ADVANCED MATERIALS HANDLING | TECHNICAL NOTE

Reducing Electrostatic
Discharge In Semiconductor
Fluoropolymer Fluid Handling
Systems While Maintaining
Chemical Purity

Fluoropolymer Electrostatic Discharge (ESD) tubing reduces
electrostatic charge to levels below the ignition energy of
flammable semiconductor chemicals and maintains chemical
purity, ensuring safety and improving process yields.

INDUSTRY CONVERTING TO FLUOROPOLYMER FLUID HANDLING SYSTEMS

Tube OD
Semiconductor processes, such as photolithography and wet
etch and clean, have become more metal sensitive at advanced / I/\
process nodes. As a result, extracted metals from chemical ) )
delivery systems can cause critical wafer defects that negatively Y
impact process yields. To counter this negative yield impact,
fabs have converted many of their stainless steel fluid handling \ ‘ Tube

\

systems that had been traditionally selected for use with vl

flammable solvents to fluoropolymer systems. The change

to fluoropolymers resulted in reduced extracted metals in the \ i / v

process chemicals.

. Tube ID
However, the increased use of fluoropolymer systems creates uoe

new concerns with ESD in components such as PFA tubing.
Solvents used in the semiconductor industry have low-conduc-
tivity, which enables them to generate and hold electrical charge.
When these solvents are transported in fluoropolymer systems
there is a significantly greater risk of static charge generation and
discharge due to the nonconductive nature of the fluoropolymer
materials and the low conductivity properties of the solvents. ESD
events generated in fluoropolymer systems that are transferring
flammable solvents can create leak paths through the tubing
and possible ignition of the surrounding, potentially flammable,
solvent-rich environment. An example of an ESD-created leak Figure 1. Example of electrical discharge through the PFA tubing wall
path through PFA tubing is shown in Figure 1. (0.062" diameter wall thickness).
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FACTORS INFLUENCING STATIC CHARGE ACCUMULATION

Low-conductivity fluid flowing in nonconductive
tubing can cause charge separation at the fluid-tube
wall boundary as shown in Figure 2. This separation of
charge is similar to what happens when two materials
move with respect to each other and transfer charge
as shown in Figure 3. A charge is created as a result

of the transfer of electrons and is similar to the
charge that develops by walking across a carpet in

dry conditions.
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Figure 2. Charge separation at the fluid-tube wall boundary.’
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Figure 3. Charge transfer caused by movement.!

The overall mechanism of charge generation and
accumulation in fluid handling systems is highly
complex. A model for this charge generation and ac-
cumulation mechanism is described in Walmsley, H. L.
(1996).2 This model describes the factors influencing
static charge generation and accumulation as a result
of fluid flow in fluid handling systems.

TUBING CHARACTERISTICS AFFECTING CHARGE GENERATION

Table 1 lists the tubing characteristics that are factors
for charge generation and accumulation. For each
characteristic, the effect on the electric field strength
is noted. As an example, as the inner diameter of the
tube increases there is more surface area for charge
generation, resulting in increased charge and electric
field strength.

Table 1. Tube characteristics affecting the charge
that develops on the tube

Static charge generation

Tube characteristic or accumulation

Inside diameter increases Increases
Conductivity of the tube Decreases
material increases

Tube length increases Increases
Resistance per unit length Increases
of tube increases

Dielectric constant of the Increases
tube wall material increases

Volume resistivity of the tube Increases
wall material increases

Surface resistivity of the tube Increases

wall material increases

FLUID PROPERTIES AND CONDITIONS AFFECTING
CHARGE GENERATION

Table 2 lists the fluid characteristics that affect charge
generation and accumulation. National Fire Protection
Association (NFPA®) 77 9.3.3.1 reads, “In grounded
systems, the conductivity of the liquid phase has
the most effect on the accumulation of charge in the
liquid or on materials suspended in it."*

Table 2. Fluid properties affecting the amount of
charge generated or accumulated

Static charge generation

Liquid properties or accumulation

Conductivity increases Decreases
Flow velocity increases Increases
Dielectric constant increases Increases
Relaxation time constant Increases

increases



Table 3 lists some low-conductivity chemistries used
in the industry.

Table 3. Conductivity of fluids commonly used in
semiconductor processes

Conductivity pico

Gas or vapor siemen/meter (pS/m)

nBA 4300

PGMEA 3 x 10%

nMP 2 X 10°¢

Water — DI 5.5 x 10°

18 mega-ohm-cm -'E
=
©

Acetone 6 x 108 =
=
o
I}

IPA 6 x 108 o0
=
S

Cyclohexanone 109 x 108 g
=

Methanol 44 x 107

Ethyl lactate 1x 108

Water — air distilled 1x10°

v

An Example of a High-flow Velocity ESD Event
in a Non-solvent Application

In the process of cleaning a newly installed PFA
chemical line, dilute chemistry is introduced into

the line followed by a nitrogen purge then ultrapure
DI water. Before fully concentrated chemical can be
introduced into the bulk delivery line, the water must
be removed. To remove the final DI rinse water,
high-purity dry nitrogen is forced through the lines at
high velocities. The high-purity nitrogen, along with
the water droplets that cling to the inside diameter
of the tube, can generate and hold significant static
charge. These flow conditions can result in ESD
events causing pinholes in tubing and fluid handling
components. The same mechanism of charge
generation and accumulation may also occur when
processing with high-purity steam.

PFA systems for solvent chemical distribution

could also go through a DI water flush and nitrogen
purge sequence. However, it is far more common
to perform only a nitrogen purge, which, when
introduced, can cause an ESD event.

POTENTIAL EFFECTS OF ESD ON FLUOROPOLYMER
FLUID HANDLING SYSTEMS

Creates Leak Path Through Tube Wall

Dielectric strength is the measure of a material's
insulating strength. NFPA 77 defines the dielectric
strength as “the maximum electrical field the material
can withstand without electrical breakdown”.3
Dielectric strength is usually specified in volts/mm

of thickness. As wall thickness and dielectric strength
increase the tubing becomes more resistant to
electrical breakdown and discharge through the
tubing wall.

Standard fluoropolymer tubing, like PFA, is a very good
insulator with high dielectric strength. PFA's insulating
properties make it difficult to ground and also con-
tribute to charge generation and storage in tubing
systems. There have been field instances where the
generated charge was able to create a discharge path
through the tubing wall and cause a leak. After the
electrical discharge creates the first fluid leak path, itis
likely that subsequent static generation will discharge
through that same leak path at lower charge levels.

A Spark From the Outside of the Tube
to Ground May Ignite a Solvent-laden
Environment, Causing a Fire or Explosion

Two conditions that must be present to start a

fire or explosion are an electrical discharge of
sufficient energy and a flammable or combustible
environment. A flammable solvent leak caused

by discharge through the tubing wall or a discharge
from the outside of the tube to ground could cause
an explosion.

The energy of a spark and its ability to ignite a flam-
mable fluid or gas is directly related to the square

of the voltage level of the discharge as shown in
Figure 4.3 As voltage increases, the energy available to
cause ignition in a flammable environment increases.

W=icv?

W = energy (joules)

C

capacitance (farads)

V = potential difference (volts)

Figure 4. Equation for determining spark discharge energy.




To assess whether the electrical discharge energy
is sufficient to cause ignition, the Minimum Ignition
Energy (MIE) value of the fluid or vapor is considered.
Table 4 lists MIE's of commonly used semiconduc-
tor fluids.

Table 4. MIE of fluids commonly used in
semiconductor processes

Gas or vapor MIE millijoules (m))

Methanol 0.14 o
=
<

g E

Acetone 0.19 3 e

— <
-—
IPA 0.21

ESD TUBING: PROPOSED SOLUTION FOR MITIGATING
ELECTROSTATIC DISCHARGE

NFPA 77 lists several strategies for mitigating the
amount of charge accumulation in electrically
nonconductive pipes as a result of electrically
nonconductive fluid flow.* Several of these are:

1. Reduce flow velocity
2. Reduce wall resistivity to less than 10A8 ohm-m

3. Increase the breakdown strength of the pipe wall
material by:

a. Increasing thickness

b. Changing material to one with higher
breakdown strength

4. Increase conductivity of fluids. (Unlike other
industries, this is rarely a possibility in the semi-
conductor process industry where any added
particles, especially conductive, are not permitted.)

5. Incorporating an external grounded conductive
layer on the piping

Entegris has chosen strategy #5 and has developed
FluoroLine® tubing with static dissipative PFA stripes
on the outside of the tubing that can be connected
to ground (see Figure 5). Charge accumulation that
develops on the outside of the tube as a result of
fluid flow is redirected to external ground paths (see
Figure 6). This approach is consistent with the NFPA
77 observation that, “Carbon black can be added to
some plastics or rubbers to increase conductivity.”®
Carbon-filled plastics and rubber particles are
sometimes sufficiently conductive to be grounded
like metal objects.

The purpose of having coextruded, PFA carbon stripes
only on the outer diameter is to preserve the cleanli-
ness of the tubing’s pure PFA inner layer. Stripes were
also used so the fluid can be seen inside the tubing.

Figure 5. Entegris FluoroLine ESD tubing minimizes potential issues
related to electrostatic discharge in the fab.
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Figure 6. 45" FluoroLine electrostatic dissipative tubing.

By using a co-extrusion process, the carbon-impreg-
nated PFA becomes part of the outside tubing wall
that will not peel or flake and contaminate the
external environment.

ELECTROSTATIC DISCHARGE TESTING

Test assemblies were made to hold four-foot and
28-foot long samples of tubing that simulate how
customers would use this tubing (see Figure 7). The
tube ends were attached to PFA fittings, the same
fittings customers use, so that charge would not be
discharged through the end connections.

To simulate a common flow condition used by
customers during the commissioning of their systems,
an alternating flow of non-conducting 18 Mohm
Deionized (DI) water and Extreme Clean Dry Air
(XCDA® purge gas) was used. Table 5 lists the flow
ranges of XCDA and DI water along with the corre-
sponding pressures at the tube inlet.



The 100% flow rate was the maximum flow through Table 5. Pressure and flow conditions
the tube that could be achieved with the test setup.

Reduced flow rates were tested to determine the XCDA inlet  XCDA DI water
Flow rate pressure flow rate flow rate
effect of flow rate on the level of charge generated.
100% 72 psi 200 SCFH 1.2 gal/min

A Monroe Electronics 257C-1, 20 K, to -20 K,

electrostatic field meter was used to measure the 75% 36 psi 150 SCFH 0.9 gal/min
charge level 1 cm from the outside of the tube (see

Figure 8). A resistivity meter was used to monitor the

resistance of the DI water during the tests. 25% 5 psi 50 SCFH 0.3 gal/min

50% 16 psi 100 SCFH 0.6 gal/min

NOTE: Clean nitrogen and XCDA, because of their extreme
cleanliness, are good insulators and thus possess the ability
to create and hold large electrical potential. % RH: 19-25%

Ambient temperature: 20-22.4°C (68-72.4°F)

DI water resistance: 16.9-17.9 m ohm

DI water conductivity: 5.91 x 10® —5.59 x 10¢ pS/m

Table 6. Tube and materials tested for
electrostatic discharge

Wall 28' 4!
Tube tested Material 0D thickness length length

Entegris PFA, 0.25" 0.039" X X
FluoroLine ESD PFA
ESD tube,  stripes

EPLAT-04
Figure 7: Test setup of four-foot and 28-foot tube lengths.
Entegris PFA 0.25" 0.047" X X
XKT250-
047
4" tube 304 0.25" 0.098" X
stainless
g steel

a Hluid flow Test Procedure

-|||—

* Tube was cut to length and installed in the fixtures
with nonconductive PFA polymer fittings at each
end. Tube samples, fittings and probe tips were
wiped down with IPA after installation.

Ground

¢ DIl water resistance was measured and monitored
throughout the test.

/7777
— * The electrostatic voltage field meter was placed

N ﬁ Fluid flow with the probe at 1 cm distance from the tube OD.

J_ * Alternating flows of DI water and XCDA were

= introduced to the tube and the field strength was
measured at three different locations along the
length of the tube. Each tube was subjected to this
flow condition with and without a conductive
ground strap connecting the tube to ground. In
addition, the flow rate was reduced to 75%, 50%
and 25% of the maximum flow rate to determine
how the level of charge was affected.

Ground

Figure 8. Monroe Electronics 257C-1, 20 K, to 20 K, electrostatic field
meter testing ESD charge.




Test Results
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Figure 9. Field voltage on the outside of the tube.
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Figure 10. Field voltage on the outside of the tube with reduced
internal flow rates.

Test Conclusions

1. Grounding standard PFA tubing does not reduce
the field voltage on the outside of the tube that is
produced by flowing XCDA and DI water on the
inside. Up to 20 K|, field voltage was measured with
the XCDA/DI water delivery system (see Figure 9).

2. Grounding ESD PFA tubing and stainless steel does
significantly reduce the field voltage on the outside
of the tube that is produced by flowing XCDA and
DI water flowing on the inside (see Figure 9).

3. The field voltage developed along four- and
28-foot tube lengths does not vary significantly
for PFA, ESD PFA and stainless steel.

4. With reduced flow rates, the maximum absolute
field voltage was reduced for both grounded ESD
PFA and PFA tubing (see Figure 10).

5. No fluid leak paths were generated throughout this
testing in either the PFA or ESD PFA tube.

6. The capacitance of a four-inch long PFA tube was
measured to be 56 pF. Using this capacitance value
and 20 K, levels of voltage measured by the field
meter in this test, the energy of discharge is
calculated as 11.2 mJ. This energy level exceeds
the MIE of fluids listed in Table 4 and would be

expected to cause fumes from these fluids to ignite.

Applying this same equation to grounded ESD tubing
where a maximum of 1.5 K|, field was measured along
with 52 pF capacitance, the discharge energy was
calculated at 0.059 mJ and was below the threshold
of ignition energy of the fluids listed in Table 4.

CONCLUSION

As semiconductor processes such as photolithogra-
phy and wet etch and clean become more metal
sensitive at advanced process nodes, fabs are
converting to fluoropolymer fluid handling systems.
The increased use of fluoropolymer systems creates
new concerns with electrostatic discharge (ESD)

in components such as PFA tubing. Electrostatic
discharge increases the risks of leaks, flammability
and potential explosions.

Solvents transported in fluoropolymer systems pose

a significantly greater risk of static charge generation
and discharge due to the nonconductive nature of
the fluoropolymer materials and the frequent low-
conductivity properties of the solvents. Understanding
the factors that influence static charge generation and
accumulation in a fluoropolymer fluid handling
system, Entegris developed an effective solution
that is proven to dissipate static charge accumula-
tion on the exterior of the tubing. Entegris’ FluoroLine
ESD tubing has external static dissipative PFA carbon
stripes that redirect charge accumulation from the
outside of the tube to external ground paths. This
tubing maintains chemical purity, and when
properly grounded, minimizes electrostatic discharge
events, helping to increase process yields while
ensuring safety.
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