeters.

12. The adsorbent of claim 1, wherein the adsorbent has at least 30% of its porosity in pores

with a diameter of less than 2 nanometers.

13. The adsorbent of claim 1, wherein the adsorbent has a doping agent thereon, wherein the
doping agent comprises at least one agent selected from the group consisting of boric acid, sodium

tetraborate, sodium silicate, and disodium hydrogen phosphate.

14. A pyrolyzed monolith carbon physical adsorbent that is characterized by at least one of the
characteristics (a) and (b): (a) a fill density measured for arsine gas at 25° C. and pressure of 650
torr that is greater than 400 grams arsine per liter of adsorbent; and (b) at least 30% of overall
porosity of said adsorbent comprising slit-shaped pores having a size in a range of from about 0.3
to about 0.72 nanometer, and at least 20% of the overall porosity comprising micropores of

diameter<2 nanometers.

15. The adsorbent of claim 14, wherein the adsorbent is characterized by characteristic (a).

16. The adsorbent of claim 14, wherein the adsorbent is characterized by characteristic (b).

17. The adsorbent of claim 14, wherein the adsorbent is characterized by characteristics (a) and
(b).

18. A pyrolyzed monolith carbon physical adsorbent that is characterized by the following
characteristics:

(a) a fill density measured for arsine gas at 25° C. and pressure of 650 torr that is greater than
400 grams arsine per liter of adsorbent; .

(b) at least 30% of overall porosity of said adsorbent comprising slit-shaped pores having a
size in a range of from about 0.3 to about 0.72 nanometer, and at least 20% of the overall porosity
comprising micropores of diameter<2 nanometers; and

(c) a bulk density of from about 0.8 to about 2.0 grams per cubic centimeter.
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