Effect of purge pressure on desorbing water removal rate
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The need for a high purity gas supply for vacuum systems and related processing equipment has
driven the requirements for the design and operation of components in gas delivery subsystems.
Water has been widely regarded as a major contaminant species in such subsystems. For designs that
follow generally accepted practices for construction, sealing, and layout, the primary cause of water
contamination is associated with ambient atmospheric exposure during maintenance or repair. The
subsequent removal of this adsorbed water, and in particular, how this process can be accelerated
has been the subject of much interest. While the enhancement of molecular desorption through
various methods has received considerable attention, the effective removal of water vapor after
desorption is also worthy of attention. This is especially true when considering the typical geometry
of gas distribution and delivery subsystems. It is shown that at typical purge pressures, a water
molecule desorbing from a surface is likely to be adsorbed again. Thus, desorption may be required
multiple times for the molecule to be removed from the subsystem. However, if the purge flow is
operated at modest vacuum, the desorbing molecule remains in the purge stream considerably longer
and travels farther downstream before being readsorbed; thus improving the removal rate. The
primary focus of this investigation is to understand the dependence of the rate of water removal on
the pressure of an inert gas purge. In most cases, the implementation of lower pressure purge may
be accomplished with little or no change to existing equipment. In addition to the obvious savings
and convenience resulting from a time reduction, considerably less purge gas is consunz&f4 ©
American Vacuum Society.DOI: 10.1116/1.1735844

[. INTRODUCTION pect of baking the subsystem to promote rapid desorption is
impractical. Other techniques requiring line-of-sight to all
Many vacuum processes typically used in surface sciencgurfaces are ineffective due to the internal geometry of the
semiconductor manufacturing, and related fields require thgubsystem. In addition to the difficulties of enhancing water
delivery of high-purity gasses to a process chamber. Etchjesorption, the internal geometry prevents effective removal
chemical vapor deposition, and related processes routinelyf the desorbed vapor. With length-to-radius ratios of typi-
employ gasses that are highly reactive and readily form uncally 100-1000 in such a system, a water molecule is des-
desirable compounds when exposed to even trace levels gtbed and readsorbed numerous times in the process of being
contamination. In other cases such as aluminum physical vantirely removed.
por deposition, the presence of contamination can adversely The opportunity to improve purging effectiveness by en-
affect critical aspects of the resulting film. In a semiconduc-hancing the vapor transport of the contaminant species is
tor manufacturing facility these contamination issues are Q\/orthy of attention and the common practice of purging at
significant economic factdr® Of the many contaminant spe- high pressure requires critical review.
cies, water is considered the most troublesome. Delivery
components and subsystem designs have been the focus of
many studies recently, as have the many methods used th MATHEMATICAL MODEL
clean and condition the wetted surfaces of these and other To analyze the removal of water contamination from gas
component$:®While most modern, high-purity gas delivery delivery lines and components, a model representing the pri-
subsystems are designed to minimize internal sources @hary mechanisms involved is developed. Assumptions con-
common contaminants, the exposure of the wetted surfacesstent with the physical conditions are made to facilitate the
to ambient atmosphere remains a major source of water coolution. A governing differential equation for the molar den-
tamination. Even brief atmospheric exposure allows monosity of the water vapor within a cylindrical pipe is derived.
layer water coverage on internal surfaé@swith a surface  An adsorption/desorption relation for submonolayer water on
residence time of approximately 1 day, water contaminatiorstainless steel determines the boundary condition for the mo-
becomes the impediment to a rapid return to a process-readr density at the tube wall.
condition. A. Assumptions
The challenge of effective removal of adsorbed water ~ P
from gas delivery subsystems is considerably different from The model assumes a cylindrical shape representing com-
that encountered for a large vacuum vessel. First, the prosnonly used 1/4 in. stainless steel tubitigner diameter 0.46
cm) having a tube length of at least 50 diameters. The purge
3Electronic mail: luketech@earthlink.net gas is nitrogen in the viscous regime, characterized with a
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fully developed laminar profile. The purge gas volumetrice Since bothQ, and D are inversely proportional to pres-
flow provides sufficient average velocity such that the axial sure, it is independent of the purge gas pressure for a con-
transport is considerably more than that of diffusion. The stant mass flow of purge gas.
residence time for a water molecule adsorbed on the wall is It can be reduced to two ordinary differential equations
10° s and the molar surface density for a monolayer is 1.7 using the technique of separation of variable§ ,z)
X 10~° mol/m?. The diffusion coefficient for water vapor in ~ =n(r)n(z) for certain cases of boundary conditions.
nitrogen at 1 atm and 20 °C is taken to be>2 B ° m?/s.
The diffusion coefficient varies inversely with pressure—
valid while the nitrogen flow regime is viscous. C. Boundary conditions
The condition forn(r,z) at the inlet boundary is set to
represent a practical situation where the purge gas has fixed
moisture contribution which becomes an additive constant to
The derivation of the governing equation for the molarthe solution. It will be set to zero for mathematical conve-
density function within the tube involves two transfer nience. The boundary condition at the wall is determined by
mechanisms: diffusion and purge gas velocity. The flux ofsetting the net molar flux equal to the difference in adsorp-
water vapor is effected by the gradient of the molar densitytion and desorption on the surface. A relatively straightfor-
(diffusive) and by the purge flowiconvective, as shown by ward model of this behavior is employed. For submonolayer
. coverage, the adsorption is a product of the arrival rate, the
I=-DVn(p.2)+¥p)n(p.2), @ numbe? of availablepsites, andpthe sticking probability. The
wherej is the molar flux,D is the coefficient of diffusion, desorption rate is proportional to the number of moles on the
n(p,z) is the molar density function, anelp) is the velocity  surface divided by the residence time. Thus
of the purge gas as a function of radius. Once in the volume
of the tube, it can be assumed that no dissociation or forma- ilio1= M
tion occurs, so the total molar number is conserved. This T
leads to the condition

B. Governing equation for molar density

1
Z(WSL=0n(r .2y

where (v) is the average thermal velocity of a water mol-
Vej=-— an(p,2) ) ecule,Sis the sticking probabilityg is the coveragel, is
dat the monolayer molar surface density, ants the residence

and is further reduced in the case of steady state by settintﬂlri;”e' Atr =1, diffusion is the only transport mechanism, so
the right-hand side to zero. Combining E€&) and(2), and the flux at the wall is related to the gradient in density as

considering the symmetry of the problem, the steady state an(r,z)
result becomes jli=1=-D o :
r=1
D d[ an(p,z #n(p,z an(p,z . .
——p (p.2) (‘; ) vy (p )=0 (3)  This enables the boundary condition at the wall to be ex-
por P 9z 9z pressed as
The second term in Eq3) can be neglected due to the axial an(r,z)

transport assumption earlier. Since the purge flow is fully D

developed, the axial component of the veloaityis

_3Qv(, ¢’
mR? R?

Nod] [1
}_ 7(mSA=0n(r.2)|—1|.

r=1

Worth noting is that at full monolayer coveragé=1), the
, (4) adsorption term is zero and the flux of water at the surface is
independent of the molar density in the gas. As the coverage
whereQy, is the volumetric purge flow, anR is the inner  decreases, the adsorption term becomes more significant—
radius. If the radial variable is scaled as a fractional radiugiecreasing the flux from the surface, and hence, the removal

Vz

r=p/R, Egs.(3) and(4) can be combined as rate. This adsorption factor is proportional to the local molar
14[ on(r,n] 3Qy , an(r,z) density, which in turn is dependent on the purge gas param-
- +—(r°— = (5) eters.
ror ar 7D Jz

The emphasis of this analysis is on the removal of sub-
Equation(5) is the governing equation for the molar number monolayer coverage. This focus is justified given that:
density. This form is somewhat analogous to the well-studied .. : . 5
* Since the residence time for water-on-water<40 > s
thermal transfer problethHowever, the two problems are . . .
. X - e while that of water-on-stainless steel is10° s, the net
different in the way that thermal conductivity and diffusion

. . o . flux of water from the surface is significantly lower during
coefficient vary with pressure. Examination of E§) yields .
. . T the removal of the last monolayer compared with that for
the following notable features and scaling properties: the bulk

« It is independent of the inner radius of the tuBehow- < Since no appreciable adsorption takes place until the water
ever, some of the underlying assumptions require limits achieves submonolayer coverage, the purge gas parameters
onR have little effect on the flux in a bulk coverage condition.
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Fic. 1. Molar density profile for various purge gas mass flow rates with theFic. 2. Removal rate profile for various purge gas mass flow rates with the
following conditions:P=1 atm, #=0.9, andS=0.0001. following conditions:P=1 atm, #=0.9, andS=0.0001.

D. Removal rate Parametric studies of removal rafe calculated numeri-

) . cally following Eq. (7), demonstrate its dependence on cov-
The removal rate is defined as the number of moles leav- y g Eq.(7) P

. . . . . .~ ‘erage, sticking probability, purge mass flow, and purge pres-
ing the tube per unit of time. .It is calculated by mtegratmg sure. The ranges for coverage and sticking probability values
the product of the molar density and the purge velocity OVer, o - qistant with recent wotk-12As shown in Fig. 3, the
the surface of the tube exit. This is given by dependence of removal rate on pressure tends to be inverse
1 3 linear in a large region of the selected parameter space
®:6Qvfo n(r)(r=ro)dr. (") (where 9<0.99 andS>0.001). Figure 4 also demonstrates
that when adsorption becomes a significant factor at the wall

Since the model addresses the steady state condition, rgoundary, the purge pressure effect becomes significant.
moval rate is a useful metric to evaluate the effectiveness of The effect of mass flow on the removal rate for various

the purge gas parameters. pressures is shown in Fig. 5. Here it can be seen that the
removal rate increases with increasing flow. However, de-
[ll. MODEL RESULTS pendence becomes increasingly nonlinear as the mass flow is

increased. The basis for this relation is qualitatively demon-

The solution to Eq(5) with the boundary condition of Eq. - .
(6) is solved using separation of variables to obtain an eXpogtrated in Fig. 2. Increasing the mass flow rate decreases the

nential form forn(z) with the remaining ordinary differential efficiency of the burge as the center of the stream becomes
equation forn(r) evaluated using numerical methods. ForIess saturated with moisture.

various conditions for coverage, sticking probability, purge

gas mass flow, and purge gas pressure, the molar densi'ty' DISCUSSION

function is obtained. From examining the boundary condition statement and

Parametric studies of molar densitfr) show general the parametric results, it is evident that the details of the
trends as expected. Asapproaches 1 d8 approaches 0, the surface/water interactiof¥, 7, andS) are critical to the re-
n(r) becomes uniform across the radius as no readsorption is
occurring. At nominal values of andS, as the mass flow is
. . . . -4
increasedn(r) exhibits a steeper gradient across the radius =0
as shown in Fig(1). That is, the purge gas is “drier” at the
center when at a higher flow. The pressure independence ¢
n(r) is also verified as expected.

To aid in visualizing the removal process, the integrand of
Eq. (7) is plotted in Fig.(2) for the same cases as in Fig. 1.
This demonstrates amount of water exiting the tube at eaclg
point along the radial direction. The interplay between: the:E% .
area increasing ag, the purge gas velocity profile decreas- &
ing asr?, and the molar density profile, makes for interesting
comparisons between the different mass flow rates. The higt
mass flow case has the least amount of removal near the

0.9

5L

0.5

e O (log pmolls)

0.1

center, but has far more removal nearer the wall when com- °® o4 1 10
. Pressure (atm)

pared to the lower mass flow rates due to the overall higher

velocity. Fic. 3. Removal rateb vs purge gas pressure for vario@svith S=10"6.
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B. Purge flow rate

The only quantitative consideration for optimizing purge
0.999 parameters may be required when determining the mass flow
rate setting. Higher mass flow settings produce a higher re-
099 moval rate at the same pressure. However, increasing the
mass flow increases the pressure gradient along the tube,
09 which increases the average pressure, which in turn tends to
decrease the removal rate. So for a given length and diameter
05 tube, an optimal flow setting is expected. The ideal flow for
each instance also depends on the surface conditions in the
041 tube, which may be unknowable and dynamic during the
o purging process. Determining the optimal flow for a particu-
0.01 04 1 10 lar situation requires experimental investigation, but cer-
Pressure (atm) tainly mass flow rates in range from 0.1 to 5 slm are

Fic. 4. Removal rate® vs purge gas pressure for variodswith S reasonable_t_mth from the standpoint of removal rate and
—0.001. pressure gradient.

I

Removal Rate ® (log pmol/s)
~

C. Purge gas purity

moval rate while purging. However, these factors are typi- When considering the effectiveness of the purging pro-
cally not controllable in a practical situation. The purge gascess, the economics of the gas consumed is also a concern.
pressure and mass flow rate are controllable to an extent ihhe purge time, flow rate, and purity level each affect the
most current designs. cost directly. Purge time and flow rate account for the total
standard liters of gas consumed; purity is a major factor in
setting the cost per standard liter. Purity is typically specified
as parts per million by volume concentration, but must be
A. Purge gas pressure restated in terms of the absolute molar density to properly
To maximize removal rate the optimal pressure is, practi@SSess its impact. For example, if the purge gas bottle con-
cally speaking, the lowest pressure. This value is often limCentration is 0.1 ppm water vapor and it is used at 1 atm
ited by the geometry and pumping capability of the sub-Pressure, then the molar density it contributes s}
system. While there is a problem if the pressure becomes tots 10 mol/m”. Y\éhereas the same 0.1 ppm purity gas con-
low and the flow regime transitions from viscous to molecu-{fiPutes ~4x10 mol/m® at 0.01 atm purge pressure. In
lar (where the diffusion coefficient becomes constathiis is ~ Other words, since the adsorption of water at the surface
unlikely to occur in a typical gas delivery subsystem. In fact,d€Pends only on the absolute molar density, not on relative
it is readily estimated from the Hagen—Poiseuille equatiorfOncentration, the “effective purity” of the purge gas in-
that far a 1 sim mass flow through a 1/4 in. tube, the pressur&"€ases with decreasing purge pressure for the same volumet-
will be at 0.01 atm within a few centimeters upstream from aiC flow.
vacuum exit.
D. Time to achieve acceptable moisture level

While the model presented here represents the steady state
“ molar density and removal rate, the effect of purge gas pres-
o e 001 atm sure and mass flow rate can also be applied to the time de-

pendent problem. Since the residence time of molecules ad-

* //’_—;M o sorbed on the surface is orders of magnitude longer than both
' the diffusive and convective transit times, the process of ad-

5 sorbed moisture removal can be considered quasisteady
oot atm state. An issue of practical matter is the relative amount of

time spent in bulk removal versus submonolayer removal.
For many applications, it may be acceptable to perform a
P=10atm purge and begin operation with the last monolayer remain-
8l ing. The purge pressure has little bearing on the required
time to achieve this state. One the other hand, if lower con-
0 ‘ tamination levels are required before returning the subsystem
04 1 10 to operation, the time spent removing a given portion of the
Flow (sim) last monolayer is substantially longer. It is during this phase
Fic. 5. Removal ratab vs purge gas flow rate for various pressuregat Of the removal process that a lower purge pressure can dra-
=0.9 andS=0.001. matically reduce the required time.

Removal Rate @ (log pmol/s)
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E. Other purging techniques require these conditions for proper operation. Conversely, the
With the understanding this model provides, it is useful tOverification tests for this model necessitate an absolute mois-
examine alternative techniques and develop new methods r&ypre density measur_e_ment, mdependen_t .Of the purge gas pres-
more effective purging sure and flow conditions. Thus, a modified test procedure is
) ' required to effectively test the results of this model.
1. Cycle purging

A commonly employed technique for purging “dead legs” V. CONCLUSIONS

in gas delivery subsystems is called cycle purging. This ap- For high purity gas distribution and delivery subsystems,
proach varies the pressure, usually between several psig aggly maintenance operation that exposes the internal surfaces
rough vacuum, in a repeated pump-purge cycle. Compare@ ajr requires the subsequent removal of contaminant spe-
with a continuous-flow purge, this technique ensures movegjes. Depending on the design and materials of the sub-
ment of purge gas throughout the system’s dead legs. Whilgystem and the level of exposure, the removal process can
there is little doubt regarding its effectiveness for the in-require hours. In a research environment, this time is at best
tended purpose, there have also been anecdotal accountsf inconvenience. For vacuum-processing systems in a semi-
improved purge performance in systems without dead legonductor manufacturing facility, the economic impact in
features. One may speculate that the effectiveness of a cyclgerms of lost uptime, is significant.

purge, especially in this case, is related to the fact that a A model for the purging process of adsorbed water is
considerable portion of the purge process is performed at loyeyeloped based on assumptions consistent with gas delivery

pressure, as opposed to the cycling action itself. subsystem tubing. The effect of purge pressure on the mois-
] ture removal rate is first order in the region where readsorp-
2. Turbulent flow purging tion is an appreciable mechanigire., submonolayer cover-

The model results indicate clearly that increasing the raage. Lowering purge gas pressure increases both the
dial transport mechanism near the wall is key to improvingvolumetric flow and the diffusion coefficient—resulting in
removal. Increasing the diffusion coefficient by decreasingmproved removal rate.
pressure has a dramatic effect; however, creating a turbulent
flow condition would further facilitate transport near the J:F O'Hanlon and H. G. Parks, J. Vac. Sci. Technol0A1863(1992.
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