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SEMICONDUCTORS
HOW DOES PARTICLE CONCENTRATION AND THE FACE VELOCITY 
IMPACT THE REMOVAL OF SUB-100-NM PARTICLES FROM HIGH-

PURITY WATER?
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T he critical feature size of 
state-of-the-art semicon-
ductor devices line widths 
is < 20 nanometers (nm) 
and it is expected to de-
crease to < 10 nm by 2017 
(1). Particles on the order 

of half this feature size in the ultrapure 
water (UPW*) used during device 
manufacturing can reduce manufactur-
ing yield and finished device reliability. 
Concentrations of these small particles in 
present day UPW systems are believed 
to be < 1E6/milliliters (mL) for particles 
>20 nm.

Microfiltration (MF) and ultrafiltration 
(UF) devices with particle removal rat-
ings below 50 nm are commonly used to 
reduce particle concentrations in process 
water used during device manufactur-
ing. The particle retention capability of 
these devices is frequently measured 
with challenge concentrations that are 
significantly higher (orders of magnitude 
higher) than those in UPW. Also, test-
ing is often performed using filter face 
velocities that are very different from 
those used in UPW systems.

This article shows a number of ex-
amples which indicate that:

 y Particle challenge concentration and 
face velocity can have a significant 
effect on particle retention.

 y Filter particle retention measured 
under conditions other than expected 
operating conditions can be mislead-
ing.

 y Test conditions used to measure 
filter retention should mimic actual 
use conditions as closely as possible 
in order to accurately predict filter 
retention characteristics in actual use 
conditions.

Test methods. In this study, filter reten-
tion was measured as a function of face 
velocity and challenge concentration. 
Face velocity is flowrate per unit filter 
area. The face velocity of a 10-inch (in) 
cartridge with 10 square feet (ft2) of 
membrane area operated at a flowrate 
of 10 liters per minute (L/min) is 1.1 
centimeter (cm)/min.  

Disc and cartridge filters were tested 
using three methods. In Method 1, the 
retention of 50-nm fluorescent polysty-
rene latex (PSL) beads by 142-millimeter 
(mm) disc filters was measured. 250 
mL of challenge suspension was passed 
through a 142-mm disc at constant ve-
locity. The filtrate was analyzed in 25 
mL aliquots using spectrophotometry. 
In Method 2, the retention of 50-nm 
and 70-nm PSL beads by 142-mm disc 
filters was measured by challenging 
the filters at constant face velocity and 
measuring upstream and downstream 
particle concentrations using an M50 
optical particle counter (Particle Measur-
ing Systems, Boulder, CO).  In Method 
3, filter cartridges were challenged with 
12-nm, 18-nm, and 28-nm silica particles 
at constant face velocity; upstream and 
downstream particle concentrations were 
measured using a Liquid Nanoparticle 
Sizer (LNS) (2). Additional details de-
scribing these methods are available in 
References 3 through 5.

Filters tested. Filters with retention 
ratings between 10 nm and 50 nm from 

a number of manufactures were tested.  
Filter rating methods are manufacturer 
dependent and are not disclosed in this 
article. Filter membranes materials 
were polyethylene, polysulfone, and 
fluoropolymer. All are commercially 
available.

The effects of concentration on re-
tention and face velocity were each 
measured using 4 types of filters. The 
filters tested in the concentration and 
velocity tests are labeled A-D and E-H 
in this article.

Filter loading. When a filter removes 
particles from a liquid the filter becomes 
“loaded” with particles and its retention 
performance can change. Numerous ref-
erences indicate that as loading increases 
retention decreases (6-9). The decrease in 
retention has been attributed to selective 
clogging of the smaller pores in the filter 
as the filter is loaded. 

The rate at which filters are loaded with 
particles, defined in this study as particles 
entering the filter per unit area of filter, 
increases during a test with increasing 
challenge concentration and face veloc-
ity. However, retention with loading, 
rather than time, has been shown to be 
independent of concentration and face 
velocity in some instances (4).

All retention measurements shown in 
this article will be presented as a function 
of loading rather than time using the units 
of monolayers of coverage. Coverage 
is one monolayer at the time when the 
cross-sectional area of the cumulative 
number of particles that have entered 
the filter equals the filter surface area. 

Concentration Effect 
on Retention
Figures 1 to 3 present three examples of 
the effect of particle concentration on 
retention.  Each example presents filter 
log reduction value (LRV) as a function 
of loading (Equation 1).  
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tion was seen to decrease with loading in all cases. The rate 
of decrease increased with increasing concentration. Similar 
losses in retention with increased concentration are seen for 
Filter B with 10- to 30-nm silica particles (Figure 2) and Filter 
C with 30-nm silica particles (Figure 3.

Figure 4 presents two examples depicting the effect of chal-
lenge concentration on the retention of PSL particles by Filter 
D. The graphs show retention as a function of concentration 
at fixed loadings. Retention is seen to decrease with loading 
without (Figure 4a) and with (Figure 4b) surfactant present.

Face Velocity Effect on Retention
Figure 5 presents four graphs showing the effect of face veloc-
ity on retention. All present retention as a function of loading 
at different face velocities. Examples 3a and 3b depict reten-
tion of silica particles by two types of filters, while Examples 
3c and 3d are for retention of PSL particles by two types of 
filters. All experimental data show that retention decreased 
with increasing face velocity.

Implications for UPW Filter Testing Conditions
The results shown in Figures 1 through 3 indicate that particle 
retention by filters can be strongly influenced by both the in-
coming particle concentration and the filter face velocity. In 
the examples shown, retention decreased with increasing con-
centration and face velocity; sometimes substantially. Hence, 
filter performance should be measured under conditions that 
closely mimic actual use conditions.

The concentrations of 10- to 30-nm particles in UPW are 
unknown at present as instrumentation to measure these small 
particles has only recently become commercially available. 
The concentrations of particles >10 nm are estimated to be 
in the range of 1E3 to 1E6/mL, based on an extrapolation 
from measureable particle concentrations using a 3rd order 
size functionality on the cumulative size distribution function.  

Test methods designed to measure filter particle retention 
must be performed under conditions that allow measurement 
of the particle concentrations entering and exiting the filter. 
The lowest concentration of 10- to 30-nm particles that present 
day instrumentation can measure is approximately 1E6/mL. 
Also, it is desired that filters be loaded to 0.1 to 1.0 monolay-
ers in a reasonably short test; for example < 48 hours. For 
these reasons, filter testing is often performed using challenge 
concentrations of > 1E9/mL; concentrations much higher than 
the concentrations of particles present in UPW.

Testing filters at these high concentrations can potentially lead 
to very misleading results. An example of how misleading test 
results can be is shown in Figure 4, which shows retention of 
12-nm silica particles by Filter H at 0.2 monolayers coverage 
as a function of challenge concentration at two different face 
velocities. The lines in Figure 4 represent linear regressions of 
the data and indicate a strong relationship between concentra-
tion and retention. 

Figure 4 indicates that when Filter H was tested at a face 
velocity of 4 cm/min with a challenge concentration of 1E9/
mL, the filter showed an LRV of only 0.15 (30% retention). 
However, if the filter were to be operated at a face velocity of 
1 cm/min with a challenge concentration of 1E4/mL, the LRV 

Figure 1. Retention of 12-nm silica particles by Filter A at 0.95 cm/min.

Figure 2. Retention of 10- to 30-nm silica particles by Filter B at 
0.95 cm/min.

Figure 3. Retention of 30-nm silica particles by two Type C Filters at 
1.5 cm/min.

LRV = log10(CC/CF)  Eq. 1

Where:
CF = filtrate concentration 
CC = challenge concentration

Figure 1 shows retention of 12-nm silica particles by five 
Type A filters at five different challenge concentrations. Reten-
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at the same loading is projected to be >10 
(>99.99999999% retention).

If UPW contains 30-nm particles at a 
concentration of 1E4/mL and Filter H 
is operated at a face velocity of 1 cm/

min, the filter loading rate would be 0.04 
monolayers/year.  Hence, the filter is 
predicted to retain >99.99999999% of 
the particles after 5 years of operation 
rather than the much lower retentions 

seen in high concentration/high face 
velocity tests.

The above example relies of extensive 
extrapolation of measured filter reten-
tions to predict retentions in actual use 

Figure 4. The effect of challenge concentration on PSL particle retention. 4a (left) shows the retention of 70-nm PSL particles by Filter D without 
surfactant present, 1.0 cm/min. Figure 4b provides data on retention of 70-nm PSL particles by Filter D with surfactant present, 1.0 cm/min.

Figure 5. The effect of face velocity on particle retention. Figure 5a (top left) shows the retention of 12-nm silica particles by Filter E, challenge 
concentration = 1E8/mL. Figure 5b, top right) shows retention of 30-nm silica particles by Filter F. Challenge concentration = 1E8/mL Figure 5c 
(bottom left) shows retention of 50-nm PSL particles by Filter F, challenge concentration = 1.5E10/mL. Figure 5d (lower right) illustrates reten-
tion of 50-nm PSL particles by Filter G, challenge concentration = 1.5E10/mL.
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conditions. It is possible that particle retention by Filter H would 
be substantially lower than the >10 LRV predicted. However, 
it is evident that the filter would be expected to have signifi-
cantly higher retention than that measured in high challenge 
concentration tests. Hence, testing under conditions that closely 
mimic filter operating conditions in UPW is highly desirable.

Conclusions
The effects of challenge concentration and face velocity on 
retention of sub-100-nm particles by multiple filter types were 
measured. Testing was performed with both colloidal silica and 
PSL particles. Many examples in which filter particle reten-
tion decreased with challenge concentration and face velocity 
were shown. Decreases occurred with both particle types and 
multiple filter types.  

Filter testing is often performed at challenge concentrations 
and face velocities that are very different from actual usage 
conditions. One example was shown in which laboratory test-
ing indicated particle retention of only 30%, while projections 
indicate that the filter would retain >99.99999999% of the 
particles in a UPW system.

These observations indicate that filter particle retention test 
methods should closely mimic actual usage conditions in order 
to measure representative filter particle retention efficiencies. 
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Endnote
*In the text, the term UPW refers to semiconductor-grade water produced 
in microelectronics facilities.  Its quality parameters are defined under the 
International Technology Roadmap for Semiconductors (ITRS).  
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Figure 6. Retention of 12-nm silica particles by Filter H at 0.2 
monolayer coverage.  
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