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This paper explores the source of an unexpectedly large number of particles found while
examining the rough pumping cycles of a vacuum system. It is proposed that these particles are
generated through nucleation of moisture onto fine particles during pumpdown, and that
turbulence enhances this process. A brief discussion about the particle monitor used for data
acquisition and a review of previous experimental results on the dependency of particle generation
on turbulence is included. The body of the paper contains experimental results supporting the
nucleation hypothesis, and a discussion on the effects and prevention of particle nucleation. The
experimental results include a comparison of particle generation for two gases of similar original
particle content but different humidity levels, reduction of particle count using a molecular sieve
to remove the moisture in the chamber, and a systematic change of the relative humidity (by

adding or removing moisture) in the chamber.

I. INTRODUCTION

In current microelectronics manufacturing, clean-room
technology has been the primary approach for particle con-
trol. However, decreasing design rules and increasing circuit
density have been posing more demanding cleanliness re-
quirements.'? To meet the stricter requirements, efforts are
being made to carry out processes under vacuum and to im-
plement automatic operations.’~ The aim is to eliminate hu-
man interaction and to minimize particle contamination.

In a previous work of Chen et al.,® a comparison study of
clean room and vacuum demonstrated that vacuum can pro-
vide an intrinsically cleaner environment. It is also shown
that once the vacuum environment itself is reached, it does
not contribute particles. Of course, mechanisms moving in a
vacuum and the process itself will inevitably generate some
particles, but Bowling and Larrabee’ found that in a high
vacuum, the particles will fall quickly due to the force of
gravity. Thus, wafers placed in a face-down configuration in
a vacuum can self-shield their front faces from particulates.

However, during a process cycle, a wafer will inevitably
experience pumping, vacuum processing, and venting opera-
tions. In Hoh’s study,® it was shown that a wafer, after being
subjected to fast pumping and venting processes, will be con-
taminated by numerous particles. In a recent review” on
sources of particulate and atomic-scale impurities in vacuum
deposition and etching systems, O’Hanlon also indicated
pumping and venting as a particle generating source.

Recently, a particle flux monitor designed by high yield
technology (HYT)!! has made in situ, real-time monitoring
possible in vacuum (e.g., in load-lock systems and ion im-
planters).5!>!! In Ref. 6, an unexpectedly large number of
particles were found at the beginning of rough pumping.
These were related to the existence of turbulence character-
ized by the Reynolds number. Their source or generation
mechanism still needs to be examined. This paper will dis-
cuss the generation of these particles and an interesting phe-
nomenon of moisture condensation, and relate the two to
each other.

We will first discuss the physical measuring mechanism of
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the particle monitor we are using and the proper interpreta-
tion of its data. Then, we will review some of our previous
experimental results on the dependency of particle genera-
tion on turbulence through time dependent Reynolds num-
ber (RE). The main discussion follows the examination of
these results and the unexpectedly large number of particles
detected during rough pumping. A working hypothesis is
proposed: Moisture in the air tends to condense onto fine
particles during pumpdown and turbulence enhances this
process. Various supporting experimental results are then
described, taken under conditions of systematically varied
ambient humidity and back-filling methods. Finally, the ef-
fects of these nucleated particles and the prevention of nu-
cleation are discussed.

Il. THE VACUUM PARTICLE COUNTER AND ITS
MODELING

The particle counter used in this study is the PM-100 flux
monitor (HYT),'! developed for use in vacuum. The system
includes a sensor head, preamplifier, and controller. The
sensor is a compact, self-contained probe that is designed to
fit directly into process chambers and pumping lines. The
optical system uses a laser beam that is reflected back and
forth between two parallel mirrors, creating a light net. Par-
ticles passing through this net will scatter light, which is
collected by two photodiodes mounted above the two mir-
rors, giving an electrical impulse signal. Due to consider-
ations for digitization and prevention of repeated counting, a
discrete sampling method has been used, with 0.01 s sam-
pling intervals. In each interval, if there is at least one im-
pulse larger than the preset threshold, the controller accu-
mulates one particle count, otherwise there is no particle
count. In this way, the particle counter can count a maxi-
mum of 100 particles per second. When two or more parti-
cles pass through the light net together, the sensor will give
only one count. If the actual particle flux is too high, the
counting efficiency will drop quickly, resulting in measure-
ment saturation.

Assuming that the movement of individual particles is in-
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dependent, the number of particles passed in time A¢, is also
independent of that in At,, if Af, and At, do not overlap.
Then, the number of particles passed through the light net in
At has a Poisson distribution'?:

Me‘mf('), ()

Prob(k particles) = o

where f(¢) is the instantaneous particle flux which is as-
sumed relatively constant during Az. With this model, given
the flux f(¢) and the sampling interval Az, the counting effi-
ciency of the monitor (the ratio of the recorded particle
count to the number of particles passed through the light
net) can be obtained as

1 — ¢ AU/
E[f(t)]=W~ (2)

When f(?) is very small, the efficiency is approximately 1-
0.5 At f(1), i.e., decreasing from 1 as a linear function of f(¢).
However, when f{(?) is very large, a closer approximation is
1/[At f(1)], i.e., inversely proportional to f(z) and ap-
proaching zero very rapidly.

On the other hand, once a measurement has been taken
using the HYT monitor, we can calculate the maximum like-
lihood estimation of the actual particle flux by the following
formula:

fe = lOOln[ (3)

100

100 — £, () ]
where f,, (¢) is the indicated particle flux by the particle
monitor. Figure 1 shows the relationship between the esti-
mated and the measured particle flux, together with the rela-
tive error in the reading. Due to the low efficiency of the
monitor at high flux, it is not surprising to note that when the
indicated flux is high and approaching the saturation level,
the corresponding actual particle flux is extremely high. The
nonlinearity makes a remarkable difference in interpreting
the experimental data.
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lll. VACUUM PARTICLE DYNAMICS

In preparation for the main discussion, the following is a
review of previous experimental results on the effects of tur-
bulence on dynamic particle counting. As presented in Sec.
IV, this effect is one of the two major factors responsible for
particle generation. Details can be found in Ref. 6.

A. Dynamic particle counting during pumping

In the previous work, dynamic particle counting was in-
vestigated using a small load-lock vacuum chamber located
in a class 100 clean room. To concentrate on the pumping
effect, the sensor head was placed directly above the rough
pumping chamber inlet, at the point of greatest air flow and
where largest particle counts were expected to occur. Well
over 1000 particles were observed during the initial rough
pumping stage when the air flow was large and turbulent.

To examine the quantitative relationship between turbu-
lence and particle count, the relationship between the Re'?
and the pumping speed is required. For a constant volume
vacuum chamber, the Re at the chamber pumping port can
be derived as®

4V _po AP

Re= — X
muD P, At

(4)

where: P is time dependent pressure in the chamber, V is
volume of the chamber, ¢ is time, D is diameter of the
chamber pumping port, m is viscous coefficient of air, P, is
air pressure at normal condition, and p, is air density at
normal condition.

This relationship is used to calculate the Re during the
rough pumping process. Figure 2 shows a typical result of
particle count versus time dependent Re during a single
pump down. It can be seen that once Re < 100 very few parti-
cles are counted; however, when Re > 2000, particle counts
are at the sensor saturation level. The particle count in-
creases with the Re in the transition region.

Measured Particle Flux
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FI1G. 2. Measured particle flux vs instanta-

neous Re during a typical pumpdown using
fast pumping.
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B. The effect of pumping speed

We have also systematically studied, using an adjustable
throttling system, how the particle count changes in relation
to pumping speed. Figure 3 shows that total particle counts
are reduced as the pressure curves are made more gradual,
i.e., slower pumping speed.

The dependence of particle count on Re is an independent
relationship that cannot be explained based on pressure or
time alone. For example, in Fig. 3, at a pressure of 300 Torr,
the particle count is markedly different over the three trials.
Similarly, from the same figure, at a single point in time
(e.g., 15 s after pumping begins) the particle count is differ-
ent from trial to trial. While pressure or time alone cannot
explain the relative particle count levels, a combination of
pressure and time, as formulated through the Re, does seem
to relate directly to the particle count.

Alsoin Fig. 3, an interesting effect has been demonstrated
by using three pumping speeds. There is little difference
between the medium and slow pressure curves, yet there is a
major difference between the corresponding particle curves.
The reason for this is that the Re corresponding to these two
pressure curves are in the transient region, so a small change
in the pressure curve will cause a major change in the particle
count curve. Also, note that the particle curve for the fast
pumping speed corresponds to a very large number of parti-
cles, especially if the saturation effect is taken into account.

IV. THE NUCLEATION PHENOMENA DURING PUMP
DOWN

Having discussed the particle dynamics, we now concen-
trate on a phenomenon which is implied by the previous
experimental results: nucleation during pump-down. We
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first reexamine the unexpectedly large number of particles
observed during rough pumping and propose a nucleation
hypothesis. Then, we present experimental results related to
the investigation of this phenomenon.

A. The nucleation hypotheses

In examining Fig. 2 and the “particle fast” curve in Fig. 3,
we notice that a large number of particles (well over 1000)
are pumped out during the beginning stage of rough pump-
ing when there is a large air flow and turbulence is expected.
Furthermore, Fig. 1 shows that when the measured particle
flux is near the saturation level, the actual flux is much high-
er. Thus, the total number of particles pumped out may be
several thousand. In these experiments, the small chamber
( ~0.5 ft?) is initially filled with air from the Class 100 clean
room whose cleanliness is verified using a laser spectrom-
eter. Thus, only 50 or fewer particles larger than 0.5 ym are
expected to be present in the chamber. However, since the
HYT particle monitor has a low counting efficiency, only a
few particles are expected to have been counted by the moni-
tor. Thus, a discrepancy exists. Furthermore, repeated ex-
periments have shown that this phenomenon will occur con-
sistently as long as the same backfill source and the same fast
pumping speed are used. Thus, it is important that we ex-
plain the discrepancy and understand the underlying mecha-
nism.

One possible theory is that the unexpectedly large particle
count is due to particles dislodged from chamber walls by
turbulence. If this is true, a lot of particles should be counted
during the first pumping cycle, and a decreasing number
during subsequent pumping cycles. This is not the case. No
significant change in particle count is noted over successive
pump-down cycles as long as the same air source is used in
venting. Furthermore, attempts to clean the chamber walls
do not change the results. Another theory, that of multiple
counting, is also unlikely. As noted, the number of detect-
able particles expected is very small (~35). To achieve a
count of more than 1000 particles, these several particles
would have to be suspended in a cyclic motion pattern near
the detecting light net without being carried away by the
strong pumping airflow. This situation is also deemed un-
likely.

The proposed theory is that during pump down, the prop-
er conditions exist for particles to be generated by means of
nucleation. The number of “fines” (particles < 0.5 um) is
very large, and fines as small as 0.005 um are capable of
serving as condensation nuclei.'"* During rough pumping,
extraction of the air from the chamber is, in a sense, equiva-
lent to undergoing a sudden volume expansion. According
to thermodynamics, this sudden expansion will cause a tem-
porary temperature drop in the air, which will in turn cause
the relative humidity in the chamber, if originally filled with
moist air, to increase to saturation level. Thus, the water
vapor from the clean room air will tend to condense onto the
fines through heterogeneous condensation (which is much
more likely than homogeneous condensation with the pres-
ence of fines as nuclei). The presence of turbulence will trig-
ger the nucleation quickly, since these wetted fines will col-
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lide and coagulate with each other, thus growing to sizes that
are detectable by the HYT monitor.

It should be emphasized that turbulence is playing an im-
portant role in the particle generation. Turbulence and mois-
ture are two necessary conditions. In our case, the whole
rough pumping process is relatively short ( ~20 s). In the
case of laminar flow, condensation begins slowly so that nu-
cleation will not occur in such a short time. But, if the air is
turbulent, nucleation could happen in 1-2 s. If the turbu-
lence stops, the nucleation will also stop within seconds. The
total time that the turbulence lasts will determine the total
number of particles nucleated. The previous results have re-
vealed a strong relationship between particle count and tur-
bulence. The key point is that moisture is a necessary condi-
tion and turbulence triggers the nucleation.

In the following subsections, we will describe some related
experimental results to support the above hypothesis.

B. The effect of backfilling with dry nitrogen

In an attempt to reduce particle contamination during
pumping and to prove or disprove the nucleation hypothesis,
many experiments were performed using various backfill
gases with different moisture contents. In one experiment, it
was found that backfilling with dry nitrogen dramatically
reduces the particle count compared to backfilling with
clean-room ambient air.

In the experiment, the venting port was connected to adry
nitrogen source through a control valve. The chamber,
which was initially filled with clean-room air, was closed and
pumped down (see Fig. 4). After a pressure of about 107*
Torr was reached, the pumping valve was closed and the
chamber was vented with dry nitrogen until atmospheric
pressure was reached. It was then pumped again from a dry
nitrogen-filled state. In the experiment, this pumping se-
quence was immediately repeated, i.e., after pumping down
the nitrogen-filled chamber to a certain pressure, the
chamber was vented with clean-room air and pumped down,
and then vented with nitrogen and pumped down again. The
maximum pumping speed was used during each trial to en-
sure that turbulence was created (this is a basis for the ex-
periments in the rest of this paper). In doing this, it was
verified that: The experimental results have good reproduc-
ibility, and the large number of particles detected with clean-
room-air backfill and the reduction of particle count with
nitrogen backfill have little to do with the pumping history.
Figure 6 shows how particle counts change greatly (from a
total number of > 1000 to < 10 particles) when a dry nitro-
gen backfill is used.

To compare the clean-room air and the dry nitrogen, a
laser spectrometer particle counter was used to verify that
the two gases indeed have a similar particle distribution for
diameters 0.12 pm and above. Following a careful calibra-
tion, the particle counter was programmed to record the par-
ticle counts for each of ten different particle size channels.
First, the clean-room air was sampled for 2 min, which was
repeated several times to check the reproducibility. The dry
nitrogen was then sampled for 2 min. When sampling the
nitrogen, a T-junction was used, with one opening connected
to the sampling probe, the second to the nitrogen source,
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which is releasing more nitrogen than the probe can take,
and the third exposed to atmospheric pressure for venting
the excess nitrogen. This was done to ensure the same sam-
pling pressure for both gases. Reproducibility was also
checked. These experimental results are shown in Fig. 5.

From the figure, we can see that nitrogen and clean-room
air have very similar particle contents. But there is a major
difference in moisture content: The nitrogen is from a high
pressure source and it is dry, but the clean-room ambient air
is comparatively wet, having a relative humidity of over
70%. Thus, it is probable that the generation of the large
number of particles when pumping ambient air is related to
the moisture content in the air.

From the results of this experiment, a recommendation
regarding the operation of vacuum systems can be made. Ina
system in which pumping and venting occur frequently,
such as in a load-lock system, it is beneficial to use dry nitro-
gen every time venting is necessary in order to reduce parti-
cle contamination.

C. Experiments using a molecular sieve

After studying the previous experimental results, it be-
comes more clear that moisture content is playing an impor-
tant role in particle generation during rough pumping. To
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F1G. 5. Comparison of initial particle size distributions before pumping of
clean-room ambient air and dry nitrogen. Channel size (um) (1) 0.12-
0.17,(2) 0.17-0.27, (3) 0.27-0.42, (4) 0.42-0.62, (5) 0.62-0.87, (6) 0.87—
1.17, (7) 1.17-1.52, (8) 1.52-1.92, (9) 1.92-2.37, (10) over 2.37.
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investigate this more directly, the moisture content is re-
moved from the same clean-room ambient air, using 2 mo-
lecular sieve. The molecular sieve used, which is a very effi-
cient and fast drier, is of type 4A, with a cylindrical shape
and a length of 1.6 mm. Since the chamber volume is known,
the amount of molecular sieve can be precalculated to bring
the relative humidity down to below 1%, assuming an initial
relative humidity of 70% and temperature of 25 °C. The de-
sired low humidity is reached only after a sufficient waiting
period, since it requires time for the sieve to absorb the mois-
ture. Since the waiting period is directly related to the
amount of moisture removed, a correlation should exist
between waiting period and particle reduction if the nuclea-
tion hypothesis is true. Thus, we should be able to observe a
gradual reduction in the total number of generated particles
as a function of the waiting time. When the waiting time is
sufficiently long, so that most of the moisture content has
been absorbed by the sieve and hence no nucleation is possi-
ble, this function should approach five, the expected number
mentioned before.

In the following experiments, the molecular sieve is
wrapped with lint-free paper. The paper is not airtight, so
that water vapor can penetrate the paper and be absorbed by
the sieve. On the other hand, the paper efficiently prevents
particles in the sieve from entering the chamber air. When
the moisture is absorbed by the sieve, some heat will be re-
leased. Most of this heat will remain in the sieve or be trans-
ferred to the chamber floor, causing some temperature rise.
Although some of the heat will be transferred to the air, we
assume that we can neglect its effect on nucleation, since this
part is relatively small.

First, the effect of using the molecular sieve inside the
chamber was tested. Each time about 50 g of molecular sieve,
which is more than twice the amount needed to absorb all the
moisture in the chamber, was placed in the middle of the
chamber wrapped with lint-free paper. For comparison, a
preliminary trial was run with no molecular sieve, recording
the total number of particles. Next, the molecular sieve was
placed inside the chamber, and the chamber was quickly
pumped down and vented with the same clean-room am-
bient air, but no data was taken. As soon as atmospheric
pressure was reached, the chamber was pumped down again,
this time recording the total number of particles generated
during rough pumping. The entire process was repeated
twice more. In the first trial, after the chamber was vented to
air pressure with a molecular sieve inside, there was a 5 min
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wait before the chamber was pumped down again and data
taken. In the second trial, the waiting time was increased to
20 min. In each trial, a new molecular sieve was used to
ensure proper comparison.

These experimental results are shown in Fig. 6. It should
be noted that in each experiment the actual absorbing time is
the waiting time plus the preceding venting time. Since the
absorption during venting is always changing and is different
from that during waiting, it is not appropriate to add the two
to get the effective absorbing time. Thus, the graph is not
made to a linear time scale. It can be seen from the figure that
the particle count is reduced by more than half even with no
waiting time. This means that a significant amount of mois-
ture is already removed by the sieve during venting. It is
important to notice that the particle count does reach four
when the waiting time is 20 min.

After these experiments, we then tested the total particle
count by using the molecular sieve in the venting line. In this
way, air was forced through the sieve during venting, with
some of the moisture absorbed by the sieve. Thus, less mois-
ture enters the chamber. In the experiments, the chamber
was first pumped down to vacuum. Then, after some molec-
ular sieve was put in the venting line, the chamber was vent-
ed to air pressure and pumped down again with the total
number of particles recorded. Two trials were taken. In the
first trial, 20 particles were observed, and in the second one
57. At first glance, the two trials resulted in a widely differ-
ent number of particles. But in comparison with the number
(1233) obtained when no molecular sieve was used, these
two numbers are in fairly good agreement.

From these tests with a molecular sieve inside the
chamber or in the venting line, we conclude that if moisture
1s removed from the air in the chamber, the total number of
particles observed during pumping will be reduced accord-
ingly. This conclusion strongly supports the nucleation hy-
pothesis.

D. Other nucleation experiments

To further verify the effect of moisture content on particle
generation during rough pumping in the presence of turbu-
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J. Vac. Sci. Technol. A, Vol. 8, No. 2, Mar/Apr 1990

938

lence, other experiments were also performed. In one set of
experiments, we studied the particle generation by employ-
ing backfilling gases with systematically changing moisture
content. In each experiment, the chamber was first pumped
down, vented with gas of a different moisture content, and
then pumped down again, with the total number of detected
particles being recorded.

These results are shown in Fig. 7. The dry gases were ob-
tained from pressurized gas sources. One method of intro-
ducing extra moisture into the chamber is to bubble the air
through water, and collect and use the wet air for venting.
The principle concern in doing this was that the particle
content might be changed since the water might serve as a
particle filter or the impurities in the water might be carried
into the air. Instead of bubbling, we introduced extra mois-
ture (more than that in the clean-room ambient air) into the
chamber by creating a local humid climate for venting. In
the experiment, a water surface was temporarily introduced
near the chamber, creating a local area of higher humidity
right above the water surface. By changing the temperature
of the water, a changing local humidity can be achieved.
Then the venting probe was placed about half an inch above
the water surface. Thus, air of high moisture content could
be used to vent the chamber without changing the particle
content of the air. A test similar to that done for the compari-
son of clean-room air and dry nitrogen was also performed to
verify that all the venting gases had a similar original particle
content.

From Fig. 7, we can see that higher humidity in the
chamber will result in more particles during pumping. A
systematic reduction in the moisture content will give a sys-
tematic reduction in the total particle count. With a virtually
dry gas content, there will be no extra particles being genera-
ted by rough pumping. That is, the total particle count will
be limited to the expected minimum amount even if the
fastest pumping speed is used.

Another set of experiments involved the use of liquid ni-
trogen to cold-trap the water vapor inside the chamber be-
fore pumping. In each trial, after the chamber was filled with

1600

1200
800
400 I
0 . . v . ’
A B C D E

Moisture Content in the Backfill Gas

Total Particle Count

Fi1G. 7. Particle count during each pumping using backfill gases of different
moisture contents: (A) air drawn near hot water surface, (B) air drawn
near cold water surface, (C) normal clean-room air, (D) compressed air,
(E) high-pressure-dried air.
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clean-room air and tightly closed, a proper amount of liquid
nitrogen was put into the cold trap near the back of the
chamber. After waiting for a certain time for the trap to
attract the water vapor from the air, the chamber was
pumped down and the total particle count was taken. Vent-
ing followed and the system was allowed to recover to its
original condition for further trials. This testing was repeat-
ed many times and an example of the results is shown in
Fig. 8.

Some problems exist in relation to these tests using liquid
nitrogen cooling: (1) Ina physical vacuum system, this cool-
ing may not be appropriate. (2) Even if allowed, when the
chamber is large (e.g., the SCARF® chamber at the CRSM),
it becomes a very expensive practice, especially if the
chamber 1is frequently vented and pumped. (3) By using
cooling, the number of particles is reduced during pumping,
but the water vapor has become ice and it remains in the
chamber. This makes it very difficult to pump the chamber
to high vacuum, because the ice keeps evaporating. Further-
more, this residual gas of water vapor may not be good for
some physical or chemical processes. (4) By using a liquid-
nitrogen cold trap, the temperature of the air inside the
chamber is reduced, making it more difficult to evaluate the
study of the nucleation. Besides, this cooling causes the air
inside the chamber to contract and the pressure to decrease.
Thus, to have the same initial pressure before pumping, the
venting valve should be slightly open so that some outside air
can enter to maintain atmospheric pressure. Therefore, the
amount of air to be pumped in this case is a little more than
that in normal pumping. The longer it is cooled, the more air
must be pumped. Another important point is that in order to
get good comparable data, one has to wait long enough for
the system to completely recover to its original condition
before the next experiment can be done, which increases the
experimental time and increases difficulties to have good re-
producibility.

Despite all these problems, the results in Fig. 8 do clearly
indicate a consistent particle reduction due to longer cool-
ing. It is of interest to notice a phenomenon that occurs when
the waiting time is insufficient after a cooling test. We re-
pumped, without using liquid nitrogen, while the chamber
was still cool and 1666 particles were counted: about 30%
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more than in a normal fast pump cycle. Our explanation for
this is as follows. Since no liquid nitrogen was used, no icing
would occur and no moisture would be removed from the
air. Thus, when the clean-room air came into the chamber,
the relative humidity of the air would increase due to the cool
chamber. This would make the nucleation process occur
more easily and thus more particles were generated.

E. Final remarks on nucleation

From the above results, one common conclusion is that
nucleation during rough pumping is highly possible. All the
experiments strongly support the hypothesis, although these
can only serve as indirect verification. To directly prove the
occurrence of the nucleation requires direct in situ observa-
tion of the nucleation process.

An improved verification of the nucleation hypothesis
may be performed through more quantitative experiments,
e.g., by obtaining more quantitative data on relative humid-
ity, temperature, and pumping speed. It would be very useful
to obtain a detailed quantitative description of particle count
as a two variable function of both relative humidity and
pumping speed. Then, we would be able to choose the maxi-
mum pumping speed based on the measurement of the rela-
tive humidity in order to avoid the generation of a large num-
ber of particles and at the same time achieve the fastest
pumping possible. This is desirable, especially when the
chamber is large. Computerized automatic contro! of the
pumping can then be used to ensure the optimal pumping
speed.

Of course it is important to clarify the occurrence of nu-
cleation, but it is even more important to study the relation
between nucleated particles and wafer defects. It can be visu-
ally observed that these nucleated particles will contaminate
wafer surfaces. In Hoh’s paper,® photographs clearly show
numerous particles on a wafer surface. However, it is diffi-
cult to study how these particles differ from normal particles
in causing fatal defects in integrated circuits.

It would also be beneficial to study the various physical
properties, such as the optical characteristics, of the nuclea-
ted particles for better detection and control. Another topic
of interest is a study of the reevaporation of the moisture
after the chamber has been pumped to vacuum, i.e., a study
of residual gases in the chamber.

In summary, with the simultaneous presence of both tur-
bulence and high relative humidity, a violent nucleation pro-
cess is likely to happen during rough pumping. The appear-
ance of this phenomenon needs to be avoided due to its
negative effects: (1) Nucleation is observed to generate a
large number of particles during pumpdown. These nuclea-
ted particles can contaminate a wafer surface. (2) Due to
their wet surfaces, these particles are more likely to stick to a
wafer surface. Due to their different nature, they may in-
crease the difficulty of wafer defect studies. (3) Even if the
water around the deposited wet particles evaporates in a
vacuum, the residuals may still cause defects. Furthermore,
due to coagulation, these residuals are usually much larger
than the fines. (4) The use of vacuum as a clean environment
is based on the fact that all the particles will be pumped out.
However, when nucleation occurs, fine particles grow into
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much larger ones and become much more difficult to pump
out. Instead, they are more likely to fall down and remain in
the chamber, making the chamber less clean. (5) This depo-
sition of large, water surrounded particles will keep more
water in the chamber, which is undesirable in most cases and
which makes the chamber more difficult to pump. (Water
vapor is one of the most difficult gases to pump.)

To avoid nucleation, we recommend using computer con-
trolled pumping to avoid turbulence, using dry gas (e.g., dry
nitrogen) backfill, using a drying agent in the chamber, or
using an efficient moisture filter in the venting line to remove
moisture.

V. SUMMARY AND CONCLUSION

Following a discussion of data interpretation for the HYT
particle monitor and a review of our previous results, we
have explored the explanation for the observed, unexpected-
ly large, number of particles at the rough pumping stage
when the chamber is backfilled with clean-room ambient air.
A nucleation hypothesis has been proposed as follows: Dur-
ing pumping, moisture in the air will tend to condense onto
fines, and the presence of turbulence will trigger and en-
hance the condensation process, causing the fines to quickly
grow into particles of supermicron sizes. This is supported
by the following experimental results. (1) When the
chamber is prepared with moist clean-room air, there is a
clear relationship between particle count and the Re, indi-
cating that turbulence corresponds to the generation of a
large number of particles. Completely avoiding turbulence
results in a large reduction in particle count. (2) Backfilling
with dry nitrogen leads to a great reduction in particle count,
although the nitrogen used has a very similar particle distri-
bution to that of the clean-room air. (3) The use of a molecu-
lar sieve indicates that the reduction in particle generation is
clearly dependent on how long the sieve is in the chamber,
i.e., dependent on how much moisture has been removed
from the chamber. (4) Finally, a systematic change in total
particle count has been achieved by backfilling with air of
variable humidity content. The results of the use of liquid-
nitrogen cold trap also agree with the nucleation hypothesis.

While these results all support the nucleation hypothesis,
more quantitative experimental data and direct experimen-
tal observation of the nucleation process will be pursued in
future work.
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