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TITLE OF THE INVENTION:
ULTRA HIGH PRESSURE GASES

BACKGROUND OF ‘I;HE INVENTION
Procesées, such as vapor deposition of thin metal films on silicon wafers, i'equire :
the use of high purity gas at high pressures. - For example, certain newly developed
physical vapor deposition processes utilized by the semiconductér indus.try require the
use of hi:gh purity argoh at pressures greater than 10,000 péia. Any signiﬁcant amo-unt
. of particulate or molecular contaminants, such as various fluorocarbon or hydro&arbon
compounds in the argon can contaminate silicon wafér surfac;es, and reducé microchip
yield to uneconomical levels. Therefore, contamination of argon in such applications
must be avoided. | R
Avoidance of contamiﬁation Iin high pressure argon systems is difficult. A typical
means for providing argon at pressures greater than 10,000 psia is through mechanical
compression of argon gas. ‘The n‘ioét reliable mechanical compressor;s, i.e., those

having the longest operating periods between maintenance, use pistons with

compression seals to separate the pressuriéed argon from a hydraulic fluid. Such seals.



are prone to wear, leak-through, and subsequent contamination of the high purity argon.
An alternative compressor design uses an oscillating metal diaphragm to separate_ the
pressurized argon from a hydraulic fluid. However, the diaphragms of such
compressors are prone to fatigue failure and require frequent maintenance. Fatigue
failure of the diaphragm in such compressors results in contamination of the argon with
particles and other impurities.

An alternative means of supplying high pressure argon consists of a two step
process in which liquid argon is first compressed td high pressure using a cryogenic
liquid pump. The pressuriied argon then flows to a separate vessel where heat is

| transferred into the argon at a fixed, high pressure. The heat transfer raises the
femperature of the argon to the ambient level. Using this method, cryogenic liq_ui_d '
pumps can be used to produce argon pressures greater than 10,000 psia as disclosed in
US 4,032,337. However, cryogenic liquid pumps require frequent maintenance and
liquid sub-cooling to minimize cavitation, and can contaminate the argon with particles or
other impurities.

| The present invention overcomes the drawbacks of the prior art to avoid

contémination of lubricating oils and metals, to avoid the compl;axity of mechanical
compression, and yet provides a simple, clean method of obtaining ultra high bressures

in gases having high purity requirements as industry currently demands, as set forth in

greater detail below.

BRIEF SUMMARY OF THE INVENTION
The present invention is a method of pressurizing a high purity gas to ultra high

pressure while maintaining the high purity of the gas, comprising the steps of;
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a) providing a high purity gas in a liquefied physic;al state;
b) introducing the high puﬁty gas in a liquefied physical state into a vaporization
~ vessel;

¢) closing the vaporization vessel after it is at least partially filled with the. high
purity gas in a liquefied physical state; and

d) heating the vaporization vessel and the hlgh purity gasina hqueﬁed physical
state which at least partially fills the vessel to vaporize the hlgh purity gas and to
pressurize the hlgh purity gas to the ultra hngh pressure.

Preferably, the heating step d) is performed by indirect heat exchange of the high
purity gas in a liquefied physical state witH a heating fluid in the vaporizat_ioh vessel.

Preferably, the ultra high préssure is at least 2;000 psia.

-More preferably, the ultra high pressure is at least 8,000 psia.
. Moét preferably, the ultra high pressure is in the range of approximately 10,000
to 67,000 psia. '

Preferably, the high puﬁfy is at least 99.9%,.by volume of the gas, more
preferably 99.999% an_d'most preferably £9.9999%.

Preferably, the high purity gas is pressurized in a'o'ne ofa plu’rality of parallel .
connected vaporization vessels, wherein when one vaporizatiqh vessel is being filled by
introduction of high pressure gas in a liquefied physical state, the other vaporization
vessels are dispensiﬁg the vaporized high pﬁrity gas at ultra high pressure and heating
the high purity gas In a liquefied physical étate, respectively.

In one alternative, the high purity gas at an uitra high pressure is introduced mto
storage cylmders

Preferably, the high puﬁty gas at an ultra high pressure is delivered to a
downstream semiconductor prdcess as a source of pressurization.
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Preferably, the high purity gas is recycléd from the semiconductor process to a
gas liquefier and then to the vaporization vessel.

Preferably, the high pﬁrity gas is selected from the group consisting of argon,
nitrogen, oxygen, helium, hydrogen and mixtures thereof. More preferably, the high
purity gas is argon. |

The present invéntion is also an a;iparatus for pressurizing a high purity gas to
ultra high pressure while maintaining the high purity of the gas, comprising

a) a liquefier for liquefying the high purity gas having .at least two indirect h.eat. ‘
exchange passageways through which a cooling medium passes in indirect heat
exchange in one sucﬁ passage and through vyhich a high purity gas bei;\g liquéﬂed
passes in in;iirect heat exchange in another such passage;

b) a storage vessel connected to the liq.uéﬁer to :;eceive and store the hig_h purity
gas after it has been liquefied; |

c) at least one vaporization vessel connected to the storage vessel having at
least one orifice to feqeive and diépense the high purity gas, an indirect heat exchanger
in heat exchange with the vessel for heating the high purity gas, and means to sehse-.the
amount of the high purity gas in the vessel; and

d) means for controllably dispensing the high purity gas at uitra high pressure
from the vaporization ves's.e-!. . | |

Preferably, the means for controllably dispensing the high burity gas at Uitra high
pressure is a valved conduit connected from the vaporizétion vessel to a downstream
§emlconductor process apparatus.

‘ Preferably, the means for controllably dispensing the high purity gas at ultra high

pressure is a valved conduit removably connected from the vaporization vessel to one or

more downstream storage cylinders.



Preferably, piping is provided to recycie the high purity gas at ultra high purity
from the meé'ns to control-lably dispense to the liquefier.

Preferably, the vaporization vessel comprises three parallel connected
vaporization veséels. , | |

Preferably, the vaporization vessel has the indiréct heat exchanger situated
ins-ide the vessel. | )

Preferably, the vaporization vessel has an outer pressure containment casing, an '
intermediate insulating layer, an inner éas containing casing' and an indirect heat
exchanger having passageways for ﬂdw of heating fluid through the indirect heat |
exchanger wherein the passageways have.ﬁns projecti_ng outward to provide increased

heat exchange surface.

BRIEF DESCRIPTIbN OF SEVERAL VIEWS OF THE DRAWINGS
FIG 1 is a schematic iliustfation of a first preférred embodiment of the present
invention for supply of argon to a semiconductor proceéé. |
FIG 2.is a cross;sectional illustration of a preferred embodiment of a vaporization

vessel.

DETAILED DESCRI_PTION OF. THE INVENTION -

A method and éppératus are disclosed for the isochoric (constant volume) |
vaporization of liquefied gas to produc§ ultra high pressure, high purity gas. Liquefied )
high burity gés is delivered to a vaporization vessel which is then séaléd. Heat is then -
transferred into the vessel to vaporize the liquefied gas, and raise the temperature of the

gas to ambient. The ultra high pressure, high purity gas is then transferred to a silicon



wafer processing tool, gas cylinder, or other receiver. The invention can produce argon
at pressures as high as approximately 66,400 psia.

The present invention provides an improved method and apparatus for producing
ultra high bressure gas at high purity. The invention uses vaporization of liquefied gas in
a sealed vessel as a means to produce high pressure. Such pressurized gas may be
delivered to various receivers, including silicon wafer processiné tools requiring
pressures greater than 10,000 psia, and high purity gas cylinders for the electronics
industry requiring pressures of approxﬁnately 2,500 psia.

Ultra high pressure shall mean for the purpose of the present invention pressures
-of at least 2,000 psia, preferably at Jeast 8,000 psia, most preferably in the range of N
approximately 10,000 to 67.600 psia. . |

High purity shall méan for the purpose of the present invention gas purity of
99.9% by. vdlume of the gas, preferably 99.999% by volume of the gas, mos_t preferably
99.9999% by volume of th_e gas. |

A typical isochoric (constant volume) argon compression system for a silicon
wafer processing tool is shown in Fig. 1.. This embaodiment of the invention includes an
argon recovery system to recycle used argon. Liquid argon (LAR) s stored in a
thermally insulated LAR dewar or storage vessel 10. The LAR can be stored at near
atmospheric pressufe at a boailing point temperature of -302.6 °F. The idea requires at
least one LAR vaporization vessel located doWnsfream of the dewar .1 d. In this
embadiment three vaporization vessels, 12, 14 and 16, respectively, are shown below
the LAR dewar 10 in F'ig. 1. Multiple vaporization vessels increase the speed of the
process by permitting sequential operation. As one vessel is flowing pressurized argon

to the tool, the other two vessels are being charged with LAR from the dewar or

vaporizing a LAR charge.



Three vaporization vessels are shown in this embodiment for illustrative
purposes. Any number of vaporization vessels can be used in this invention.

Each vaporization vessel 12, 14 and 18 .has a LAR supply valve V12, V14 and
V186, respectively, located on its top. The LAR supply valve is opened to flow LAR from
the dewar 10 down into the vaporization vessel through manifold 18. As the LAR
contacts the ambient temperature vaporization vessel, initial liquid flashing will occur.
Flashed vapor returns upward to the LAR dewar 10 as liquid flows downward. Flashed
vapor will tend to increase the pre_ssﬁre of the LAR dewar 10. The flashed vapor is
therefore re-liquefied in an argon quueﬁer 20 located above the argon dewar 10. The
liquefier 20 may, for example, consist om;.a heat exchanger (e.g., plate and ﬂn) with liquid
nitrogen (LIN) 22 used as the cooling medium. The head pressure on the LAR dewar 10
(14.7 psia in this embodiment) is maintained by the dewar's intermal typical
vaporizer/préssure relief system as well knéwn in thé industrial gas industry (not shown)..
A pressure relief valve 24 on.the LAR dewa.nr_ 10 prdtects it from oyer-pre_ssurization.

After the Qaporization vessel,. 12, 14 or 18, respectively,- codls to thg LAR
terhperature (-302.6 °F), LAR will begin to fill the vessel. When the vaporization véssel
is charged with LAR to a desired depth, thé valvé V12, V14 or V16, respectively, is
closed, and the vessel is sealed. Heat is then transferred to the captured LAR. The
transferl;ed heat vapqrizes the LAR in the véssel. As additional heat is transferred, the
temperature of the argon rises to the ambient level. During this vaporization aﬁd heating
process, high pressures are produced in the vessel. | -

The final argon pressure in the vaporization vessel can be predicted from the
known:l volume of the Initiél LAR charge. For example, it Is known that the density of
LAR at the normal boiling point is 86.82 LB/t®. Also, at the normal boiling point, the
density of the cqld gaseous argon in the head space of the sealed vessel is known to be
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0.36 LBA. If the LAR charge is allowed to occupy 83.4% of the volume of the vessel,
then the cold gaseous argon occupies the remaining 16.6% of the volume of the vessel.
In this case, the average density of all thé argon in the vessel is 0.834‘(86. 82) + 0.166
(0.36) = 72.47 LB/. The internal volume of the véssel and the mass of argon in the
vessel remain unchanged _during the heat transfer. process. Therefore, after the argon in
the vessel is vaporized and warmed to 70 °F, the average density of the captured argon
remains at 72.47 LBM®. Under these conditions of temperature and density the
predicted final pressure of fhe argon in'thé vessel is 25,000‘ps.ia.

By usihg a smaller initial quantity of LAR in.the vessel, lower final pressures can
be achieved after the heét transfer process. Conversely, by u-sing a greater initial
quantity of LAR in the vessel, higher final pressures c¢an be achieved. The highest
theoretically achievable pressure is o.btained when the vessel is completely filled with

LAR, lééving no head qpace in the charged vessel. In this case the average density of
the captured argon in the vessel is equal to -tl.'lat of the. liquid, 86.82 LBAt. After the
argon is vaporiied and warmed to 70 °F the argon. achieves a final predicted pressure of

. 66,400 psia. Therefore, when starting with LAR at an initial pressure of 14.7 .psia,.ﬁnél
pressures as hig‘h as approximately 66,400 psia are possible using this method. |

Each vaporization vessel 12, 14 and' 16 has a pressure sensor P12, P14 or P16,
respectively and an automatically actuated pressure relief valve R12, R'14 or R16,
réspectively. The pressure relief valve is set to operi at the desired final argoﬁ pressure.
The relief\valve may, for example, be set at a desired pressure in the range 2,000 psia

to 30,000 psia. If the vaporization vessel pressure exceeds the desired pressure, tﬁe

relief‘ valve opens and the argon flows through the relief valve to the argon recovery

system. After the relief valve has opened, no further increase in vessel pressure occurs.
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When the wafer processing tool requires .pressurized argon, valve 26, 28 or 30,
respectively, is opened in conduit 31. The pfessurized argon then flows through a fine
“metering valve 32 to the semiconductor wafer processing tool 34. The fine metering
valve 32 is set to control the flow of argon and rate of pressurization of the processing
tool 34. When the tool 34 is pressurized to the required pressure, valve 26, 28 or 30,
respectively, is closed. |

When the tool cycle is éomplete. tool valve 36 is opened, and the tool 34 is de-
_pressurized. Valve 26, 28 or 30, res;pectively; is also re-opened at this time to de-
pressdrize the vaporizatioh vessel, 12, 14 or 16, respectively. In this embodiment of the
invention, the used argon flows to a low pressure cylinder 38 via line 46, which acts as a
holding reservoir for the argon, and comprises part of the argon recovery system. The
argon pressure in the low pressure cylinder varies with time during the procéss cycle,
but is greater than that of the LAR dewar 10 (14.7 psia in this embodimeht), and less
than that in the wafer pr-ocessing tool 34. The pressure of the cylinder 38 may, for
example, be at a pressure of épiproximately 306 psig during the procéss cycle. A fine
metering valve 42 is located downstream _of.valve 36. This valve 42 Is set to contrdi the
flow of argon and rate of de-pressurization of the processing tool 34 and vaporization
vessel' 12, 14 or 16, respectively. When the pressure of the tool 34 and vaporization '
véssel 12, 54 or 18, respectively, falls to 300 psig or less, valve 36 is closed and valve
44 is opened to vent the remaining small quantity of argon \;rom the tool 34 and
vaporization vessel 12, 14 or 16, respectively. The tool and vessel are at that time
returned to a pressure of 14.7 psia.

' The recovered argon in the low pressure cylinder 38 flows through a forward
pressure regulatok 46 to the argon' liquefier 20. The set point of the forward pressure
regulator is equal to the argon dewar pressure (14.7 psia in this embodiment). Vented
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argon is replaced in the system using a make-up argon suppiy line 48. Recycled argon
could be advantageously filtered at the low pressures of the recycle circuit before being
pressurized to the high pressures of the system.
In all embodiments of the invention, make-ub argon may be provided in gaseous
form to the LAR liquefier, or in liquid form to the LAR dewar.
Detail of a typical vaporizaiion vessel 12 is shown in Fig. 2. An inlet orifice 64 for
'LAR is provided at the top of the vessel 12. LAR flows downward from the LAR dewar
into the vessel 12. The LAR is contained in an inner gas containing casing 56. The
thermal mass of this inner caéing 50 is minimized in order to minimize the initial cool-
down time of the Ve'ssei 12 during LAR filling. The casing 50 is‘ coritained inside a thick-
walled outer pressure containment casing 52. The temperature of the thick-walled on.iter
. pressi.ire contail_'iment 6asing 52.remains near the ambient lévei. For this purpose, an
interrnediaté thermal insuiating layer 5;1 may be placed in the space betweeh the casing
50 'a-ind the caiéing 52_. A piessure equalizing orifice, or opening, 56 at the top of the
casing 50 prevents any ;iressuiizatlon of the coid vessel. Thig opening may contain a
de-misting medium, such.as metal mesh or porous sintered -me'tai to preveht LAR
droplets from escaping the casing 50. :
| The quantity .of LAR charge in the vaporization vessel 12 can be metered
gravimetrically by measuring the change in weight of the vaporization vessel, or more
preferably by measuring the 'depih of LAR in the 'casing 50. Depth measurements can
be performed using a level sensor, or mlore preferably a differential pressure (DP.) gauge
58 to measure the LAR liquid height as shown Fig. 2.
.Heat can be transferred lnto. the LAR using an electrical resistance heater in
thermal coritaét with the LAR, or more preferably by thermal contact with a warming
medium, such as ﬂoiivin gaseous nitrogen (GAN) as shown in Fig. 2. Fig. 2 shows a
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means by which ambient temperature GAN or heated GAN can be brought into thermal
contact with the argon. Heat transfer between the GAN and argon can be enhanced
using an indirect heat ekcha_mger 60 in the vessel 12, | The heat exchanger 60 can
consist of a plate and fin heat exchanger designed for high pressures, a coiled heat
exchange tube, or more preferably a passageway with heat fins 62 brazed to its outside
surface as shown in Fig. 2. Heat transferred from the GAN vaporizes the LAR, then
raises the argon temperature to the ambient level. The pressurized argon then leaves
the vaporiza’tiqn vessel 12 through the orifice 64 in the top of the vessel 12.

In an alternate embodiment of the invention, not shown, no argon recovery
system is used. All érgon is provided to the LAR dewar from the make-up argon line,
and all used argon is vented ffom the system. _

In anothér alternate embodiment of the invention, not shown, a single’
vaporization'\./essel is used. This embodiment can be_ used in those caées where the
cycle period of the too.l or other receiver is greater than or equal to the cycle period of
the. vaporization vessel. In this case a single vaporization vessel can providé high
pressure argon at ‘a rate sufficient to meet the reduirements of the tool. This
embodiment also contémplates ancﬁhef application for this invention in which the argon
receiver consists of a bank of high purity argon cylinders, rather than a semiconductor
wafer process tool. The cylinderé are filled with high pressure (e.g. 2,560 psia) argon
received from the vaporization vessel. After filling, the valves on the argon c_yl'inders are
closed. The filled argon cy‘linders are then removed and replaced with empty cylinders.

‘ In other embodiments of the inQention, substances other than argon can be
produced at high pressure using constant volume vaporization and hea{ting. The
inve'ntion can be used to produce nitrogen, oxygen, helium, hydrogen or other low
boiling point. substances at high pressure through constant volume vaporization and
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heat_ing. Such high pressure supply systems may be used, for example, to fill high purity

- gas cylinders to pressures of 2,000 psia to 6,000 psia.

Present means for producing pressurized argon include compression of gaseous
or liquid argon in a mecﬁanical compressor or cryogenic pump. Such equipment
requires frequent -maintenance, contaminates the gas with pﬁeumatic or hydraulic fluid
and/or particles, and c-an produce high noise levels. By completely eliminating
combressi'on or puniping machinery, this invention reduces equipment maintenance and
gas contamination, and. eliminates Ii_qﬁid cavitation' and noise problems. The invention

thus provides an improved means of supplying high purity gas at pressures as high as

v

approximately 66,400 psia.
The present invention has been illustrated with regard to several preferred

embodiménts-, but the full scope of the invention should be ascertained from the claims

which follow. .
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CLAIMS

1. A method of pressurizing a high burity gas to ultra high pressure while
maintaining the high purity of the gas, comprising the stéps of;

a) providing a high purity gas in a liquefied physical state;

b) introducing said high purity gas in a liquefied physical state into a vaparization
vessel, | |

c) closing said vaporization vessel after it is at least partially filled with said_ high
puriiy éas in a liquefied physical state; and |

d) heating séid vaporization vessel and said high purity gas in a;liqﬁeﬁed physical
state whfch at least partially fills said vessel to vaporize said high purity gas and to

pressurize said high purity gas to said ultra high pressure.

2. The method of Claim 1 wherein-said heating step d) is perférmed by
indirect heat exchange of said high purity gas in a liquefied physical state with a heating

fluid in said vaporization vessel.

3.  The method of Claim 1 wherein said ultra high p_réssure is at least 2,000
psia. _' o

4.  The method of Claim 3 wherein said ultra high pressure is at least 8,000
psia.

5. The method of Claim 4 wherein said ultra high pressure is in the fange of

approximately 10,000 to 67,000 psia.
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6. The method of Claim 1 wherein said high purity is at least 99.9% by

volume of said gés.

7. The method of Claim 1 wherein said high purity gas is at least 99.999%

by volume of said gas.

8. The méthod of Claim 1 wherein said high purity gas is at least 99.9989%

by volume of said gas.

S. The method of Claim 1 wherein said high purity gas is pressurized ina |
one of a plurality of parallel connected vaporization vessels, wherein when one
vaporization' vessel is being filled by introduction of high preséure gas ina liquefied
physical state,l the other vaporization vessels.aré dispensiné said vaporiied high purity
gas at ultra high pressure and heating said high purity gas in a liquefied physical state,

respectively.

10.  The method of Claim 1 wherein said high purity gas at an ultra high

pressure is introduced into storage cylinders.

11.  The method of Claim 1 wherein said high purity gas at an ultra high
- pressure is delivered to a downstream semiconductor process as a source of

pressurization.
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12.  The method of Claim 11 wherein said high purity gas is recycled from said

semiconductor process to a gas liquefier and then to said vaporization vessel.

13.  The method of Claim 1 wherein said high purity gas is selected from the

group consisting of argon, oxygen, nitrogen, helium, hydrogen and mixtures thereof.
14. The method of- Claim 1 wherein said high purity gas is argon.

15.  An apparatus for pressurizing a high purity gas to ultra high pressure
whilt;. maintaining the high purity of the gas, comprising o

a) a liquefier for liquefying said high purity gas having at least two indirect heat
exchahge passageways- through which é cooling medium passes in indirect heat |
" exchange in 6né suéh passage and throdgh which a high purity gas being liquefied
passes in indirect heat exchange in another such passage;

b) a _storage vessel _cénnected to séid liquefier to receive and store said high _
purity gaé after it has been liquefied; |

c) at least one vaporization vessel conne;:tec'l to said storage vessel having at
ieést one orifice to receive and dispénse said-high purity gas, an indirect heat exchanger
in heat exchange with said vessel for heating said high purity gas, and méans to sense
the amount of said high purity gas in said vessel; and .

d) means.for contrql!ably dispensing said high purity gas at ultra high pressufé

from §aid vaporization vessel.

.. This Sheet Has Been R’éblzicéd_ :
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16.  The apparatus of Claini 15 wherein said means for controllably
| dispensing said high purity gas at ultra high pressure is a valved conduit connected from

said vaporization vessel to a downstream semiconductor process apparatus.

17. The appafatus of Claim 15 wherein said means for controllably
dispensing said high purity gas at ultra high preesure is a valved conduit removably

connected from said vaporization vessel to one or more downstream storage cylinders.

18.  The apparatus of Claim 15 wherein piping is provided to recycle said high

purity gas at ultra high purity from said means to controliably dispense to said liquefier.

19.  The apparatus of Claim 15 wherein said vaporization vessel comprises

three parallel connected vaporization vessels.

20. The apparatus of Claim 15 wherein said vaporization vessel has said

indirect heat exchanger situated inside said vessel.

21.  The apparatus of Claim 15 wherein said vaporization vessel has an outer
pressure _containment casina, an intermediate insulating Iaye‘r,-an inner gas containing -
casing and an indirect heat exchanger havin_g passageways for ﬂow of heating'ﬂuid
through said indirect heat exchanger wherein said passageways have fins pro;ectmg

. outward to provide increased heat exchange surface.
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