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Spatial and Temporal Distributions of a Gaseous
Pollutant During Simulated Preventive Maintenance
and Pipe Leaking Events in a Working Cleanroom

Shih-Hsuan Huang, Hui-Ya Shih, Shou-Nan Li, Sheng-Chieh Chen, and Chuen-Jinn Tsai

Abstract—Sulfur hexafluoride ����� of �� �� in purity was
artificially released to simulate the emission sources in the etching/
thin-film area of a working cleanroom in a semiconductor fab at
the rate of 492 g/h. The temporal and spatial dispersion patterns
of the gas pollutant were studied during the simulated preventive
maintenance (PM) and pipe leaking exhaust events experimentally
and numerically. Three mobile Fourier transform infrared spec-
trometers (FTIRs, detection limit: 10 ppb) were used simultane-
ously to measure the real time��� concentrations in different loca-
tions of the etching/thin-film area of the cleanroom. An additional
open-path FTIR with very low detection limit of 0.4 ppb was in-
stalled before the recirculation duct in the lithography area to mon-
itor if the pollutant drifted from the etching/thin-film area to the
lithography area. The results show that the 3-D numerical model
predicts the unsteady gas concentration accurately in both the peak
concentration and the time required to reach the peak concentra-
tion. Due to high dilution of the pollutant in the cleanroom, the
current gas sensors may not be sensitive enough and a better moni-
toring system and strategy is needed to protect workers from injury
and ensure good product yield. The well-mixed model predicts the
peak pollutant concentrations within a reasonable range which is
0.34–1.33 times the experimental values except when the monitored
distance is very close to the release point. Although it is not able to
predict the time required to reach the peak concentration and the
time for the concentration to drop below a small level, the simple
well-mixed model can be used to obtain an estimation of the peak
concentration quickly when the emission rate and the ventilation
condition of the cleanroom are different than the current study.

Index Terms—Airborne molecular contamination, cleanroom,
gas sensors, preventive maintenance.

I. INTRODUCTION

A IRBORNE contaminants pose a serious threat to the
state-of-the-art manufacturing processes as the feature

size continues to shrink in the semiconductor industry. When a
gas pollutant leaks from the pipes, fittings or process chambers,
it mixes with the recirculation air and disperses in the clean-
room to become an airborne molecular contamination (AMC),
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which will cause process tool damage, product corrosion, wafer
defects and potential worker injury [1].

Many micro-contamination studies in the cleanroom have
been conducted in the past. When the concentration of hydrogen
chloride was higher than 28 ppb, the corrosion defects were
observed on the test wafer [2]. The concentration of ammonia
of 20 ppb could cause the critical dimension shift of 25%–35%
depending on the type of photoresists [3]. When chemically
amplified resist was left in an uncontrolled atmosphere of about
10 ppb , patterns on the wafers were either not developed
or T-top phenomenon occurred [4]. Hazy optical lens were
found in a TFT-LCD fab due to the continuous emission of
high concentration of into the cleanroom during the pre-
ventive maintenance (PM) process of the photo-resist stripper
[5]. Ruthenium (Ru) airborne contaminant, which diffused to
the cleanroom during cleaning of Ru CVD furnace tubes, was
determined as a harmful gas to the MOSFETs process [6]. High
concentrations of corrosive and toxic gases were found to emit
from the metal etch chambers and downstream pipelines during
PM process [7], [8]. Without appropriate control, hydrogen
chloride (HCl) as high as 343 ppm was detected inside the
enclosed chamber, which might cause corrosion on the wafers
and the process tools after the chamber was opened. Therefore,
to ensure high yield manufacturing in semiconductor industry,
the pollutant concentration must be controlled below a certain
limit. For example, the yield enhancement committee of the
International Technology Roadmap for Semiconductors (ITRS)
recommended that the concentration of the total inorganic
acids and bases be less than 0.5 and 2.5 ppb, respectively, for
reticle exposure environment, or less than 5.0 and 50.0 ppb,
respectively, for lithography clean room environment for the
year 2007-2015 [9]. To meet this stringent requirement, chem-
ical filters are often used to reduce the AMC concentration in
the cleanroom [2]–[4]. Mini-environment and SMIF (standard
mechanical interface) enclosure are also useful tools to achieve
the requirement of cleanliness [10]. An effective ventilation
control during preventive maintenance is an important method
method to reduce AMC contamination in the cleanroom [8].

However, AMC concentration in the clean room is nonuni-
form and unsteady which requires an in-depth study. Chen et al.
[11] studied the detailed flow and transient concentration fields
of a gaseous pollutant emitted from a valve manifold box exper-
imentally and numerically. Hot spots of the pollutant, the peak
concentration and the time taken for reducing the pollutant con-
centration to the background level were found. This study used
the similar experimental and numerical methods of Chen et al.
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Fig. 1. (a) 2-D schematic diagram and air flow pattern in the FFU type clean-
room. (b) 3-D schematic diagram of the locations of the outlets.

[11] to investigate the spatial and temporal dispersion patterns of
the gaseous pollutant in a working cleanroom during simulated
preventive maintenance and gas leaking events. The possibility
of cross-contamination of different working areas was also ex-
amined. The suitability of gas sensors and the applicability of
the well-mixed model for predicting the pollutant concentration
were then discussed in light of the dilution factors found in this
study.

II. EXPERIMENTAL METHOD

The experimental study was conducted in a class 1, fan-filter-
unit (FFU) type working cleanroom in one of the DRAM semi-
conductor fabs in Hsin Chu, Taiwan. Fig. 1(a) and (b) shows the
2-D and 3-D schematic diagrams of the cleanroom., in which
the third, fourth, and fifth floor of the plant are sub-fab layer, fab
layer and supply air plenum, respectively. The airflow is driven
by 1900 FFUs which are located at the ceiling of the fab layer.
The FFUs were group into 65 regions and the air velocities at
0.3 m below the FFUs were measured by a TSI Model 8330
anemometer (TSI, Inc., St. Paul, MN) at ten different points in
each region. The flow rate of the make-up air is 168 448 CMH

, or 4.7 air exchanges per hour.
Fig. 2 shows the layout of the fab layer, in which the static

pressure is 1.1, 1.1, 1.2, and 1.8 mm in the etching, the
thin film, the furnace and the lithography areas, respectively.
The static pressure of the lithography area is higher than other
areas and is expected to be cleaner. Since the lithography area
has the cleanest requirement in the fab, the possibility of cross
contamination to the lithography area from the etching/thin-film
area was investigated in this study.

The two main sources of the AMCs in the cleanroom are pre-
ventive maintenance and pipe leaking, these two scenarios were
studied experimentally. Additional numerical simulation of the
gas pollutant dispersion was performed for the scenario A and

Fig. 2. Layout and dimension of different working zones of the fab layer.

Fig. 3. Locations of the �� source and the measurement points in the etching/
thin-film area, scenario A.

the simulated pollutant concentrations were compared with the
experimental data.

A. Scenario A: Simulated Pollution Source From a Model
Process Chamber

A simulated contamination source was set up in the main-
tenance zone between D and E working zones in the etching/
thin-film area of the fab layer, as shown in Fig. 3. Sulfur hex-
afluoride was used as the simulated gaseous pollutant be-
cause it is inactive and harmless to human health and wafer man-
ufacture process. The flow rate of the gas ( in pu-
rity, Air Products San Fu Co. Ltd., Taiwan), 1.35 L/min, was
controlled by a mass flow controller (Model No. 5850E, Brooks
Instrument, Austin, TX) and released from 24 evenly distributed
holes on a circular 1/4-in teflon tube placed at
the bottom of the model chamber. The total mass emission
rate was 492 g/h. The gas discharged from the teflon tube was
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Fig. 4. Simulated �� pollutant source from a model chamber.

Fig. 5. Locations of the �� source and the measurement points, scenario B.

passed through a screen near the top of the chamber to improve
flow uniformity, as shown in Fig. 4. gas was released for
10 min continuously then stopped.

Three mobile FTIRs (Work IR-104, ABB Bomem, Quebec,
Canada) with a detection limit of 10 ppb were used simultane-
ously at three different locations to quantify the concentra-
tion in the etching/thin-film areas for 10 min during 10-min
release and another 40 min after release stopped. The mon-
itoring points were located 1 m above the perforated floor and

concentrations were recorded every eight seconds by the
three FTIRs. There were 20 measurement points (No. 1–20), 16
of them were on the fab layer and the other four on the sub-fab
layer, as shown in Fig. 3. After one single experiment, the three
FTIRs were moved to different measurement points and the ex-
periments were repeated until all 21 points were measured.

B. Scenario B: Simulated Leaking Pipe From the Outlet
Connector of a Dry Pump

Simulated leaking at a rate of 1.35 L/min was conducted
at the location of a dry pump through a 1/4-in Teflon tube,
pointed upward with the opening 1 m above the ground. There
were six measurement points (No. 21–No. 26), three of which
were on the fab layer and the other three were on the sub-fab
layer. The concentration of was measured in the same way
as in scenario A.

C. Cross Contamination Study

To determine if cross-contamination of different working
zones occurred, an additional open-path FTIR with a very
low detection limit of 0.4 ppb was used to monitor the

concentrations before the recirculation air unit of the lithog-
raphy area during the experiments of both two scenarios.
concentration was taken once every 5 min and 10 data were
obtained during each single 50-min experiment.

III. NUMERICAL METHOD

In the numerical study, the mass and momentum conservation
equations were solved by the commercial software, STAR-CD
(version 3.24, CD-adapco Japan CO., Ltd). Assuming that the
flow is steady and incompressible, the mass and momentum
conservation equations are [12]:

(1)

(2)

where is the coordinate , subscripts and are the index
of Cartesian components, is the fluid velocity (m/s), is the
mass density , is the stress tensor , and is
the static pressure (Pa).

Standard high Reynolds number model was used for
simulating the turbulent flow in the cleanroom and the following
two additional equations for and were solved:

(3)

(4)

where is the turbulent viscosity defined as
. The values assigned in the standard turbulence

model coefficients: , , , , and are 0.09, 1.44,
1.92, 1.0, and 1.22, respectively.

STAR-CD is based on the finite volume discretization
method. The pressure-velocity linkage is solved by the SIMPLE
(semi-implicit method for pressure linked equation) algorithm
[13] and the differencing scheme for the space discretization
method is the UD (upwind differencing) scheme. After the
steady flow field was obtained, the unsteady concentration
field was calculated based on the mass conservation equation.
The concentration of each constituent in a fluid mixture,
which is expressed as the mass fraction , is governed by the
following:

(5)

where is its diffusion flux component of .
Hexahedral cells were generated by an automatic mesh gener-

ation tool, Pro-Modeler 2003 (CD-adapco Japan Co., LTD). The
total number of cells used is 2 740 736. The maximum length of
the cell is about 50 cm and the minimum length is 1 cm near the
releasing source of .

The convergence criterion of the flow field calculation was set
to be 0.1% for the summation of the residuals. The total number
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TABLE I
AIR FLOW RESISTANCE PARAMETER OF POROUS CELLS

of iterations to reach the flow field convergence is about 3000.
For the transient calculation of the concentration field, the
time step is decided by the Courant number, , which is calcu-
lated as

(6)

where and are the characteristic velocity and dimension,
respectively. In this study, the time step was set to be 0.1 s.

Flow velocity on the walls of the cleanroom was set to be zero
at the boundaries. The uniform velocity boundaries at the inlets
and outlets were assumed to be the average values of the veloc-
ities measured at the door openings. At the inlet boundaries,
and were given as and ,
where is the inlet velocity (m/s), I is the turbulent intensity,
and is the turbulence length scale (m). In this study, was set
to be 0.1. The exhaust flow rates drawn from the machine tools
were set to be 60% and 40% at the outlet boundaries of the fab
and sub-fab, respectively, according to the flow rates measured
at the general ventilation ducts connecting to the exhausts of the
tools.

The FFU cells in the model were treated as momentum
sources based on the measured velocity data at 65 different
regions as mentioned previously. The properties of the porous
cells at four positions of the cleanroom were used to model the
airflow resistance. The first position is the perforated floor, the
second is the filters of FFUs, the third is the return filters and
the forth is the porous screen on the model process chamber.
The airflow resistances in these units can be expressed as
[12]:

(7)

where subscript , 2, 3 corresponds to , , directions,
respectively; and are parameters related to inertia and vis-
cosity, respectively; is the superficial velocity normal to the
surface of porous media. and can be calculated based on
(7) from the pressure drop versus flow velocity data measured
in this study or provided by the manufacturer and the values are
shown in Table I.

IV. RESULTS

Experimental data of the gas concentration at the same loca-
tions were repeated and compared for precision. The compar-
ison shows that the difference of the maximum peak concen-
tration is less than 1.4% and the correlation coefficient of two
repeated gas concentration distributions is higher than 0.91. It
means that the present experiment has good precision. The sim-
ulated vertical velocities at 0.3 m below the FFUs are in good
agreement with the measured data in 65 regions the FFUs. The
maximum difference between the measured and simulated ve-
locities is only 3.74%. In this clean room, air velocity averages

about 0.27 m/s in the working zones and 0.55 m/s in the main-
tenance zones.

Fig. 6 shows the comparison of the experimental con-
centrations with the simulated results at six different measure-
ment points for the scenario A. Good agreement is seen with a
maximum difference in the peak concentration of . The
comparison at other locations is similar except at point 2, which
is very close to the release location (the distance is only 3.7
m). was released from a model chamber for 10 min to sim-
ulate the PM process which caused the concentration to increase
in the clean room. The maximum concentration appears at
about 1000 s (or 16.6 min) which is several minutes after re-
lease stops and then continues to persist in the clean room
for nearly another 40 min until its concentration drops to the
background value.

Fig. 7 shows dispersion patterns in the etching/thin-film
area at 1 m above the perforated floor for scenario A. The con-
centration distribution is very nonuniform and it increases with

releasing time. The highest concentration appears near
the releasing model chamber at all times and it peaks at the 15th
minute. The second highest concentration region appears
in the return duct with a maximum concentration of 158 ppb at
the 15th minute. Fig. 8 further shows the side views of the
dispersion patterns in the maintenance area between D and E
working zones (cross section of Fig. 3). These figures
indicate that is drifted downward quickly by the flow of the
FFUs. After passing through the perforated floor, is flowing
rapidly near the top regions of the sub-fab to the recirculation
duct and accumulates in the supply air plenum. The pollutant is
then dispersed in the clean room quickly. Since the clean room
air flow must go through the recirculation duct, which results in
high pollutant concentration to exist in the duct, the recircula-
tion duct appears to be a good location to set up the gas sensors
to detect the pollutant as quickly as possible.

V. DISCUSSION

A. Dilution Factor of the Cleanroom Air

Based on this study, the characteristic of the pollutant disper-
sion at various locations of the clean room is discussed in light
of the maximum attainable concentration and dispersion time.
A summary of the experimental data at different measurement
points in the cleanroom is listed in Table II during the 10-min

release at the rate of 492 g/h. In the table, is the max-
imum concentration, is the time for to appear,
and is the time required for concentration to drop from
its maximum value to 10% of the maximum value. The dilution
factor is defined as the ratio of the released concentration,
or 100%, to . As shown in the table, the maximum value
of the appears at point 2, 4939 ppb, since it is closest to
the release point. The corresponding dilution factor is 2.0 ,
while the minimum value of appears at point 20 is 50 ppb,
and the corresponding dilution factor is 2.0 . The dilution
factor of the cleanroom air varies from 2.0 to 2.0
with the average value of 8.8 . If point 2 is excluded, which
is close to the releasing point, the range of the dilution factor is
1.0 –2.0 with the average of 9.2 . This value is
close to 5.0 , which is calculated based on the maximum
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Fig. 6. Comparison of experimental �� concentrations with simulated results at different locations, scenario A.

concentration predicted by the well-mixed model, 199.5 ppb, as
will be shown in Section V-B. That is, when a gaseous pollutant
is emitted to the cleanroom, the concentration of the pollution
will be diluted to a large extent, which is about – if the
emission time is 10-min and the emission rate is 492 g/hr.

Because of high dilution capacity of the cleanroom air, the
toxic gas sensors in the clean room may not be able to set off the
alarm for the concentration to exceed the permissible exposure
limit (PEL). For example as shown in Table III, when of
1000 ppm leaks from a pipe at 492 g/h for 10 min, the maximum

concentration detected will be 1 ppb, which is much less
than its PEL of 5 ppm. As many of the alarm limits are set at
the PELs, most toxic gas sensors will never be activated unless
the leak is much serious or very close to the gas sensors, or the
PELs are low (e.g., and )

Therefore, a gas monitor with low detection limit is needed
to protect the workers from injury. Similar or even lower detec-
tion limit of the gas monitors is needed to ensure a good product
yield. These commercially available monitors include ion mo-
bility spectroscopy (IMS), total molecular base real time mon-
itor (TMB-RTM), and some nonselective AMC monitors [14].
However, these monitors are expensive and cannot monitor mul-
tipoints at the same time, a better monitoring strategy seems to
be more desirable. One good monitoring strategy of AMCs is to
monitor the recirculation air continuously as this study shows.
The gas leak detection system (GLDS) composing of open-path
FTIRs installed at the make-up air and recirculation air units
was demonstrated to be a great tool for locating the leaking spot
from thousands of pipelines [1]. With the GLDs system, the fab
engineers could efficiently reduce contamination emissions and
avoid their adverse effects on wafer defects, facilities, products,
and personnel.

Table II furthers shows that after the maximum concen-
tration is detected, it takes an average of 24.6 min ( range:
10–30.5 min) for the concentration to drop to 10% of its max-
imum value. This result is useful for the emergency response
center (ERC) to formulate an evacuation procedure in the in-
terest of time.

It is to be noted that the above discussion is based on the dilu-
tion factor calculated using the present experimental condition.
The dilution factor is subjected to change when the emission
rate and the emission time of the pollutant are different, as will
be discussed further in Section V-B.

B. Nonuniformity of Gas Pollutant Distribution

The indoor air model was used to further characterize the dis-
persed pollutant concentration. Based on the mass conservation
principle, the species concentration can be calculated as

(8)

where is the concentration indoor and outdoor ;
is time; is the volumetric flow rate for make-up air

and recirculation air , respectively; is the filtration effi-
ciency for make-up air and recirculation air , respec-
tively; is the room volume; is the indoor source emis-
sion rate; is the factor characterizing the mixing condition
( for well-mixed condition). Based on (8) and assuming
well-mixed condition, the maximum concentration was calcu-
lated to be 199.5 ppb. This well-mixed value was used to cal-
culate the nonuniformity factor, which is defined as the ratio of
the measured maximum concentration to 199.5 ppb. The cal-
culated nonuniformity factor in Table IV shows that the factor
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Fig. 7. �� dispersion patterns in the etching/thin-film area of the fab layer,
scenario A.

decreases with an increasing distance from the sampling point to
the releasing source, and it ranges from 0.34 to 1.33 except
point 2, which is very close to the releasing source. That is, the
well-mixed model is useful for estimating an attainable max-
imum concentration value once a pollutant leaks in the clean-
room.

Fig. 9 shows the concentration calculated by the well-
mixed model and the simulated value at point 1 at different air
exchange rates. It is seen that the well-mixed model predicts
the maximum concentration within a reasonable range. The
predicted peak concentrations of 199.5 and 160.2 ppb are sim-
ilar to the simulated values of 284.4 and 170.3 ppb for the air

Fig. 8. �� dispersion patterns in the cross section��� of Fig. 3, scenario A.

exchange rate of 4.7 and 7.8 times/hr, respectively. However,
the time to reach the maximum concentration is much shorter
(or is too short) and the drop from the peak concentration
is too abrupt (or is too short) for both exchange rates. In-
creasing the air exchange rate from 4.7 to 7.8 times/h reduces
the peak concentration by about 30%. That is, increasing the air
exchange rate when a gas leak occurs is an effective way to re-
move the pollutant in the cleanroom once a gas leak occurs.

C. Cross Contamination in the Lithography Area

The additional open-path FTIR with a low detection limit of
0.4 ppb monitored the concentration at 5-min interval for 80
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TABLE II
CHARATERISTICS OF DISPERSED �� CONCENTRATION

(EMISSION RATE: 492 g/h)

TABLE III
GAS SENSORS AND DEFAULT ALARM SETPOINTS

(EMISSION RATE: 492 g/h)

min at the recirculation duct of the lithography area for both sce-
narios A and B when was released in the etching/thin-film
area. Totally, 13 samples were taken. A typical concentra-
tion variation with time in the duct is shown in Fig. 10 for the
10th sample. It is seen that the maximum concentration is 1.8
ppb and the effect of cross contamination lasts very long. It takes

TABLE IV
THE NONUNIFORMITY FACTOR IN THE ETCHING/THIN-FLIM AREA

Fig. 9. Comparison of �� concentration at different air exchange rates,
point 1.

Fig. 10. A typical �� concentration variatioccccn with time in the recircula-
tion duct of the lithography area, 10th sample.

80 min from the time that is detected until the concentra-
tion drops below the detection limit of 0.4 ppb.

The maximum 5-min average concentration of all 13
samples are shown in Fig. 11, in which samples 1–11 were
taken when the access door in the sub-fab layer between the
lithography and thin film areas was normally closed, and sam-
ples 12–13 were taken when the door was always kept opened.
Only samples 9–10 were taken for the scenario B while all the
other samples were taken for the scenario A. Due to the process
modifications in the lithography area, there was an unintended
small slit (about 60 cm long by 1 cm wide) connecting the air
plenum of the etching area to the fab level of the lithography area
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Fig. 11. The maximum 5-min average �� concentration in the lithography
area. Sample 1–11: door normally closed, 12–13: door normally open.

which allows air in the etching area to leak into the lithography
fab area. But this small slit remained unnoticed by the lab per-
sonnel until the course of this experiment. This resulted in cross
contamination even when the access door in the sub-fab was
normally closed. For samples 1–11, the maximum concen-
tration measured in the recirculation duct ranges from 1.8 ppb to
3.4 ppb with an average of 2.6 ppb. When the access door in the
sub-fab layer was always kept opened, concentration was
increased to more than two times, or 6.4 ppb, as shown in sam-
ples 12–13. Thus, door opening in the sub-fab layer can further
enhance the cross contamination significantly in the lithography
area from the pollutant in the etching/thin-film area.

In order to upgrade the process and increase the product yield,
the modification of the process equipments and pipe lines is
often necessary. Sometimes it will create an imperfectly iso-
lated compartment such as the one found in this study. Without
releasing the simulated pollutant and monitoring it continuously
in the recirculation duct of the isolated lithography area, this un-
intended opening which leads to cross contamination problem
will never be found. Besides process modifications, movement
of operators, products and maintenance personnel across the ac-
cess doors between different working areas will also lead to
cross contamination and should be treated with great precau-
tion.
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