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controlled delivery of a gas from a liquified state, and to
a semiconductor processing system comprising the same. The
present invention also relates to a method for controlled
delivery of a gas from a liquified state.

2. Description of the Related Art

In the semiconductor manufacturing industry, high
purity gases stored in cylinders are supplied to process
tools for carrying out various semiconductor fabrication
processes. Examples of such processes include diffusion,
chemical vapor deposition (CVD), etching, sputtering and ion
implantation. The gas cylinders are typically housed within
gas cabinets. These gas cabinets also contain means for
safely connecting the cylinders to respective process gas
lines via a manifold. The process gas lines provide a
conduit for the gases to be introduced to the various
process tools.

Of the numerous gases utilized in the semiconductor
manufacturing processes, many are stored in cylinders in a
liquified state. A partial list of chemicals stored in this
manner, and the pressures under which they are stored, is
provided below in Table 1:



Ammoni a NH err] 129 Arsine

AsH err] 220 Boron Trichloride BA [err]

19 Carbon Di oxi de CJerr] 845 Chl ori ne

Clerr] 100 Dichl orosil ane SiHerr]dJ[err]
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Brom de HBr 335 Hydrogen Chl oride HC

628 Hydrogen Fl uori de HF a2 16 Nitrous Oxide
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ydrogén Bromide HBr 335

Hydrogen Chloride HC1 628
Hydrogen Fluoride HF 16
Nitrous Oxide N,O 760
Perfluoropropane C,Fy 115
Sulfur SF, 335
Hexafluoride

Phosphine PH, 607
Tungsten WF, 16
Hexafluoride

The primary purpose of the gas cabinet is to provide a
safe vehicle for delivering one or more gases from the
cylinder to the process tool. The gas cabinet typically
includes a gas panel with various flow control devices,
valves, etc., in a configuration allowing cylinder changes
and/or component replacement in a safe manner.

The cabinets conventionally include a system for
purging the gas delivery éystem with an inert gas (e.g.,
nitrogen or argon) before breaking any seals. Control and
automation of purging operations are known in the art, and
are disclosed, for example, in U.S. Patent No. 4,989,160, to
Garrett et al. This patent indicates that different purging
procedures are required for different types of gases, but



57). Liquid HO is nore corrosive than its vapor form Likew se, for the

majority of chemcals |isted above in Table 1, the liquid forns thereof are

nore corrosive than their respective vapor forns. This is due to
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products can lead to contamination of the highly pure

process gases. This contamination can have deleterious
effects on the processes being run, and ultimately on the
manufactured semiconductor devices.

The presence of liquid in the gas delivery system has
also been determined to lead to inaccuracies in flow
control. That is, the accumulation of liquid in various
flow contrel devices can cause flowrate and pressure control
problems as well as component failure, leading to
misprocessing. One example of such behavior is the swelling
of a valve seat by liquid chlorine, which causes the wvalve
to become permanently closed.

In typical gas delivery systems, the first component
through which the gas passes after leaving the cylinder is a
pressure reduction device, such as a pressure regulator or
orifice. However, for cylinders containing materials with
relatively low vapor pressures (e.g., WF,, BCl,, HF and
SiH,Cl,), a regulator may not be suitable, in which case the
first component can be a valve. These regulators or valves
often fail during service and require replacement. The
failure of such components can often be attributed to the
presence of liquid in the components. Such failure can



an apparatus is described for the delivery of hygroscopic, corrosive

chem cals such as HO froma bulk source (e.g., a tube trailer) to a point
of use. This patent discloses use of an inert gas purge and vacuum cycl e,
and a heated purifier downstream of the bulk storage container. By heating
during pressure reduction, condensation of the corrosive gas is prevented
in the delivery line. US. Patent No. 5,359,787 is directed to bul k storage
systens in which the volunes of stored chem cals are substantially |arger
than the vol unmes typical of cylinders stofed in gas cabinets. As a result
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stored in gas cabinets. As a result of the large volumes
associated with bulk storage systems, temperature and
pressure within bulk storage containers are generally
constant until the liquid in the container becomes
substantially depleted. Pressure in such containers is
primarily controlled by seasonal variations in the ambient
temperature.

In contrast, variations in pressure of the
comparatively low volume cylinders stored in gas cabinets
depend upon the rate of gas withdrawal from the cylinder
(and the removal of the necessary heat of vaporization) as
well as the transfer of ambient energy to the cylinder.
Such effects are not typically present in bulk storage
systems. In bulk storage systems, the thermal mass of the
stored chemical is sufficiently large that liquid
temperature variation occurs relatively slowly. Gas
pressure in bulk systems is controlled by the temperature of
the liquid. That is, the pressure inside the container is
equal to the vapor pressure of the chemical at the
temperature of the liquid contained therein.

In gas delivery systems based on cylinders, the need to

control cylinder pressure by controlling liquid temperature



j acket can be placed in intimate contact wwth the gas cylinder. The jacket
I's maintained at a constant tenperature by a circulating fluid, the
tenperature of which is controlled by an external heater/chiller unit. Such
heati ng/ cooling jackets are commercially available, for exanple, from
Accurate Gas Control Systens, Inc. These heating/cooling jackets are
typically used for controlling the tenperature of thermally unstabl e gases,
such as diborane (B[err]Herr]). Another use for the heating/cooling
jackets is in the heating of cylinders céntaining | ow vapor pressure gases
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the gas cylinder to, the poilnt-of-use becones neces ary to prevent_ such
containing low vapor pressure gases such as BCl,;, WF,, HF

and SiH,Cl,. Because the cylinder pressure for these gases

is low, any further decrease in pressure due to a lowering
of the liquid temperature can create flow control problems.
Control of cylinder temperature coupled with thermal
regulation of the entire gas piping system to prevent
recondensation in the gas delivery system has alsoc been
proposed for gases having low vapor pressures. The
requirement for thermal regulation of the piping system is a
result of the greater than ambient teémperature of the
cylinder caused by the heating/cooling jacket. If the gas
line is not thermally controlled, recondensation of the gas
flowing therethrough can occur when it passes from the
heated zone into a lower temperature zone. Heating/cooling
jackets coupled with thermal regulation is not favored,
however, due to the complications associated with system
maintenance (e.g., during cylinder replacement) and the
added expense. In addition, heating/cooling jackets have
great potential for overheating since the jackets are
wrapped around the cylinder, since the entire system is
heated and brought to the heating temperature. Such

overheating can result in recondensation in the gas



recondensation. Mreover, cylinder heating/cooling jackets are not
thermally efficient. For exanple, typical cylinder heating/cooling jackets
have heating and cooling capabilities of about 1500 W Table 2 summari zes

t he energy requirements for the continuous vaporization of various gases at
flowates of 10 s[err]mfroma cylinder. This data denonstrates that the
energy requirenents for vaporization are substantially |ess than the
heati ng/ cooling ratings of the cylinder jackets. Table 2 Energy

Ener gy Chemi cal required for chéffical required for 10 s[err]m
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liquified gasggguﬁﬁgm%nts for the continuous vaporization of various

gases at flowrates of 10 sfm from a cylinder. This data

demonstrates that the energy requirements for vaporization

are substantially less than the heating/cooling ratings of

the cylinder jackets.

Table 2
Energy Energy
Chemical required for Chemical required for
10 sfm (W) 10 sfm (W)
Ammonia 133.8 Hydrogen 61.8
Chloride
Arsine 115.1 Hydrogen 60
Fluoride
Boron 156.4 Nitrous Oxide 55.7
Trichloride
Chlorine 122.4 Perfluoropro- 111.5
pane
Dichlorosilane 153.2 Sulfur 107.7
Hexafluoride
Hydrogen 85.7 Tungsten 179
Bromide Hexafluoride

The above described disadvantages associated with the
use of heating/cooling jackets and strict thermal regulation
of gas distribution systems make use thereof undesirable.

To meet the requirements of the semiconductor
processing industry and to overcome the disadvantages of the

related art, it is an object of the present invention to



simul taneously m nim zing entrained droplets in the gases wthdrawn from
the cylinders. Thus, single phase process gas flow can be obtained with a
substantial ly increased flowate. As a result, a nunber of process tools
can be serviced by a single gas cabinet. Alternatively, a higher flowate
can be delivered to an individual process tool. Mreover, use of cunbersone
heating/ cooling jackets and strict thermal nmanagement of the process |ine
can be avoided. It is a further object of,the present invention to provide
a sem conduct or processing system which conprises the inventive system for
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It is a further object of the present invention to
provide a semiconductor processing system which comprises
the inventive system for controlled delivery of gases from a
ligquified state.

It is a further object of the present invention to
provide a method for controlled delivery of gases from a
liquified state.

i1t is a further object of the present invention to
provide a heated valve for regulating the flow of a gas,
which can be used in conjunction with the inventive system
and method.

It is a further object of the present invention to
provide a heated scale cover which can be used in the
inventive system and method.

Other objects and aspects of the present invention will
become apparent to one of ordinary skill in the art upon
review of the specification, drawings and claims appended
hereto.

SUMMARY OF THE INVENTION
The foregoing objectives are met by the system and

method of the present invention. According to a first
aspect of the present invention, a novel system for delivery
of a gas from a liquified state is provided. The system



transfer rate between the anbient and the cylinder w thout increasing the
tenperature of the liquid in the gas cylinder above anbient tenperature.
According to a second aspect of the invention, a sem conductor processing
systemis provided. The system conprises a sem conduct or processing
apparatus and the inventive systemfor delivery of a gas froma liquified
state. Athird aspect of the invention is a nethod for delivery of a gas
froma liquified state. The nethod conpriges: (a) providing a conpressed
liquified gas in a gas cylinder having a gas |line connected thereto, the
gas cylinder chepngsheuséd) i a comymsessdd Adeuiddledngas analvderlhﬁyxaslmg t he

heat 1ransfepapalienBCLyRRBctbs LA Gbude WiEEnCYhingss & ! hout
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fromthe firsttafleane in the gas cabi net;

A third aspect of the invention is a method for
delivery of a gas from a liquified state. The method
comprises: (a) providing a compressed liquified gas in a gas
cylinder having a gas line connected thereto, the gas
cylinder being housed in a gas cylinder cabinet; and (b)
increasing the heat transfer rate between the ambient and
the gas cylinder without increasing the temperature of the
liquid in the gas cylinder above the ambient temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects and advantages of the invention will become
apparent from the following detailed descriptibn of the
preferred embodiments thereof in connection with the
accompanying drawings, in which:

FIG. 1 is a graph that depicts external cylinder wall
temperature measured at various locations along the
cylinder, and vapor pressure in the cylinder as functions of
time for a Cl, cylinder;

FIG. 2 is a graph that depicts vapor pressure in a
cylinder as a function of liquid temperature in the
cylinder, and theoretical vapor pressure corresponding to

the coldest external cylinder temperature for various flow
rates;



FIG 5 is a contour map illustrating variations in external heat transfer
coefficient along the outer surfaces of gas cylinders; FIG 6 illustrates
the qualitative variation of the cylinder internal heat transfer
coefficient as a function of the tenperature difference between the
cylinder and liquid in the cylinder; FIG 7 is a graph that depicts the
concentration of liquid droplets detected in a gas streamw thdrawn from a
Cl[err] cylinder at 3 simas a function-¢f tinme; FIG 8 is a graph that
depicts the concentration of liquid droplets detected in a gas stream

wi t hdrawn from aFOB[ eBriscahiideustatatlicsl mfasix edotioy vectone;ikl& 9 is

a phase di a@??ﬁhfﬁiaﬁQh}{HrQ 251 apfde; 10 is a diagramof a gas cabi net
and a neans for ihcreasing the heat transfer rate between the anbient and

gas cylinder accBring £8 dhelbbpiiciatoion IRf iFdvefEloF1tY USCLOXA 4Rd2B
illustrate sedendeplansalreatflcaDhy vdisyla@spardny ehy, fafksé gaaneylihnder
heater in aggar ggcgawéhgtt he invention; FIG 12 is a graph that depicts
the effects of Heater tenpérature on the presence of liquid droplets as a
function of tineFIF-G 18 fscankewemear clbiuRfirahisl VREigkdoam Aor

control | i ngektereialli veay ekahsfelfcEEf HESENACIUHY thel QueRe aspeateel the
i nvention; EI.GS. 14A an§ B_illustrate a neans for superheating a gas flow
in accordanc?g \%lafq’hcg%é"n gﬁgét of the invention; -10- FIGS. 15A and B are
graphs that illudIfaté& tRdustratesvehesgualiawinge rveazitadriam ofl itienat i ng
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FIG. 7 is a graph that depicts the concentration of
liquid droplets detected in a gas stream withdrawn from a
Cl, cylinder at 3 slm as a function of time;
FIG. 8 is a graph that depicts the concentration of
liquid droplets detected in a gas stream withdrawn from a
Cl, cylinder at 1 slm as a function of time;

FIG. 9 is a phase diagram for anhydrous HC1;

FIG. 10 is a diagram of a gas cabinet and a means for
increasing the heat transfer rate between the ambient and
gas cylinder according to one aspect of the invention;

FIGS. 11A and B illustrate side-sectional and top view,
respectively, of a gas cylinder heater in accordance with
the invention;

FIG. 12 is a graph that depicts the effects of heater
temperature on the presence of liquid droplets as a function
of time;

FIG. 13 is a schematic diagram of the system for
controlling the delivery of liquified gases according to one
aspect of the invention;

FIGS. 14A and B illustrate a means for superheating a

gas flow in accordance with one aspect of the invention;



a heater in accordance with one aspect of the invention; and FIG 18 is a
flowhart of the control algorithmof FIG 17. DETAILED DESCRI PTI ON OF THE
PREFERRED EMBODI MENTS OF THE | NVENTI ON The i nvention provides an effective
way to control pressure in a cylinder w thout using a cylinder

heati ng/ cool i ng jacket, while sinultaneously m nimzing entrained droplets
in a gas wthdrawn fromthe cylinder. Single phase flow is thereby ensured.
It has surprisingly and unexpectedly been determ ned that an increase in
the heat transfer rate between the anbiént’ and a gas cylinder, which
decreases the terrpﬁ&gt_u&gAdglfléeé %hcg RLhe igg‘glsgggtgnghé he cyli nder,
does not require the sanme strict ther re_ngI ation required rn a gas line
when a cyl i n6é£eREAVEREFE0BE | AgSiRRINAY ey ide@linigatingi EherRERAN¢DN i S
not requiredoliecagaedt Heopybtaden 4 eqersidw;e i s not increased with the

i ncreased heat tr fer _rate, . her.ej t term.’ pent” refers to
t he at nosphere sur%r&l%un angtﬁe%%ésﬁ% %]ndlearg&af‘o%% Iaugfreggggﬁgws%ﬁ?%i ned
dropl ets canfler rensdolaipgothesdghbeerynt nd avwiingd spseadarcas@ing heo
thermal changge aRpaceybifNdfe 2helESSH ] bed bel ow with reference to FIGS. 1

and 2. FIG 1 ill ates .external cylinder 1. te rature as _a nction
of time at several&l’&hrjc;‘te]i 62 ughrﬁt%[%r??mﬂ%ﬁﬁﬁgo m%?‘ﬁ‘dgf’rf SPn'ér‘Q; ing
flowate of 3 pheatlerminvageprganseuveth rondhaspeqtylafhdde dovenfinoti andof
time is also illusiratad iRUGI RYcNBRERL I 9N Ofe tdhidil Rdgbriths Xt er nal
cylinder te ture becones substantially cooler than the anbtent -

t enperat ure. ddl‘dest tenperature on the cylinder surface corresponds to
the location of the liquid-vapor interface since the vaporization process

occurs in that region. B&g@ﬂlﬂébtﬂﬁdﬁ@&rxow BESHE® SHEVErRREDC [err], the
pressure inside the cylinder gMoDAMERPE ¥F CHE OX NVIENT enperature

The invention provides an effective way to control

pressure in a cylinder without using a cylinder
heating/cooling jacket, while simultaneously minimizing
entrained droplets in a gas withdrawn from the cylinder.
Single phase flow is thereby ensured.

It has surprisingly and unexpectedly been determined
that an increase in the heat transfer rate between the
ambient and a gas cylinder, which decreases the temperature
difference between the ambient and the cylinder, does not
require the same strict thermal regulation required in a gas
line when a cylinder heating/cooling jacket is used. Such
strict regulation is not required because the cylinder
temperature is not increased with the increased heat
transfer rate.

As used herein, the term "ambient" refers to the
atmosphere surrounding the gas cylinder.

Te illustrate how entrained droplets can be found in
process gases during normal cylinder use, the thermal
changes in a cylinder are described below with reference to
FIGS. 1 and 2.

FIG. 1 illustrates external cylinder wall temperature
as a function of time at several locations on a 7 ¢ Cl,

cylinder for a gas flowrate of 3 ¢/m. Vapor pressure in the



that is colder than the | owest external wall tenperature. Such effect can
be clearly seen in FIG 2, which depicts vapor pressure of chlorine as a
function of liquid tenperature in the cylinder (solid Iine), and cylinder
pressure as a function of measured external cylinder tenperature for
flowates of 0.16, 1 and 3 [err]/m (individual points). Because the
tenperature of the liquid nust be colder than the col dest external cylinder
tenperature, natural convection currentslare i nduced. These natural
convection currents help to honogenize the tenperature in the liquid phase.
The rate of C¥hiRgeTofScy| FRReT 19 e rHMs dSafd Spr dddypsrpEed - haPUrtRIof t he
rate of heabperapnsbarofothéecyyindwier tiHdexarangy cydinderentspspatutéed by
the flow at h S ider. r
eégﬂe%hgu%ggégg%agﬁg ? gléﬁ“% |3y amEEQ%t @Eﬁgggggﬁg%l) t he

transfer between e gas cylinder 1s govern
overal | heafher gpdfeptcberperEprtrre qp)the, Cylimkdese sardacay SPFEBFEONEF heat

transf?a_r ; daad tBe Lbeatebpesat the niﬁﬁemmwa][dée_saﬂ?éelaheand the
gas cylinder, pr.oxi. mat inder_.as infinitely |ong
cylinder, tngg\%érzgltllgﬁ‘eg?gfrggﬁsgéé‘?u%%ew iq:?l‘aetntreglo@dl cul ated by equation
|, as follows: [&ased on the vapetiPregsuxe (v @faldl.hebbetpressure
Cfeff;C! en% ﬁh\é{i@i{eerth]ef)cylghaé&] i'btsﬁhﬂﬁcelﬁ?ﬁi\gér@é a{@ih i Pt dfpR trﬁxh!ra?er (lrr);
rierr] is int.ernal, radius_o cyl i nder ; rr] is e_interna
heat transf é"?‘acf‘oéfsf RaR-uld ﬁg‘ﬁﬂegﬂet ﬁ%w%?/‘fi%‘?’grg%ﬁj e |SFRF W rerr] K) ;
k is the théumdl effiehctian bg cfleantycyeemdon Rt erd alwiiwhidepdilckys, and
h[err] is tRg PraalsuiRalbrt CANSkehe COET A1 £hRME s DEtYEEN diltey cyl i nder and
t he anbi ent %"Eg[ errJ I% . The ovgr.aldl h?at tragsfer coefficienf Uis |less
than the snd TGS T rRSy CoaAPPEs (SR LHE eI RY he¥id (T (i.e.,
each term i premsweneE ratfomatficaqodt meastred. ekoersahveyitimdwat [y used
cylinder S'4&§m§§ké&uré”ég¥'fﬁé%f%%%s of 0.16, 1 and 3 ¢/m (individual

points). Because the temperature of the liquid must be

colder than the coldest external cylinder temperature,
natural convection currents are induced. These natural
convection currents help to homogenize the temperature in
the liquid phase.

The rate of change of cylinder temperature and pressure
is a balance of the rate of heat transfer to the cylinder,
the energy requirements specified by the flowrate and the
thermal mass of the cylinder. The rate of heat transfer
between the ambient and the gas cylinder is governed by:
(1) the overall heat transfer coefficient; (2) the surface
area available for heat transfer; and (3) the temperature
difference between the ambient and the gas cylinder.
Approximating the gas cylinder as an infinitely long
cylinder, the overall heat transfer coefficient is
calculated by equation I, as follows:

1
I, ringr,/ry 1
r;h; k

(1)

o



vol umes of 55 [err] or less), the overall heat transfer coefficient is
controlled primarily by the value of the external heat transfer coefficient
h[err]. This fact is denonstrated by the follow ng exanple, in which:

rlerr] = 3 inches; r[err] = 3.2 inches; k = 40 Wnierr]K;, h[err] = 890
Wnierr]K;, and h[err]= 4.5 Wnjerr]K. The values for the heat transfer
coefficients were based on Table 1-2 of Heat Transfer, by J.P. Hol man,
usi ng natural convection as the primary mpghanismfor both internal and
external heat transfer. The overall heat transfer coefficient Uis equal to
4.47 Wnferr] K, wwhirdini:ver isckhgeotrerilie haddia fis fledic cexteioneénbeat

transfer coef “tﬁdzﬁzf el}[ elrg] @g{te(}higv% 81 éagpléahéi c%%rﬁﬁ]e ovét hat the

external heat t'ran coef ICI ent err So dom na Fal'F Heat
transfer coeffheiigiiemplamasivsnofhe @a@blmdeﬂbr@@d dan¥ecthenintgenal

cagi nets 3_r e Héah'hqﬂdnsﬂ@ﬂ Q%flﬂlcdéﬁw Bgtr:]@éénitﬂieﬁ dﬂeifd&tfs a@iaof;hélhe cabi net
and providi ng exha a in the.top thereo aresult, air
cont i nuousl y Wﬁ‘bﬁﬁ he sggfézpe %?e% 85‘%‘%‘?(&8?’ Ohs &R ng a forced
convection hetatlltnmmam@ﬂf i (81/@fK) pfark® hy &ferh¢ kexedrenalc theeitst i ¢ of

airflow at 2 ¢¥fnONsF oS i@ %%eehhﬁhé’vé{(ﬁiﬁd&eaéné @S hebient
coefficient f&?/éaﬁh a systemis 11.8 Wnierr] Thus, the primary

resi stance to t'ransfer occurs between the ambient and the cylinder.
-13- The external Teatovtermsf dreago&irhinsfent chg¢Efid¢ient Ndtiscdrssanhaal ong

the entire surfacgnei1dde &yldhules dl%ﬁﬁﬂierééis%‘ﬁ@éé écf‘%é%aacb't'}%xhs@%ér the

bottom of the cabinet, the direction of across the cylinde

transverse t olth@- | ofRFE UcfHRlIimEhe Glfanf’ﬁ‘énE?PFn‘a r§HFE 1Hht (dgi 0|1f°6f the
cabi net. In tbenventioonakhy wdel tmpisiderheicabi fetg. | heitd rinternadvel i ng

primrily in Go¥Snlhcat g8! PG 0N CrncPBLBLLEL hoat Neclangly udinal axis

of the cylinder strate air velocity vectors within a
gas cabinet afoehblaiererbntcorEisleshEPringgityaR¥veRgevaige (rf 1%eyi t udi nal
axes 301, 40legtethglcytandersnsfdanei¥cient h,. This fact is

demonstrated by the following example, in which: r; = 3
inches; r, = 3.2 inches; k = 40 W/w’K; h; = 890 W/w’K; and
h,= 4.5 W/m*K. The values for the heat transfer
coefficients were based on Table 1-2 of Heat Transfer, by
J.P. Holman, using natural convection as the primary

mechanism for both internal and external heat transfer. The
overall heat transfer coefficient U is equal to 4.47 W/m’K,
which is very close to the value for the external heat
transfer coefficient h,.

The following example demonstrates that the external
heat transfer coefficient h, also dominates the overall heat
transfer coefficient equation in the case of forced
convection. Gas cabinets are typically purged by drawing
air into the bottom of the cabinet and providing exhaust,
for example, in the top thereof. As a result, air
continuously flows along the surface of the gas cylinder.
Assuming a forced convection heat transfer coefficient of
12 W/m?K (characteristic of airflow at 2 m/s over a square
plate), the overall heat transfer coefficient for such a
system is 11.8 W/m?’K. Thus, the primary resistance to heat
transfer occurs between the ambient and the cylinder.



in FIG 3 is |located where air is drawn into the gas cabinet at a position
about 0.15 mfromthe bottomof the cabinet, while plane 400 is about 1 m
fromthe bottomof the gas cabinet in FIG 4. As shown in FIG 3, the flow
is primarily across the cylinders, transverse to the |ongitudinal axes 301
t hereof near the bottom of the gas cabinet. Conversely, FIG 4 shows that
the air flowis primarily parallel to the cylinder |ongitudinal axis 401
near the top of the gas cabinet. It was_gdgtermned that the air flow
pattern in the gas cabinet affects the |ocal value of the external heat

transfer coefflcrreet ebc[ce&:h]al Aeﬁ@ntﬁalﬁsf@:p ct&eﬁm:l@ﬁcermahshﬁeé transfer
coefficient h ength of t cy ers IS gvided in FIG 5.
The val ues 5!9 glp% tﬁ’&a “t%ﬁﬁs?‘é? %f?’% &qb%tcﬂﬁléﬁ ©-ar €578Y5E ve,

i ndi cati ng tfiat e@m@ﬂ@ytheombhnem nheratﬂm gpettom tdfe the iqeddmet, H@\hever
absol ute Va'di@:%c%&%rﬂ%ﬁd ﬂl%vﬁ%'schlb%bbggtﬁ@ec)gl/ﬁﬁ@éf e, ! ransifferse

coefficient U Acc npar.i sons n heat transfer
coeffici ent £° ar’:e‘eogé’ W%aaﬁé%ﬁu?g EQHu‘é%P’frh%B ofill thafs regipn,of
transfer coeﬂfel c:aéninezﬁ - O \WheP Kegsononeadetlke top geff tﬂtmrca)mrm:‘ f ittieent
of -25 W t ernal f ent

h[ err] i ron1 out ?g%Qthgglq? v n?ﬁ éiﬂﬂﬁé (I

ranges : average val ue
of the extemffahiek & Mg ld':‘?enf"the?f*] 1i‘% cﬂb‘-%d‘Wn*[err] K. Based

on the results slrmasi 8 I%lr(a 4 illlhestester adk heddcity -ddetdranaittiin a

coefficient cﬂa% U ngd &, Qﬁédf?err%?&t ﬁi‘tanéﬁp%ﬁ‘t &’&?%{% s&é’réé“’t[ > from

p03|t|0n at |ent al r I's resul
the air di re‘é‘?? otPRgiEt wdinrl t3xemgfit-uddli Rt hhs FEb%B‘ﬁerWt Pkang itl®ase
in the external riheatl tiansdeitedaiddre enilr AseBrhwAnintbeth€sgdd addbimet ease

I n heat trangfer rgé ?l&qeag%(&terglalsf Wlfzjg)q\etheiggg{__géglrgeﬁﬁéocé}ﬁncreases

(assuming an-T de f 0CESS
process gas_ﬂlbl/\# amlea@an‘l%@ i |¢1P<2lé'd,1 tnhérr@by thei hPﬁFﬁi“ngfat13¢ nﬁldifar
difference i@abinet in FIG. 4. As shown in FIG. 3, the flow is

primarily across the cylinders, transverse to the
longitudinal axes 301 thereof near the bottom of the gas
cabinet. Conversely, FIG. 4 shows that the air flow is
primarily parallel to the cylinder longitudinal axis 401
near the top of the gas cabinet.

It was determined that the air flow pattern in the gas
cabinet affects the local value of the external heat
transfer coefficient h,. A contour map of the external heat
transfer coefficient h, along the length of the cylinders is
provided in FIG. 5. The values of the external heat
transfer coefficient h, are negative, indicating that energy
flows from the ambient to the cylinders. However, absolute
values are used in calculating the overall heat transfer
coefficient U. Accordingly, comparisons made between heat
transfer coefficients are based on the absolute values
thereof. Thus, a heat transfer coefficient of -50 W/m?K is
considered larger than a coefficient of -25 W/m?K. The
value of the external heat transfer coefficient h, ranges
from about -36 to about -2 W/m?K., and the average value of
the external heat transfer coefficient h, is -10.5 W/m’K.
Based on the results shown in FIG. 5, the external heat



tenperature between the anmbient and the cylinder. It is, however,
undesirable to withdraw material fromthe cylinder with too large of a
tenperature di fference between the anbi ent and cylinder (and by anal ogy,
between the cylinder and the liquid stored in the cylinder). The reason for
this is the possible entrainment of liquid droplets in the gas w thdrawn
fromthe cylinder, resulting fromdifferent boiling phenonena. As the
tenperature difference between the cylinda~ and the liquid increases, the
evapor ati on process changes fromone of interface evaporation to a bubbling
type of phentmensfefr| cpebfitient reaegatermjned tat beelangeat i ath dfpeint

internal heabphbbaRebetoCORE b6 B o [&f WniWH RmbRentegper 8k uaLawh f{Eence
[err]T[err] hder T[err]_and the liquid stored in the

bﬁ weeg,the cyI%
cyl i nder T[ eFPE. SBBITEhal | TRERPEFH LR o dhendds AERECEIEPo? AT i on process
occurs at theelbgucg- magoitiudeeifackeis Atediamger tenperature differences,
albeit only a fewydedr 88S1hat@ske {NNARMIANORREOESIRPELTM ESSES
t hrough the formatiqn of vapo ubbles_in the liquid., 6 As the bubbles rise
Lo Che i nt or CREE oA SHbe B bt B HEATENAPFERRES ot feeal dH IR ¥
becone entrairma¢e,i thehexgasnal ovyl Thdsr erdnperatente afl sdr dpkeesshas been
observed, and Jes AR bf Glehft ol hEEEds Ydd MGflickh 2 3 s[err]m
flowate in Ié?“@#’%%lch shomgctﬁgéconcent ation<§g IPquid droplets in a 3
sem O [err] J&oMPORINSLY f anBEEBAT OPTPFPRS 99 drloNTatS CPAI Plecay in
dropl et concentildtded), thereby maiftairfingoa sidilarpuigifegentedinpl ets
w thin the cx%' ol gad G tE d C ts dr tegerorfotr a period
of time. As t E!e“{i)t grrr?ﬁglr at E’r%g % R geéﬁg#%}t c%{?nt}e?r cgjoir%t :&r?ue's Eg é_gérease,
the boiling pirRvRyiREna vedesizably Erangebdrawimataride fromerhgef¥édndpra
sharp Increaaﬁ%mlache_laaﬁd@éerﬂfofa déﬁ@b@htﬁﬁérﬁﬁﬁf%éﬁcé nédw&}h{ ghes the
concentration _qf. |iqul raplets in % s%er +n1 %,r%g ow.as, a
function of ta}"%?sl%ter?i?‘si_ a’f‘%&r@é& | PYi Iaa{) Dk eg‘i ee.rpisr\ea%’glﬁ@ﬁﬁer of
dropl ets in tdmd gdwe fligmifd erhoried Heathspaybinder) ni tThe |neanoss dor- whes

is the possible entrainment of liquid droplets in the gas

withdrawn from the cylinder, resulting from different

boiling phenomena. As the temperature difference between

the cylinder and the liquid increases, the evaporation

process changes from one of interface evaporation to a

bubbling type of phenomena.

FIG. 6 illustrates the qualitative wvariation of the
internal heat transfer coefficient h; with the temperature
difference AT, between the cylinder T, and the liquid stored
in the c¢ylinder T,,.. For small temperature differences, the
evaporation process occurs at the liquid-vapor interface.

At larger temperature differences, albeit only a few degrees
largexr, the vaporization process progresses through the
formation of vapor bubbles in the liquid. As the bubbles
rise to the interface, it becomes possible for small
ultrafine droplets to become entrained in the gas flow.

This entrainment of droplets has been observed, and is
quantified for a Cl, cylinder with a 3 sfm flowrate in

FIG. 7, which shows the concentration of liquid droplets in
a 3 sfm Cl, gas flow as a function of time. After an

initial decay in droplet concentration, which is related to



opening the cylinder valve. These droplets exist in the head space in
supersaturated conditions. As the flow of gas is continued, the droplets
are eventual ly purged fromthe head space. The nunber of droplets in the
gas flow is thereby reduced. It is believed that the droplets detected
during the early stages are fornmed by a partial expansion process which
occurs when the cylinder valve is opened, and/or that the droplets can be
attributed to a nunber of equilibrium draplets suspended in the head space
of the cylinder. Regardless of the formation nechanism the |length of tine
that these dittplruxgine dfh dnepletist wighdasthe el anderteadepaceuitthe evel
in the cylingesp ey ddhrmmirdpor&s,zetx@ tebe aePerseacsfveinu@%) aadnde

flow ate of the as_bein nov, e i hder s been term ned
thorr &7 Thitipdiionte ok 1R 1AC CLOIMGIE SRy od G T
pressure, tH@Dx&xmgeﬁhﬁQOﬁmﬁeQﬂﬁqﬁnaﬂlmjchﬁheepres@hce chahgeguisl in the gas

delivery sysigradRdedeof 4 Gsidip Ofndhe dy %e%&eotm%wdéewiegpw@ gas from
t he cylinder, Iocal cool ing due to anmbient fluctuations ropl et

formation du??“@ fhe expansion process. Referring to FIG 9, with an
I sent hal pi ¢ pressBI@. r@ditlustrafediChd raameetattianedfvapgnidt d2Opl& st he

TRt eri Al Passgsal 1t arhie1 W0 be0ORunlhe HtSErtﬂﬂéﬁﬁhér}%&hpgr npabl es

1 and 2 do not pass.Lnto,t hase reg|on an 1se essure
reduction. HBWRURF1EiRd P%@?’Fm\ﬂ?%‘é‘l"n c adrasnh umbery G| 6\3\7@818 i kg the
expansi on i sgast flsenfhahpthe headGspddémafannnﬂtna&nQﬂ@meaeptewaeﬁ i's

near!y, i sent bBhenleERuSEy Slnhle OIVE! SIALA dAAIAY SAREOYL! Brii netic
S ente

ener gy) and 0ssi B rin ase regioni
i nequal ity (PP?d 5@?6@ 1PsS§E?F§?FWtT%r¢C}n@M% tﬁ‘@ ter TAendofi gesof

the inequal i iy eceptenaets the abepuetsnaps eésﬁét[&a/!ﬂyh_ puiged EreR ikhe

tenperature ﬁ gpnstant egééogﬁ and %h gm% han S|d%éﬁfﬁ§ya|nequallty

represents t &3ePPi5Five ®b$5p8 §¥ PRETre
thereby reduced. It is believed that the droplets
detected during the early stages are formed by a partial
expansion process which occurs when the cylinder valve is
opened, and/or that the droplets can be attributed to a
number of equilibrium droplets suspended in the head space
of the cylinder. Regardless of the formation mechanism, the
length of time that these droplets are in the exiting gas is
related to the liquid level in the cylinder (or in other
words, to the head space volume) and the flowrate of the gas
being removed from the cylinder. It has been determined
that, if this gas containing entrained droplets is heated at
constant pressure, the droplets can be evaporated.

The presence of liquid in the gas delivery system may
be a result of the process of withdrawing the gas from the
cylinder, local cooling due to ambient fluctuations, or
droplet formation during the expansion process. Referring
to FIG. 9, with an isenthalpic pressure reduction of HCl
from a saturated vapor at 295 K, the material passes into
the two phase region. The other gases listed in Tables 1
and 2 do not pass into the two phase region for an
isenthalpic pressure reduction. However, the thermodynamic

path that is followed during expansion is not isenthalpic



function of tenperature. The above relation is satisfied for each of the
gases listed in Tables 1 and 2. Since |ocal control of the expansion
process is difficult, it is necessary to heat the gas prior to expansion to
prevent the expansion path fromentering the two-phase region. |If the gas
is heated after withdrawal fromthe cylinder, the pressure does not rise
and the difficulties of requiring strict thermal nmanagenent are obvi at ed.
The conbi nation of the three nechani smel&esponsible for the presence of a
l'iquid phase.in _the Iomﬁngsgas in the system descri bed above

i.e.,
dropl ets withEr AT ProfrPRESEPN| RERTSSY ordlS a5 Yd&tsFﬁﬁr@Rbﬁng?%ﬁu?% t he
first conpofethedommyersaonobit heteyhahdaergndd kinetigi agenfydrapdet s
exi sting dyLingyfl @t f i {m I gas that
can be rel ill%bsl %h&%\gsi%ggl%;%ng?ngfi%’\élua?/ é%inég%b;pﬁgfgng%ggﬁd&mr rently,
these |ini t2&WRd 1ot ) roPeéyy aFSs‘P%?\b%"?’ch’i ters per ninute, neasured on
a continuous basis. It has been determned that elimnation of these liquid
droplets in the process gases will allow a greater nunber of process tools
to be connected to a single gas cabi_@g&galternatively, the flowmwate to
a single processing tool can be incr@dseddubstantially. -17- WEEh
reference to FIG 10, a preferred enbodi nent of the inventive system and
nmet hod for delivery of a gas froma liquified state will be described. It
is noted, however, that the specific configuration of the systemw ||
general | y dgRgRimEhadiafts hamch sidecoft the airegqualiqi eapmesengsd theow

requi r ementshatigd hith GRkddifire TR S YHEEBhEAGET 118 SferfiiterMur®a@ conpressed
liquified gas cylinders 002 hOLasg;vg]ivvlthl,x § ’g s_cabi nﬁetooa. The specific
material contAT Had Wt HI TP hénS f&er Fad ga a gl?’n roF Fhfornepededy but is
process depespiegrently ilea | demitvertiiales cifnthadeapbeserepmoid ismda n Tabl es 1

g_na 2, edg-fum%ﬁ]@f%&ﬁ&dmﬁg[erHa], ﬁg[erNr], Clo[err],
I Herr] [err]’Thé[ggé e[fgfgdionlfs satisfied Lgériaéh of the gases

listed in Tables 1 and 2. Since local control of the
expansion process is difficult, it is necessary to heat the
gas prior to expansion to prevent the expansion path from
entering the two-phase region. If the gas is heated after
withdrawal from the cylinder, the pressure does not rise and
the difficulties of requiring strict thermal management are
obviated.

The combination of the three mechanisms responsible for
the presence of a liquid phase in the flowing.gas in the
system described above (i.e., droplets withdrawn from the
cylinder, formation during expansion in the first component
downstream of the cylinder, and the purging of droplets
existing during flow startup) effectively limits the
flowrate of gas that can be reliably supplied by an
individual gas cabinet manifold. Currently, these
limitations amount to several standard liters per minute,
measured on a continuous basis. It has been determined that
elimination of these liquid droplets in the process gases
will allow a greater number of process tools to be connected
to a single gas cabinet or, alternatively, the flowrate to a
single processing tool can be increased substantially.



Cerr]Flerr], SFlerr], PHerr] and WF[err]. Gas cabinet 003 includes a
grate 004 through which purging air enters the cabinet. This purging air is
preferably dry, and is exhausted fromthe gas cabi net through exhaust duct
005. The heat transfer rate between the anbient and gas cylinder is

I ncreased such that the liquid tenperature in the gas cylinder is not

I ncreased to a val ue above the anbi ent tenperature. Exanples of suitable
means for increasing the heat transfer rg@ye include one or nore plenum
plates or an array of slits 006 in gas cabinet 003 through which air can be
forced across thm1¢yl&ﬁ¢emenéa abr FoGoweo, oa preef &Yed ambealineed tof force

the air thr h lsenu e r o)

preferably (%g%r e Ql% %E@h Engdg\élz (lﬁt g@f a@{enuﬁ# acPsat éahawrom

maxi num heat W‘fé@é’r S(S‘@éﬁr wdildntef gesgripodn pF'ésls%rr@tcﬁqyp *{qx@ﬁr@m ned by
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preferable that tie fdys r@{pﬁﬂs@sabhef b@m&temﬁmbyeémrﬁﬁqaiﬁédl i nder
in the vicinity of Ihéa

Th bove-d bed
ccal o cover S e e U AR, ol Fier & o, raBtied Bafoc B nio
exi sting gasspedifriet gnatiai ale grargiddineddwdshdoe tbat l@ﬁumee@agas:yl i nders,

Therefore, iéyl Snd@PCLeSSH Y1 i ded | Hutl i@ P%@b%! &éPéﬁagﬁtgas-ryc@owts or
gas plplng e tenpera e . of the plenu at {) Its can_also
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through which purging air enters the cablnet This purging

air is preferably dry, and is exhausted from the gas cabinet
through exhaust duct 005.

The heat transfer rate between the ambient and gas
cylinder is increased such that the liquid temperature in
the gas cylinder is not increased to a value above the
ambient temperature. Examples of suitable means for
increasing the heat transfer rate include one or more plenum
plates or an array of slits 006 in gas cabinet 003 through
which air can be forced across the cylinder. An air blower
or fan 007 can be used to force the air through the plenum
plates or slits. Blower or fan 007 can preferably operate
at variable speeds.

Suitable plenum plates having a maximum heat transfer
coefficient for a given pressure drop (determined by the
blower or fan characteristics) are commercially available
from Holger Martin. Such components can easily be
incorporated into a gas cabinet with minimal or no increase
in gas cabinet size.

The plenum plates or slits can optionally be modified
by adding fins which can direct air flow. It is preferable
that the fins direct the air flow primarily towards the

cylinder in the vicinity of the liquid-vapor interface.



Inside the cylinder to a tenperature above anbient. Additionally or
alternatively, radiant panel heaters or a heater disposed bel ow the
cylinder (e.g., a hot plate-type heater upon which the cylinder is set) can
be used to increase the heat transfer rate between the anbi ent and gas
cylinder. In a particularly preferred enbodi rent of the invention, the heat
transfer rate is increased by use of a hot plate-type heater. FIGS. 11A and
Billustrate side-sectional and top views,  respectively, of an exenplary
hot-plate type heater. Heater 100 is in th2 formof a cover for a

gravinmetric scal e,ny&ﬂafﬂav%calegceéseées@mé Oé%P)héJb%ﬂ“%%t %rarc‘éeﬁma?ig' es
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a heater disposed below the cylinder (e.g., a hot plate-type
heater upon which the cylinder is set) can be used to
increase the heat transfer rate between the ambient and gas
cylinder. 1In a particularly preferred embodiment of the
invention, the heat transfer rate is increased by use of a
hot plate-type heater.

FIGS. 11A and B illustrate side-sectional and top
views, respectively, of an exemplary hot-plate type heater.
Heater 100 is in the form of a cover for a gravimetric
scale, which scale can be enclosed by the heater. Such
scales are known in the art and are conventionally disposed
on the floor of gas cabinets. Cylinders containing
liquified gases typically sit directly on the scale, with
the scale providing a measure of the amount of material
remaining in the cylinder. When using the heated scale
cover exemplified in FIGS. 11A and B, the cylinder is
disposed directly on the covered scale.

Heater 100 includes a top surface, i.e., top plate, 102
attached to a bottom surface, i.e., bottom plate 104, by
means of a center spacer 106, a plurality of side spacers
108 and screws 110. The heater further includes a cavity
112 which contains a heating element (not shown). Suitable
heating elements include, but are not limited to,



spacers until the desired area is covered. It is desirable that the heating
el enment cover the area of contact between the gas cylinder and the scale. A
significant length of, for exanple, up to 16 feet or nore of the heating

el ement can be coiled within the heater. Gven a 16 foot |ength of 20
watt/foot heating element, 320 watts of heat woul d be available fromthe
heater. The bottom of cavity 112 is preferably insul ated using an

i nsul ation |ayer 116 to ensure that the_ ﬁgt fromthe heating elenment is

di rected upwards, towards the bottom of e gas cylinder. The insulation
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include, forgan be coiled within the heater. Given a 16 foot length of
20 watt/foot heating element, 320 watts of heat would be
available from the heater.

The bottom of cavity 112 is preferably insulated using
an insulation layer 116 to ensure that the heat from the
heating element is directed upwards, towards the bottom of
the gas cylinder. The insulation layer also serves to
maintain contact between the heating element and top plate
102. The heater further includes front and rear panels 118,
side panels 120 and bridge 122, which allow the heater to
fit over the cylinder scale.

The materials of construction of heater 100 should
allow effective heat transfer to the bottom of the gas
cylinder. Top plate 102 is preferably made of a stainless
steel, while the front, rear and side panels and the bridge
are preferably constructed of aluminum or carbon steel.

Depending upon the specific type of heater employed,
the temperature can be controlled in variocus ways.
According to a preferred aspect of the invention, the power
to the heater can be turned on or off based on the energy
requirements of the gas cylinder. A preferred control
method and algorithm for this purpose are described below.



exanpl e, carbon steel and a stainless steel. FIGS. 12 is a graph
illustrating the effect of heater tenperature on the presence of liquid
droplets in a gas flow as a function of time. The test was run with
Cerr]Flerr]at a flowate of 5 s[err]m wth the heater tenperature being
vari ed between about 78[err]F and 112[err]F. The heater enployed was a hot
pl ate-type heater as descri bed above. Significant reductions in liquid
dropl et concentration were obtained w tf0an increase in the tenperature of
t he heater. Conbinatigns of the above described neans for |ncreasing the
heat transfer rafECaFeiagsh ehviWTioHdd aSRecheOfnlBht FBRSNE eIGANSE, a
radi ant heaueo eanaiholuféas econgpee heat eupcahapeduspileca woidh nadn doe Wit h

a bl ower faf:ﬁﬁcﬁédw%' t C;‘g&% e L 94 UHD Rledkes. Or'.rﬂe Eéng%?&aéescrl figd, above.

Operation o )éstem I ng to t e |nvent|on now bed
with refereREefegaply, conforme basthe shantdodwiher SREEGM AbeFR8 0224 hr ough a
Igas i neI cg&lsr&@haért belbht @har b eé r €fff e idke aieetoftraﬁasétuebl eie f Or the gas

ine inclu O ai SS r Use to
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pressure requcti uch, co s ar 0 rci.a il,a or
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super heat i ng:nahmlgas amnbledr sweeflr endt hestgabnlsdd rﬂt@rel .t he -21-

super heati ng nmeansdeei NG Ci'sSBP%%Q HWH@@E&&&A&"%H& RIFER bedHeLpgrmeans.
Super heat i nq:l t he gas caréé{) %(’?re Fhe del ﬁt r| Ou‘idﬁ’r ﬂ%tsf stenm ng fromthe
transfer of W5pIo8t £her PRESENFR Phel TP o dFaleF2FhfLf%ar e
characteri stas adLﬁumg:mn tofaltiges firbe tesm wae wy iwiddr C,Fhetsaper heati ng
Teans ensur o dialed i 14 Wdh | SRl EEE) Kelfel NeWBRAI LY Bllho! 300461 1O

any entralne I qui d opl ets urthernore, the superheatin ans ensures
a m ni mum deRflereen about 78°F and 112°F. The h eater employed was a

plate type heater as described above. Significant
reductions in liquid droplet concentration were obtained
with an increase in the temperature of the heater.

Combinations of the above described means for
increasing the heat transfer rate are also envisioned in the
invention. For example, a radiant heater or a hot plate-
type heater can be used in combination with a blower or fan
as well as with the plenum plates or slits described above.

Operation of the system according to the invention will
now be described with reference to FIG. 13. The gas is
withdrawn from cylinder 302 through a gas line connected
thereto. Preferred materials of construction for the gas
line include electropolished stainless steel, hastelloy or
monel, due to the corrosive nature of the gases.

The gas line further includes means 304 for reducing
the pressure of the gas withdrawn from the cylinder. As
described above, a pressure regulator or valve is suitable
for this pressure reduction step. Such components are
commercially available, for example, from AP Tech.

The system can further include means 306 for
superheating the gas withdrawn from the gas cylinder, the



of superheating of this vapor to avoid the possibility of droplet formation
I n a subsequent expansion process. The superheating neans can be any unit
whi ch effectively renoves the entrained liquid droplets fromthe gas
stream such as a heated |line. The line can be heated by, for exanple, a
resi stance-type heater provided along a |l ength of the gas line, such as

el ectrical heating tape, or a self regulating-type heater such as heat
trace can be used. According to a prefercegg-enbodi nent of the invention,

t he superheating neans can take the formof a nodified block valve. Wth
reference to dufeScheldA ranonebdis, Helimgblddskosadi vepdOean «b e ipewstsmrtehe gas

cyl i nder thr%@&hé&ﬂg{ gxgalaﬁ'xo&.?ﬁeﬂtp@r‘%a%@ﬁgf EhEiggs £otpshaw ivpdigure).
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heater. As shown in the il lustrated, embodi nent, .one or nore strips of heat

trace 414 canPBe ZPFaEXBEPLS t ReTBELREFRRS JfYPe heater provided along a
length of the gas line, such as electrical heating tape, or

a self regulating-type heater such as heat trace can be
used.

According to a preferred embodiment of the invention,
the superheating means can take the form of a modified block
valve. With reference to FIGS. 14A and 14B, the block wvalve
400 is connected to the gas cylinder through suitable gas
piping and fittings (not shown in figure). The piping is
connected to the block valve at inlet port 402. The block
valve further includes purge gas inlet port 404, through
which an inert gas, such as nitrogen or argon, can be
introduced into the valve. The process gas introduced
through inlet port 402 exits the wvalve through ocutlet
port 406, which is connected to the point of use, for
example, a processing tool, through suitable gas piping,
fittings, wvalves, etc. The block valve is operated by
actuators 408 and 410, which can open or close the gas flow
paths within the valve. The pressure of the gas within the
valve is monitored by a pressure measurement device, such as
pressure transducer 412.

Heat can be supplied to block valve 400 by one or more
heating elements 414 attached to or inserted into the block



the bl ock valve for this purpose. In the case of a self- regulating heater
such as heat trace, the heater can be kept on at all tines. Conversely, if
a cartridge heater is used, it can be inserted into the block valve, for
exanpl e at position 416. To inprove heat transfer efficiency, the block
val ve preferably includes a sintered netal disc 418 added to outlet port
406. Metal disc 418 can take the formof a filter having a pore size of,

for exanple, fromabout 1 to 60 [err]m__preferably fromabout 5 to 30
[err]m Since netal disc 418 is heated the heating elenent, it provides
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filter. The heated gas filt can re rticulates .in the gas_and
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can renove preferably includes a sintered metal disc 418 added to
outlet port 406. Metal disc 418 can take the form of a
filter having a pore size of, for example, from about 1 to
60 um, preferably from about 5 to 30 um. Since metal disc
418 is heated by the heating element, it provides additional
heated surface area for the gas to contact. Metal disc 418
thereby helps to provide the requisite energy to ensure that
any liquid in the gas stream is vaporized.

The metal disk can be welded in place in the outlet
port. The material of construction of the metal disk is
selected on the basis of the process gas flowing through the
valve. That is, the material of construction should be
compatible with the process gas to prevent contamination of
the process gas as well as to prevent damage to the various
gas line components. Typical materials for the metal disc
include but are not limited to stainless steel (e.g., 316L),
hastelloy and nickel.

In addition to the above-described structures, the
superheating means can be a unit for heating air or inert
gas, preferably dry, which is blown onto a section of the
gas line by a blower or fan. The heated air or inert gas

can also be used to heat the gas stream by use of a coaxial
line structure.



unwant ed contam nants fromthe gas in the cylinder and provides a | arge
surface area for heat transfer. FIGS. 15A and 15B denonstrate the

ef fectiveness of a superheater in reducing the nunber of liquid droplets
observed when initially opening a gas cylinder valve. Tests at 5 s[err]m
Cerr]F[err] with no superheater (FIG 15A) and with a superheater (FIG
15B) were run. The superheater enployed was a heated bl ock val ve as
descri bed above. The nunber of liquid di@dl ets observed in the gas fl ow

wi th no superheater .ranged. from about 3800 per [err] to, about 19,000 per
[err]. Those droﬁggﬁ§lﬂg?gl7éf‘Frecél‘ajr‘?f’e?‘ifite‘l"ferﬁynatt&’@ FrOERhNg Hueans

super heat er caRefieciludg babkated tdwes sitilenat iandficageaimeatell as 1Buribeesyst em
can further phBchuda TRARAS' P6nlnt CHHA AHuGLAN WAl B LB RERE pLaANST ef

rate incr eagl ng neans t he superheating means I's_control
nmeans al | owdPP¥E Ffefngesucht FPe off chi } Rfer g‘?"&giﬁaé?e&‘n&aﬁeﬁﬁéiaalfu?é{l as
wel | as th;ar@e@weepefrtiupeabea.t ingthdeggmsand thehaes moMmatrhe eurtadér
upstream o I a C naer
ressure. ah ReL HEat LRAHEEEY, TERE Hikied Udh RuyidIshs bl LehOR! |
and a desi r v dayese contgadnanper hrami Hoe WIRrin chs pandingercandal | be
attai ned. Sgpricafildestenlladgenearfadecakeg ot éde fdnsfid i ncl ude, for

exanpl e, one or pr.Qgr a l,ogic control.lers_(PLCs) or

i Cr opr ocessors. rGgSs'sd‘ ?g%?gtf-gﬁ!ﬁ%%ﬁ?f%?% The %?t(e%c;td‘rv)eerﬁtsst RE &it of
cyl i nder 31ZUPRIhqRtEss e nedudibg the prebsuref shipord idutindetes the
pressure at d%ﬁﬁﬂ%é@m{éxﬁﬁﬁi?&agﬁyoﬁﬁéfﬁ?gga 4 éﬂiﬁtﬁér Rfa?weqes TMRY 10
a controller i ch_adjusts the he ran -24- rate .increasing
means. Thi s 3j sﬁ%rélpéa‘{?%é Il?a?é’@er?‘&f’tgfa &é 6ﬁAfh%nﬁ5 n&tSht@aneous
pressure valsupearhkeater hiBiGr \LWSBAnwepki onal c¥he nsepeveatteatdupj.cgesor 316

can al so be pgoVi dech iy WRIIK dRtRe ac0RkEBLE B! Apdhe. eVal Rimber of
predetern1ned_teqye atq{e ngt IS exceeged. .
liqui roplets observed in the gas flow with no superheater

ranged from about 3800 per ¢ to about 19,000 per ¢. Those
droplets were effectively eliminated when using the
superheater.

Referring back to the schematic diagram of FIG. 13, the
system can further include means for integratably
controlling the heat transfer rate increasing means 308 and
the superheating means 306. This control means allows for
precise control of cylinder pressure and temperature, as
well as the degree of superheating the gas withdrawn from
the cylinder upstream of the pressure reducing means 304.
Thus, a constant cylinder pressure, a cylinder temperature
at or slightly below ambient temperature, and a desired
degree of gas superheating prior to expansion can all be
attained. '

Suitable control means are known in the art, and
include, for example, one or more programmable logic
controllers (PLCs) or microprocegsors. Pressure sensor 310
monitors the pressure at the exit of cylinder 212. The
pressure read by the pressure sensor indicates the pressure
at which vaporization is occurring, and further provides
input to a controller 314 which adjusts the heat transfer



The superheating neans 306 and the gas tenperature i nmediately upstream of
the pressure reduction device 304 are controlled in a simlar nmanner to

t hat descri bed above. The control system for the superheating neans

i ncl udes tenperature sensor 318, which is | ocated downstream from

super heati ng neans 306 and upstream fromthe pressure reduction neans 310.
Based on the output of the tenperature sensor, controller 314 sends a
control signal to superheater 306, thereby,adjusting the gas tenperature.
The setpoint for the superheating control tenperature will depend, for
exanpl e, on theeCunicelhssnb md@ﬁspresﬁweammérﬂtndeh vel baseapefature. As
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desired to cd e[zﬁtg.r}?ggitggp&r PEr he%ET rif & ction of energy
out put, the foll oviihey smmhe@rulggvmeassth% sapdrifeatgas demperatyre
AT err] (Peyl i Riles)acld) LusEB el o%@:flel ?résé‘ﬁ‘;de Ei:eai&tfmsa@%éeweb@h

depend on the vapor ress re curves

he specific gase vql ved
Tliq is deri % f?‘iﬂﬁ’f??@'e@ylﬁnnéerglﬁ?éé%%%’ésiﬁ drhatt a‘%‘f 27 aaﬁ Pve
pressure curve. A FEheridaitmualyisaen §oapphecawlnd>erheati:h@ cesmsi inefiudest he

degree of su §@§g' [ ﬂgﬁ?r’l | e u ‘hﬁﬁH£J For
certain gasegéé e se 53‘1&82;' e %a?&% tEca)éh}sgiooer eat gr?“t ggtgglm nt
wi |l not chan@éPsF ?Ia‘%:’ﬂg ARRANSH 306s GRE. ulPﬁF§e1'=“§ o YhacAxessUFe for | ow
pressure gaseged¥t o efiefren@ d.0 BaGedlon the datpuon o) tire & etpeaiaitfireon

of afurther coplogl Systalfgr Al lattiand LbALLL otk P d hueildaage

with the presen i 'nve
306, thereby adjusting the gas temperature.

The setpoint for the superheating control temperature
will depend, for example, on the current cylinder pressure
and cylinder wall temperature. As the implied difference
between the cylinder wall temperature and the liquid
temperature {(as defined by the vapor pressure curve)
increases, the amount of energy required by the superheater
increases since a greater number of liquid droplets are
being withdrawn.

The degree of superheating can be controlled as a
function of energy output or temperature. Where it is
desired to control the degree of superheating as a function
of energy output, the following equation governs the
superheater output:

q = A (Tliq (Pcylinder) "Twall) +B (II)

wherein A and B are constants which depend on the wvapor
pressure curves for the specific gases involved and T;,, is
derived from the cylinder pressure measurement by the vapor
pressure curve. A similar equation is applicable in the
case in which the degree of super-heating is controlled as a
function of temperature. For certain gases, it may be



Wthout being limted to any specific heating conponents, the exenplary
control systemis used in conjunction with a gas delivery system which

i ncludes a scale 602 and a bottom heater/scal e cover 604 as well as a bl ock
val ve superheater 606 as descri bed above. Preferably, the block valve is
heated with a self-regulating heating el ement, such as heat trace. As a
result, power can continuously be applied to the bl ock val ve heater w thout
further control. The control system det.ergyi nes the energy requirenents of
the gas cylinder, and switches the power to the bottom heater on or off
dependi ng oposkdbier ehat r ehe néspe i texe meEtpointontil dl neysthangs witsked on

one or noreg &Qaaam%sfhpaic fﬁ{‘érfﬁ IRyt (Rl €%8e @biheygh ot her known

forms of conputer control are also envisioned. TO ensure that vapor phase
only flows PE&FCURE §&8®EByl i nder 610, an algorithmwas witten for use with
the PLC to determink rbEeeancgyts eElt r e nitheoffdlliewdyki iden. The steps of

the al gor it DALY SHAMNCENFEGEC: ANk Id) [HENF: (RATVLRIRLG 18, The

al gorithmrequires as |npu?.var| abl es, anon ers, gas cyli 2r pressure
P and gas cyidvddiedngaser. dn acgpedaRegHritivtherpresgmt,dovepEdssure s
mﬁasEred 3y wlarm@a:s?ué&ngeasu&tlag g6Vang, sSeElf S eduiess Wwompbhansdycer ind
t he heate ock va -...The kn Ss. | r . S overe
by the Iome?:l’)f'?ela%txeerm P&%&X V\ﬁlrlg%o? hggétf/%r‘lgnﬁserésl%@?@? |nlt%ectt gg’g g’i}:lﬁn er

cabi net. Thaasg/|delderemr eysten whichainschudes eIl e fPPlapd andotheTener gy

reﬂui (r]I ement eftdAyscilld RUREerak04t BT @Y1 dis egthdodo vl Al efhpairhialtlee
cylinder's u

nde usgage, -26- In particular, the weight of the product .
renmai ning in qa%ea%ﬁeﬁﬁfé?b SVEal cul at ed by subtracting the tare weight
(i.e., the enpty Rngfiemdyl yweitdet blaktkcialgeansi hpatedaritdblee) from t he
cylinder weighirMeds JBaR} AN REchEALS sAbh 48RS @FLdBaTW &d in
pounds. result, power can continuously be applied to the block wvalve
heater without further control. The control system
determines the energy requirements of the gas cylinder, and
switches the power to the bottom heater on or off depending
on those requirements. The exemplary control system is
based on one or more programmable logic controllers (PLCs)
608, although other known forms of computer contrecl are also
envisioned.

To ensure that vapor phase only flows from the gas
cylinder 610, an algorithm was written for use with the PLC
to determine the energy requirements of the cylinder. The
steps of the algorithm are shown in FIG. 17, and in flow
chart form in FIG. 18.

The algorithm requires as input variables, among
others, gas cylinder pressure P and gas cylinder mass (i.e.,
tare weight) M,. The cylinder pressure is measured by a
pressure measuring device, such as a pressure transducer in
the heated block valve. The cylinder mass is measured by
the scale covered by the lower heater upon which the
cylinder is set in the gas cylinder cabinet. The cylinder
pressure and mass are read by the PLC, and the energy

requirements of the cylinder are thereby directly correlated
with the cylinder’'s usage.



Merr] is next conpared with the inequality, (pg/1000.0*V*s)*2.2, in which
pg is the density of the gas vapor at room tenperature and cylinder
pressure, nmeasured in kg/nferr]. pg is provided by a table which is input
into the PLC. V (an input variable) is the volune of the cylinder in
liters, and s is a safety factor. The safety factor is used to prevent
conplete depletion of the liquid in the gas cylinder since inpurities tend
to be concentrated in the residual |iquig.at the bottomof the cylinder.
Such inpurities are potentially harnful to the conponents of the gas

del i \ée_ry sly_st em as \gﬂlrltiaalhe,tbﬁe_:&eefﬁgxmwdmtwe rodres kemagniagned. Wile
not being |imt i ny pi gal. _val ue Y, ctor. g .are
froml1l.1 totﬁes%lq'r%lt ere\b//lén s a}I]icsu aé:se\é %ﬁa%u%gga%ggaégﬁﬁéyt%é 0S % r i bed
above, the "@uteput "theygepityncysinder grripht v athiclbfisy @mp inptsuch a case,
the heater &ariQild)r FeGuPRhS BGEihAEr "R AL A0, QE ddikirednbyFEREt | ON
On=Qut put / MaxQ taput) i,S al.sgl equal to zer 0. Conversely, if Mp is greater
than the i nescﬁflail |'ty1\}31 & 1G85, PHEIEROVESS t HE PIHE T 1 quid tenperature in
degrees K Tl dK i #cabcukatedofpared hwitdytdie doeqPedKEYR/ (1 n(P)-A), wherein

A and B are gnrsbhant g«¢ebekdl pedid raMdg VaROEheT 888816y WY thedigalde
particular material. Ais the y-intercept oi,t(lse v&por ressure curve,
while B is tRPY dHe %% HEWPEFEUpFedBUr & IR ?%%-Fré’—'of“e@ﬂ—lﬁgé f8r A

and B is prémbgr.anpgdis pootitiedby aThebpeewbilch Psi inpst aint mdmsur ed by
t he pressur NSG¥ . i | disqsth ey t t i I : -
t enper at ur eeel'%' i ﬁy [ Eaér\l‘r?i(llgpb%/@s’ ﬁgj 13%% i g%peif?dy:%ﬁél*@r?é;% é}r%ﬁigﬁph%%a?&r e

TId is conpat¥efyif ¢ (PRL terigeratt@fet¥efaghbPrt TSRe safewy faryqs dFryssd

i nput val ue)to agncetdret t esmEleticiidepdiekioneocecthe R iquid i wed gdsat ed by the
equation, ErLof 5]sbx Téﬁggm%é%ﬁ@ésf g@ﬁ @8 ha 854 eﬁ?%&é’é{‘tﬁ{j ¢h% the
equation sumetsume+Error*dt, wherein dt s the sanple tine (the sume
function wast®Figrahl ekl ato e dogsonf ofekheafyéinder. Such

impurities are potentially harmful to the components of the
gas delivery system as well as to the semiconductor devices
being formed. While not being limited in any way, typical
values for the safety factor s are from 1.1 to 1.3

In the event M, is less than the inequality value
described above, the "Qutput" function is assigned a wvalue
of zero. 1In such a case, the heater is not turned on since
the "Fraction On" function (Fraction On=Output/Maxoutput) is
also equal to zero.

Conversely, if M, is greater than the inequality value
described above, then the liquid temperature in degrees K
Tyax 18 calculated from the equation, T,u=(B/(1n(P)-3),
wherein A and B are constants determined from the wvapor
pressure curve of the particular material. A is the
y-intercept of the vapor pressure curve, while B is the
slope of the vapor pressure curve. A table of values for A
and B is preprogrammed into the PLC. The pressure P in psia
is measured by the pressure sensor.

Next, the liquid temperature T, 1s converted to
temperature T,y in °F by the equation, T,4=1.8*T,. The

temperature T,, is compared with a temperature set point T,



initialization of the control algorithm. "Sunme" represents the sum of the
errors, i.e., the tenperature difference. The value of the "Error" function
i s next checked. If that value is |less than zero, then the "CQutput”
function is assigned a value of zero. If, however, that value is not |ess
than zero, a value for Kc is calculated by the equation, Kc=Tgain*M
wherein Tgain represents the heat capacity of the gas cylinder and liquid
contai ned therein per second, in units?f- W[err]F-Ib. Wile not limted in

any way, Tgain_can have a value, for_examle, of from,10.to 100
Wierr r 188 P aRe" ShEnE YRYUE) ot 2ie TR urtiosTaniat P S5B08E0%0
W err]F-1 H*Excordpr éseppdcuhatedviey theygquatilcm,r SivwereRg -Tenper at ure of

the system (cyl ippdensand«l EQHbE) o[ £5 e A NAasced by eheVehgaEiEn The
"Qutput” function is next calculated bg t he uatl%g_i? .

Qut put =Kc* BINGFSRERHEFFOTifE: YAETFER Lottt SRl tdm6adEBe o PRe del ay
time in t hEuetiom wasf originedler séo tdea coaltuolofsystremattlee "Fracti on On”
function i . I t ti tiondp=Gu t put.
The "Fract ?(g{#%ﬂ%%éﬁng%%r ?SLF eggﬂtegg?héei) el;#':% of tis‘r;r)é\ef o?:g%jie %/Eﬁ? Ee
heater is tdS&utQfedhsh eTropgxodt But " the ph¥RsKat Yt d¥biersRClower of the

heater, i n watt SThel Rfralugh dfh@heomErebr sy Stnat idiel paveedt tahddkedheatrgr i s

turned on fql,d *If‘alRFéiios?.l%fsst 8 C?E?g' aLfidy eth{@p%t%f'%m“oﬂ-
The control T oop 1'S continued Nt & requality <pg/ . 0% sl)*2.2 IS
nmet, at whid¥eigned therajare Of izeder sRéul Boveveepl Hedld EHaa He AForit hm
reinitializesks |thasdidton & oralid Fozi RY idecLlapakiddd pyothehe delivery of
deser bed SBOUREIAY et WHSBIR gy bt Rent LA RESE T O Y et
of tine a cgdpaditycof et igas aidmderghanfl diquid pantatuedrihetssivefici al
aspect of ther-CootbRE, SYst &M dessy iyed-aboveyRrkesnbt PORStLY 6id seal e the
system up tv?ay, Tgain Can have a value, for example, of from 10 to 100
W/°F-1b. 1In the exemplary system, Tg;, is equal to about 30
W/°F-1b. K. represents the power required to raise the
temperature of the system (cylinder and liquid) 1°F, and has
units of W/°F.

The "Output" function is next calculated by the
equation, Output=K *Error+K./tau* sume. Tau is a constant
which is based on the delay time in the response of the
heater to the control system.

The "Fraction On" function is then determined by the
equation, Fraction On=Output/Maxoutput. The "“"Fraction On"
function represents the period of time for which the heater
is to be turned on. "Maxoutput" represents the maximum
power of the heater, in watts. Through the control system,
the power to the heater is turned on for the period of time
calculated for the "Fraction On" function.

The control loop is continued until the inequality
M,<py/1000.0*V*g)*2.2 is met, at which time the gas cylinder
should be replaced and the algorithm reinitialized.

In addition to maximizing the capability of the
delivery of only vapor phase from the gas cylinder, the
algorithm and control system described above can maximize



assure all vapor phase delivery of gases fromsignificantly |arger
liquified gas sources than cylinders, such as bul k storage vessels and
trailers. As a consequence of the invention, a substantial increase in
process gas flowate fromliquified gases in cylinders can be achieved with
mnimal or a conplete absence of entrained liquid droplets in the gas
stream Liquid droplets renoved fromthe cylinder are effectively
elimnated, and the possibility of droplejg_being forned during the
expansi on process is also mnimzed or elimnated. Because the tenperature
of the |iqui dgdsedae e <y ldsNdR11VEE- 8h¥i Behdieh Gyt ididRS o FehaAkYr BahS

mai nt ai ned at val ue e qu boéﬁr slightly | ess than anbi ent tenperature,
strict themnﬂé%@mﬂﬁéﬁb P¥8m of the heater is rendered unnecessary.

Al so, due to the |mgedficarhanlyvbenefdrialngspertcchsdwicaddod systea

inventive sysjemAWedBINAl wdensabbaBiblet 86 kPl %k Y RO Wpstbeam
of the cylinder cablqﬁg can be av0|g%g” It has been gétlnated.t at a
increase in eXTETRI2He ARG RASE flf’FEVeﬂtﬁ' FRRTT 51T & FBE B e

i nventive syslangemdl bgiibied Sabeourted Yhahecyl knddis s sucnsisattes ki nto a

substantial ige5pR568 vosdeR d4RNSBneral.e between the anbient and the gas
cylinder without 1hcreasing the liquid tegggrature above anbi ent

tenperature. As a P FORFLAEGNHUCH ¢NCaATNENEARReal TURS 3 xi natel y a
factor of 10. ikGréeasé henipyetdsogdins lwenatdesevmnbiilqubf ted ajdsed tin

reference to é?f%%x&%ﬁseggﬁdwﬁé‘éé%&é‘%{ Al imtlng'ln%h Bﬁ.é‘peé’rﬁgfétbé %ﬁ%%cee
skilled in the ar at vari1ous changes and nodifications can be nade, and
equi val ent s effl 8peE2inpEhbiguid siraR e § Aemtige 9880pETBRMt hel-EPpehded
claims.  CLAkbPlets remotreat fowaliee dyarindegulagei Bgfebeiténw of a gas,
comPrL 00, % ASSphfEhalohal QU MLEN A, 08 emBRichellls Yalugy @ 0%
openi ng and cKugiing the expansion process is also minimized or
eliminated.
Because the temperature of the liquid inside the
cylinder vis-a-vis the cylinder temperature is maintained at
a value equal to or slightly less than ambient temperature,
strict thermal management downstream of the heater is
rendered unnecessary. Also, due to the lack of any thermal
driving force associated with the inventive system and
method, condensation in the piping system downstream of the
cylinder cabinet can be avoided.
It has been estimated that an increase in external heat
transfer coefficient h, attainable by the inventive system
and method is about 100 W/m?°K. This translates into a
substantial increase in heat transfer rate between the
ambient and the gas cylinder without increasing the liquid
temperature above ambient temperature. As a result, gas
flowrate can be increased by approximately a factor of 10.
While the invention has been described in detail with
reference to specific embodiments thereof, it will be
apparent to those skilled in the art that various changes
and modifications can be made, and equivalents employed,
without departing from the scope of the appended claims.



val ve, a heater in thermal contact with the valve and a sintered netal disc
in thermal contact with the heater, said disc providing additional heated

surface area for the gas to contact. 2. The heat ed vaiumﬂﬂﬂ ﬂ

claim1l, wherein the valve is a bl ock val ve. 3. The h E' ﬂ mnm’
according to claim11, further conprising agsecond gas inl"et “port,* t kr owgh
whi ch a purge ggigﬁgn enter the valve. 4. The heated val ve according to

claim1l1, furth onprising a pressure neasurenent device connected
thereto. 5. The heated val ve according to claim1l, wherein the heater is

sel ected fromthe ggoup gogghggan‘gap‘t.e%g Irepqua?g r{g-tfﬁéo%lt}%abfr .gas,

resi st ance- type heat ers and cartri g heat er s. heat ed
according to cFaMRr3sinFepePast hBlRBaPRFL| Eh’ﬂ”@éght‘f”ah‘éh a gas can enter

the valve, a gas outlet port through which the gas can
exit the valve, an actuator for opening and closing the
valve, a heater in thermal contact with the valve and a
sintered metal disc in thermal contact with the heater,
said disc providing additional heated surface area for the
gas to contact.

2. The heated valve according to claim 1, wherein
the valve is a block valve.

3. The heated valve according to claim 1, further
comprising a second gas inlet port, through which a purge
gas can enter the valve.

4. The heated wvalve according to claim 1, further
comprising a pressure measurement device connected
thereto.

5. The heated valve according to claim 1, wherein
the heater is selected from the group consisting of self
regulating-type heaters, resistance-type heaters and
cartridge heaters.

6. The heated valve according to claim 5, wherein
the heater is heat trace.



