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ABSTRACT

Main process gases used in the metal etcher of the semiconductor industry are chlorine and
boron chloride. Process gases are ionized in the reactor chamber to form free radicals by
plasma, which etches off auminum film.from the wafer surface. To increase the product yield,
by-products deposited on the chamber -wall must be-cleaned periodically during preventive
maintenance. As the chamber is:being cleaned, toxic gases are released which may dispersein
the clean room posing heath threat to workers, contaminate process tool, and create wafer
defects. The main objective of this study is 10 use the numerica model to investigate the
control method of pollutant dispersionand its control efficiency for a type P5000 metal etcher
of Applied Materials Inc. during preventive maintenance. In previous work, sulfur
hexafluoride (SFs) tracer gas of 1000 ppm was released at different flow rates at the chamber
bottom to evaluate the control efficiency of the chamber with the hood at the chamber top, or
without the hood by side venting at a large flow rate of 3130 L/min. Numerical results of the
control efficiency were verified with the experimental daa at the large venting flow rate The
control efficiency of side venting at different flow rates was also investigated. Results show
that pollutant dispersion of a metal dry etcher during preventive maintenance can be
effectively controlled by side venting at a large flow rate near the chamber top whether the
chamber is fully open (without the hood) or with the hood. Good agreement between the
experimental data and the simulation results is obtained. The SFg concentration at the
breathing zone was aso found to be lower than the detection limit of the FTIR spectrometer.
When the side venting flow rate is reduced but maintaining above a fixed value, the pollutant
dispersion till can be effectively controlled, and the control efficiency of the chamber with

the hood is superior to that of the chamber without the hood.
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Chapter 1 Introduction

Main process gases used in the metal etcher of the semiconductor industry are chlorine and
boron chloride. Process gases are ionized in the reactor chamber at a pressure below 1 torr to
form free radicals by plasma, which etches off duminum film from the wafer surface. To
increase the product yield, by-products deposited on the chamber wall must be cleaned
periodically during preventive maintenance, when the reaction chamber is opened and
de-ionized water or isopropyl alcohol (1PA) is applied to clean up the chamber wall. Asthe
chamber is being cleaned, toxic gases are released which may disperse in the clean room

posing heath threat to operators.

1.1 Toxicity originatedfrom waste gases of. the metal etcher

The toxicity of waste gases/contaminated vacuum oils, and solid debris originated from the
metal etcher has been studied in the acuté eral~and-subchronic.inhalation tests with laboratory
rats by many previous investigators Bauer et al. (1992)-exposed rats to exhaust gas of a
plasma etcher and found statistically significant increases in chromosomal aberrations and
sister chromatid exchanges in bone marrow cells. Schmidt et a. (1995) found that pregnant
mice suffered from prenatal toxic effects when treated with solid waste products originated
from aluminum plasma etching processes. For rats fed with contaminated vacuum oil from a
plasma etcher, al their livers showed hypertrophic degenerations. And clear genotoxic effects
caused by the contaminated oil sanples were observed in the Ames assay and Micronucleus
assay (Bauer et al., 1995). Bauer et al. (1996) concluded that waste products from plasma
etching process had clear genotoxic, embryotoxic, and teratogenic effects that could be
demonstrated as chromosomal aberrations, micronuclei, sister chromatid exchanges, embryo

lethality, fetal developmental retardation, and spontaneous abortions. Muller et al. (2002)



studied the genotoxicological characterization of a complex mixture of mostly perhal ogenated
hydrocarbons generated aswaste products from plasma etching process by use of tests in
human cell types (lymphocytes and normal bronchial epithelial cells) and in rat hepatocytes.
Results showed that the mixture acted as direct genotoxicant and there was no detoxification

by the external enzyme system.

1.2 FTIR application in clean room

An extractive Fourier transform infrared (FTIR) spectrometer was successfully used to
locate, identify, and quantify the odor sources inside the clean room of a semiconductor
manufacturing plant (Li et a., 2003). The FTIR: spectrometer was used to monitor the
potential hazardous gas emission during preventive maintenance of a metal etcher. Toxic
gases such as HCI, HCN, CCl4, HCOOH, CO; and I PA etc. were detected by the FTIR
spectrometer and found to release into the clean.room during preventive maintenance of a
metal etcher, with the peak concentrations of-195;-220;-5.4, 5.18, 5.93, and 464 ppm (Chang

et al., 2000).

1.3 Control efficiency of hood

Because of the release of potential toxic gases, workers normally wear full-face breathing
respirator as a standard operation procedure during prevertive maintenance. To further reduce
the health risk of maintenance workers, it is very critical to control toxic gas dispersion during
chamber cleaning. One of the effective ways to control toxic gas dispersion is by ventilation.
In the literature, the gas tracer technique was used to evaluate the control efficiency of an
industrial local exhaust hood (Hampl, 1984; Hampl et a., 1986), and laboratory fume hood
(Ivany et al., 1989). In these studies, sulfur hexafluoride (SFs) was used as a tracer gas which

was monitored by specific detectors. In addition, numerical ssimulations were used to evaluate



the control efficiency of the local exhaust/ventilation hood by calculating airflow and
concentration fields (Kulmala, 1994; Kulmala, 1995; Kulmala, 1995; Kulmala et a., 1996;
Heinonen et ., 1996; Kulmala, 2000). Although the numerical results were in satisfactory
agreement with the experimental data, these studies only focused on the location of exhaust
openings, the physical hood designs, and the use of local supply air. Inthe clean room of the
semiconductor industry, the on-site testing results compared with the numerical solutions for
the local ventilation hood are very limited. Both the loca ventilation hood and the flexible
house vacuum line appeared to be effective ways to prevent the toxic gas emission during
preventive maintenance activities that may deteriorate the clean room air quality (Li et al.,

2005).

1.4 Objectivesof thisstudy,

In previous work, SFg tracer-gas was released at different flow rates at the chamber bottom
to simulate gas pollutants generated during preventivemaintenance. A FTIR spectrometer was
used to measure the control efficieney and SFg concentration near the breathing zone of
workers. I n this study, we evaluated the efficiency 'of controlling pollutant dispersion of a
metal dry etcher by side venting at alarge flow rate near the chamber top. Numerical results
of the control efficiency were verified withthe experimental data at the large venting flow
rate. The control efficiency of side venting for the chamber with or without the hood at
different venting flow rates were also investigated by changing the mass flow rate of sink in

the simulation



Chapter 2 Experimental methods

2.1 Experimental system

The experiment using a type P5000 metal etcher of Applied Materials Inc. was conducted
in the earlier study (Ku, 2004). As shown in Fig. 2.1, the etcher has a cylindrical chamber
(diameter: 30.5cm, depth: 21cm), and the distance from the chamber opening to the center of
the sight window (diameter of the side window: 5.8cm) is 9.5 cm. The top of the chamber is
about 122 cm in height from the clean room floor. Two @ses were ested. In case 1, the
chamber was open at the top and the gas was vented through the sight window via a low
vacuum line (inner diameter: 3.8cm, outen diameter: 4.5cm, and length: 5.6m) near the
opening at the flow rate of 313060 L/min. In case 2,#the chamber was covered by an
enclosed hood and shown in Fig. 2.2./At-thetop:leavésa hale.with 10 cm in diameter for the
hand of a worker to access the chamber to mimic the chamber cleaning action. In this case,
the gas was vented at the same flow: rate near-the top of.the hood. For the purpose of
preventive maintenance, the workers can access the chamber by hands through the opening
(diameter: 10cm, airflow velocity: 4.9m/s, and'average flow rate of supply air: 2.31nt/min) of
the hood. The hood was also vented through the low vacuum line to control tracer gas
dispersion.

SFs tracer gas of 1000 ppm was released for 5 minutes at the chamber bottom through a
circular 1/4 inch PFA distribution tube with 14 holes of 2 mm in diameter while the gas was
vented through the sight window (case 1, without a hood) or hood (case 2) via a low vacuum
line in both cases. The control efficiency with a hood (case 2) was measured when the SFg
flow rate was 5 L/min, and the control efficiency without a hood (case 1) was measured at the
SFe flow rate of 1, 5, 8, and 10 L/min, respectively.

Fig. 2.3 shows the schematic diagram of the setup for evaluating the control efficiency of



the ventilation system (Li et al., 2005). The low vacuum venting line was connected with the
chamber at the side window to control tracer gas dispersion without using the hood (case 1).
The airflow velocity at the chamber opening (average flow rate of supply air: 2.54nt/min) of
the type P5000 metal etcher chamber was 0.58 m/s in average, and 0.65 m/s at the center. In
case 2, we stretched hands into the chamber through the access hole to simulate the cleaning
and wiping action during preventive maintenance. Also, the venting velocity through the low
vacuum venting tube was 46x1 m/s at the flow rate of 3130+£60 L/min. The vertical downward
flow velocity of the clean room was 0.3 m/s. The height of the personnel breathing zone near
the chamber was 150 cm from the clean room floor.

The experimental data were obtained using Bomen FTIR (ABB Bomem, Canada), which
was equipped a liquid- nitrogen detector @and a gas cell with an optical path length of 10m. The
infrared absorbance spectra weré recordediover the frequency.range of 500 cmi* to 4500 et
at aresolution of 1 cm’. The ga$ sample was introduced into the gs cell using a vacuum
pump. The sampling flow rate'was maintained at about 5 L/min, checked by a standard bubble
meter, by monitoring the pressure drop of the sampling train. Details of FTIR experimental

procedures and configurations were described inthe earlier work (Li et a., 2003).

2.2 Control efficiency

The control efficiency in case 1 with ahood, CEj, isdefined as

CE, = (é—”ﬂ 100% 2.1)

i1
where Cr1 is the SFg concentration in the low vacuum venting tube when the tracer gas is
released at the bottom of the chamber, and C;; is the SFs concentration in the low vacuum

venting line when the tracer gas is introduced directly into the vacuum line.

Similarly, the control efficiency in case 2 without using a hood, CE,, is defined as



CE, = Sm2 - 100% (2.2)

12
where Cp; isthe SFs concentration in the low vacuum venting line when the tracer gas is
released at the bottom of the chamber, and C;; is the SFg concentration in the low vacuum

venting line when the tracer gas is introduced into the vacuum line directly.
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Chapter 3 Numerical methods

3.1 Governing equations

According to the characteristics of airflow in the clean room, steady state and
incompressible flow with constant physical properties and temperature was assumed. The
mass continuity equations and Reynolds-averaged Navier- Stokes equations were solved with
turbulerce closure provided by the standard k-e turbulence model. The governing equations of

arflow can be written as (STAR-CD version 3.22 methodol ogy, 2004)

T (o) =
L |
ﬂ—xj(?ujui “ty)=- [ (32

In the above equations, the over bar denotésthe ensemble averaging process. x is Cartesian
coordinate (i = 1, 2, 3') U is the ensemble average veloeity in direction x, P is the
ensemble average pressure, and 1 is the.mass density. t;; is stress tensor component and can
be written as

2 Tu _—
t, =2ns, - 3 “d; - Fu@t (3.3)

X,

where mis molecular dynamic fluid viscosity and d;, the Kronecher delta, is unity whenand

zero otherwise. s, the rate of strain tensor, is given by

:lqui ﬂuj 0

. +—L= 34

3.2 Turbulence model

The gandard k-e turbulence model was applied to model the turbulent effects in this study.

The equation of turbulence kinetic energy can be written as

10
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where m is the turbulent viscosity and is defined as

C, ?k?
b =— (3.6)
e
and m is the effective viscosity defined by
TRESTERT) (3.7)
The equation of turbulence dissipation rate is expressed as follows
é
e B e, Paur- 2 —+°k)— .2 c,2el @y
fix; s, T, kg é ™ o K X

where Cp, Cq, Ce, Ces, Sk, Se areempirical coefficients whose values are given below Cp,=

0.09,Cq =144, Co=192, Cs=0.33; Sk=10,ands.= 1.22.

3.3 Wall functions

To make the simulation time economical; wall functiorns were used to resolve the near-wall
flowsin this study. Due to the damping effects of the wall:surfaces in the near-wall region, the
transport equations do not accurately represent the turbulence Logarithmic law of wall
functions concept is to extend the Couttee flow analysis and apply algebraic relations close to
the near-wall region. The main idea of the wall functiors approximation is based on that the
flow in the near-wall region can be divided into three sub-layers, i.e. fully turbulent layer,
buffer zone, and viscous sub-layer. Although the flow in the near-wall region comprises three
zones, the wall functions approach assumes that the flow in the near-wall region can generally
be divided into a fully turbulent layer and a viscous sub-layer. For standard wall functions
formulag, the scaled velocity in terms of the normal distance from the wall can be expressed

as below

11
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where y* isthe dimensionless normal distance from the wall, ? is von Karman constant, E is
empirical coefficient, and vy is the cross-over point between the viscous sub-layer and the

logarithmic region.

If ¢ denotes mass fraction then

f'=5,(u" +P) (3.10)
é ué -0.007s U

P=924 é(i)3’4 - 158l + O.28exp(—sf)l] (3.11)
es. e St @

where P is the sub-layer resistance+factor s is molecular Prandtl number, and s, is

turbulent Prandt! number.

3.4 Masssink

In STAR-CD, the differential ‘equations governing the.conservation of mass, momentum,
and energy are discretised by the finite"volume ‘'method. They are first integrated over the
individual computational cells and then approximated in terms of the cell-center nodal values
of the dependent variables. This approach has the merit of ensuring that the discretised forms
preserve the conservation properties of the parent equations. General coordinate-free form of

the conservation equations can be written as

div(2uf - G gradf ) =5 (3.12)
where u is the fluid velocity vector, t stands for any of the dependent variables and G,

s arethe associated diffusion and source coefficients, respectively.

Local injection/extraction can be used anywhere within the mesh. The injection/extraction



process is modeled as an additional source/sink term s in the finite volume equation. The
term is of the form

§ = I‘hf (3.13)

where m isthe mass flow rate of the injected/extracted stream per unit volume.
In order to simulate venting at the large flow rate at the side window (case 1) or from the
hood (case 2), the mass sink was calculated by the user subroutine fluinj.f, as described in the

appendix. The subroutine initiates fluid removal at specified cells and at a prescribed rate in

units of kg/m/s. The mass flow rate of sink, Mank , can be calculated as

: r. U, ” A
Mo =- i Ja A_ - Q (3.14)
Vd Vd

where ?, isair density, Uq iS'venting velocity, A Is cross section area, Q is venting flow rate,

r

and V, isremoval volume.

Fig. 3.1 shows the assumption for the sink region with a thickness of 0.3 cm in fluid at the
low vacuum line. The overall process of setting up.-mass sink is described as follows. Firgt,
create a set of cells where mass sink is located. A separate cell type index number should be
assigned to this set. Findly, insert appropriate code in the user subroutine fluinj.f to specify
the mass flux removed for cells of the required type.

The control efficiencies of side venting at different flow rates were investigated by
changing the mass sink in the simulation. In addition to simulate venting at the flow rate of
3130 L/min as listed in Table 3.1, different sink flow rates were also simulated: 0, 31.3, 313,

1565, and 4695 L/min.

3.5 CFD modeling

The grids were generated as multi-blocked tetragon grids by using an automatic mesh

13



generation tool, Pro-Modeler 2003 (CD-adapco Japan Co., LTD). Fig. 3.2 shows mesh
scheme of the chamber with 14 sets of gas distribution tube which is 2 mm in diameter and 2
mm in height at the chamber bottom, and Fig. 3.3 shows mesh scheme of the chamber with a
designed cover. The computational domain is 2m x 2m x 3m (393,000 grids) or 4m x 4m X
5m (799,000 grids). The maximum and the minimum length of mesh are 10 cm and 0.02 cm,
respectively. The computational domains and the computational time are listed in Table 3.2.

The above equations were solved using the STAR-CD 3.22 code (CD-adapco Japan Co.,
LTD), based on the finite volume discretization method. The estimation of diffusion fluxes at
the cell faces was obtained by a centered approximation while upwind differencing was
adopted for the convective fluxes. The pressure-velocity linkage was solved by the SIMPLE
(semi-implicit method for pressure linked equation) agorithm (Patankar, 1972). A guessed
pressure field was used to solve'the momentum eguations and a pressure correction equation
derived from the continuity equation was solved to-obtain a pressure correction field which
was in turn used to update the velocity and pressure fields. The process was iterated until
convergence of the velocity and pressurefields

Turbulence intensity was assumed to' be 20%; and turbulence length scale was assumed to
be 0.1 times the diameter of the distribution tube opening. The convergence criterion of the
flow field calculation was set to 0.001 for the summation of the residuals. The computations

were performed on a computer with Intel Pentinumd4 processor 3.0 GHz, 1 GB RAM.

3.6 Boundary conditions

A uniform, downward airflow of 0.3 m/s was assigned as one of the inlets at the top
boundary of the domain. The rest of 5 boundaries of the smulation domain were assigned as
pressure boundaries. Moreover, 14 inlets were imposed separately at the opening of each

distribution tube. Table 3.3 shows the velocity of the inlet flows at the opening of the

14



distribution tube. In this study, S released from the gas distribution tubes was solved as a

scalar species.

3.7 Rotating reference frames

To simulate the wiping of the chamber wall during preventive maintenance, rotating
reference frames method was applied to the chamber with a cover. The rotating reference
frames enables one to model the cases where entire mesh is rotating at a constant angular
velocity. Modeling strategy was that the mesh of fluid inside the chamber was assigned to the
rotating frame to make the fluid rotating, and local coordinate systems was defined from
Cartesian to Cylindrical at the center of the.chamber bottom. Entire fluid inside the chamber

was made to rotate at an angular velocity of 5 rpm about @ prescribed axis.

3.8 Control efficiency.
By Fick’s law, the total one-dimension diffusion flux, J, can.be defined as

J=-A D aA D ')Yl—Y (3.15)

dX Xi+l - XI
where A is the area across which diffusion occurs, D is the diffusion coefficient, c is the

concentration X isthedistance, ?, istheair density, Y isthe massfraction of species, and

the subscript i is the grid. In datareduction, D isthe diffusion coefficient of SFs in air and is
calculatedtobe 9.64” 10°° m/s by Champman-Enskog theoretical equation (Cussler, 1997).
The complete description of the mass transfer requires separating the contribution of

convection and diffusion. The usual way of effecting this separation is to assume that these

two effects are additive

(Total masstransport) = (Masstransported by convection) +(Masstransported by diffusion)
For the predicted control efficiency, CE, it can be writtenas
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CE = Thua™ o - 10004 (3.16)
m,
where
m'out = é Yout ’ Qout ’ ?ajr = é Yout ’ \éut ’ Abut ’ ?air (317)
mn =[Yin]kg/m3 ’ Q (318)

where rﬁn and m,, arethe massflow of inlet and the mass flow rate of outlet by

convection, respectively. Q, and Q,,aretheinlet flow rate and the outlet flow rate,
respectively. [Y,], .. isthe mass concentration of species at theinlet in kg/n. V,, and

A, aethevelocity at outlet cross section and the area at outlet cross section, respectively.

The subscript out is outlet which represents the side window: in this study.
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Table 3.1. Information of mass sink

Diameter of cross

_ i ) Thickness of sink Fluid removal
Flow rate (nt/min) section for the sight _
_ region (m) rate (kg/nt/s)
window(m)
4.695 0.058 0.003 - 11690.25
3.13 0.058 0.003 - 7793.50
1.565 0.058 0.003 - 3896.75
0.313 0.058 0.003 - 779.35

Table 3.2. Size of calculation domains and grids.used for simulation

Calculation domain ) CPU time
Grids )
X*Y*2) (min)
2m* 2m*3m 393,000 130
4m* 4m *5m 799,000 280

Table 3.3. Inlet flows at the opening of each gas distribution tube

Flow rate (nf/min)  Diameter of opening (m) Inlet velocity (m/s)
0.001 0.002 0.3789
0.005 0.002 1.8947
0.008 0.002 3.0315

0.01 0.002 3.7894
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Chapter 4 Results and discussions

4.1 Simulated airflow field and concentration field (case 1)

In the study, the flow and concentration fields were simulated for both case 1 (without the
enclosed hood, the chamber is open at the top), and case 2 (with the enclosed hood). Different
SFe releaseflow rates (1, 5, 8 and 10 L/min) and side venting flow rates (0, 31.3, 93.9, 156.5,
313, 1565, 3130 and 4695 L/min) were simulated. Only the flow and concentration fields of
the maximum SFg flow rate are shown here. Small velocity vectors aredifficult to display
clearly in the figures, so the following airflow fields are presented using a fixed velocity scale.
Fig. 4.1 shows the airflow field when SFg.isreleased at the flow rate of 10 L/min, and the side
venting flow rate is at the maximum of 3130 L/min, at twodifferent cross-section planes of
the domain 2x2x3m Upward injected SFs flow at the opening.of the gas distribution tubes
can be observed vividly at the‘battom of the chamber. Both airflows inside the chamber and
near the chamber top are seen to be sucked-intothe'side window completely. Thereis no
outward SF¢ flow at the top of the'chamber. The concentration fields of SFg at the SF¢ release
flow rate of 10 L/min, and the side venting flow rate of 3130 L/min (100%) is shown in Fig.
4.2. It is observed that with large venting flow rate of 3130 L/min, the SFg concentration near
the top of the chamber is about zero, meaning there is no observable SFg outflow from the

chamber. The results are consistent with the flow fields seen in Fig. 4.1.

4.2 Comparison between experimental data and ssmulation results
(casel)

To validate the ssimulation model, the experimental data are compared with the numerical
results. Good agreement is obtained. Table 4.1 isthe summary of the experimental data for
case 1 and case 2, when the side venting flow rate is 3130 L/min. Aslisted in Table 4.1, the

control efficiency by side venting without the hood (case 1) is 95.5%, 97.8%, 98.3%, and
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98.0% for the SF¢ release flow rate of 1, 5, 8, and 10 L/min, respectively. The agreement
between experimental data and simulation results is greatly affected by the reliability of the
boundary conditions used in the calculations. In the simulation, a uniformdownward airflow
of 0.3 m/sis assigned as one of the inlets at the top boundary of the domain. Table 4.2 shows
the simulated control efficiency when the side venting flow rate is 3130 L/min for case 1.
Convection is mainly responsible for the control efficiency at different SFe release flow rates
In smaller domain, the simulated control efficiency are 98.8%, 95.6%, 95.5% and 95.5% at
theinlet flow rate of 1, 5, 8, and 10 L/min, respectively. In larger domain, the smulated
control efficiency are 99.5%, 96%, 95.4% and 95.7% at the inlet flow rate of 1, 5, 8, and 10
L/min, respectively. The contribution to the control efficiency by diffusion is wesk, which is
about 0.1%. As shown in Fig. 4.3, the.simulation results compare well with the experimental
data. Hence, the modeling method and the setting of boundary.conditions should be reliable in
this study.

It is necessary to look into the personnel.expaosure at the breathing zone after utilizing the
side venting method for fully open echamber (case 1). As shown in Fig 4.4, thereis no
observable SFg concentration at the breathing zone at different planes when SF is released at
the flow rate of 10 L/min, and the venting flow rate is a a maximum of 3130 L/min. In Table
4.1, the experimental results of case 1 show that SFs concentration at the breathing zone is
lower than FTIR detection limit of 5 ppb at different SFs release flow rates. Simulated SFg
concentrationat the breathing zone isaso lower than FTIR detection limit at different SFe

release flow rates when the side venting flow rate is 3130 L/min, as listed in Table 4.3.

4.3 Simulated airflow field and concentration field (case 2)

In order to simplify the geometrical configuration in the simulation, a cover was designed

and installed at the chamber top to simulate the chamber with the enclosed hood (case 2). To
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simulate the wiping of the chamber wall during preventive maintenance, in case 2 the mesh of
fluid inside the chamber was assigned to the rotating frame to make the fluid rotating at an
angular velocity of 5 rpm about a prescribed axis. Fig. 4.5 shows the airflow field for the
chamber with the enclosed hood (case 2) when SFs isreleased at the flow rate of 10 L/min,
and the venting flow rate is at a maximum of 3130 L/min. It can be observed that downward
airflow enters the chamber through the opening of the hood and upward airflow insidethe
chamber isconfined by the hood. Both airflows inside the chamber and near the chamber top
are seen to be sucked into the side window more completely. And there is no outward SFg
flow at the opening of the hood. A large circulation exists at the cross plane of the side
window by the effect of the rotational fluid inside the chamber.

The concentration fields of SF at the SF¢ release flowsrate of 10 L/min, and the venting
flow rate of 3130 L/min (100%)is shownin Fig. 4.6, for case2. InFig. 4.6, it is observed that
when there is an enclosed hood at: the top of the chamber with the venting flow rate of 3130
L/min, the SFg concentration near the opening of the hood is about zero, meaning there is no

observable SFs outflow through the opening of the hood then leaving from the chamber.

4.4 Comparison between experimental data and simulation results
(case 2)

The measurements and the simulated control efficiency of SFs versus tota gas flow rate
when the side venting flow rate is 3130 L/minis shown in Fig. 4.7, for case 2. When the
venting flow rate is 3130 L/min, the smulated control efficiency is 100% at the SFe release
flow rate of 1, 5, 8, and 10 L/min. The measurements control efficiency is 97.5% or 98.8%
when the SFg release flow rate is 5 L/min, as listed in Table 4.1. Based on the simulation
results, the downward airflow patterns and the enclose hood that confine pollutant to stay in
the chamber in combination with the side venting method can enhance the control efficiency.

For the chamber with the hood (case 2), in the experimental results SFg concentration at the
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breathing zone islower than FTIR detection limit (< 5 ppb) when the SFs release flow rate is
5 L/min and the venting flow rate is 3130 L/min, as listed in Table 4.1. Furthermore,
simulated SFs concentration at the breathing zone is also lower than FTIR detection limit at

different SFe release flow rates when the venting flow rate is 3130 L/min.

45 Simulated airflow field and concentration field at different
venting flow rates (case 1)

When the venting flow rate is reduced to 10% of the maximum value (or 313 L/min), the
flow filed is changed completely, as shown in Fig 4.8. The flow near the side window is till
converged into it while some of the flows at the far end of the side window escape the
chamber top, leading to potential SFs leaking into the:clean room from the chamber. The
concentration fields of SFs at the SFs releaseflow.rate of 101 /min, and the side venting flow
rate of 313 L/min (10%) is shown in Fig. 4.9, for.case2. In comparison, when the venting flow
issmall at 313 L/min, significant SFs concentration exists at the top of the chamber,
indicating the leaking of SFs from the chamber into the clean room. These results are
consistent with the flow fields seenin Fig. 4.8. Therefore; to prevent the contamination of the
clean room during preventive maintenance, enough venting flow at the side window is
effective even when the chamber is open at the top (case 1). When the venting flow rate is too
small to capture the air flow effectively, it is quite possible that the contaminant escapes the
chamber and pollutes the clean room and the working personnel.

When the venting flow rate is zero, the flow fields for case 1 isshown in Fig. 4.10. Itis
observed that the downward clean room air flow enters the chamber, mixes with the SFg
release flow and then leaves at the top of the chamber. The SFs concentration field in Fig. 4.11
further shows that SF¢ leaves from the top of the chamber into the clean room creating
pollution of the room. Therefore, without the venting flow, contamination of the clean room is

serious. Although the pollutant concentration is possible low at the breathing zone after
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dispersion, contamination till pose health risks to workers and causes wafer defects and
process tool corrosion due to the air recirculation and change in the clean room. The
occupational hygiene of these workers and the problem how to apply the side venting method

properly deserve attentiors.

4.6 Simulation results at different venting flow rates (case 1)

The control efficiencies of side venting at different flow rates were investigated by
changing the mass flow rate of sink in the smulation Table 4.4 shows the simulated control
efficiency when the side venting flow rate is 313 L/min for case 1. In smaller domain, the
control efficiency are 81.9%, 72.7%, 74.7%and 73.5% at the inlet flow rate of 1, 5, 8, and 10
L/min, respectively. In larger domain, the control efficiency-are 85.4%, 75.2%, 76.3% and
76.5% at the inlet flow rate of 1, 5, 8, and 10 L/min, reSpectively. These results are consistent
with the flow and concentration fields seen in Fig. 4.8 and Fig. 4.9 that Sk concentration
exists at the top of the chamber'when the'side-venting-flow rate'is reduced to 313 L/min.
Although a very small concentration is increased when the side venting flow rate is reduced to
313 L/min, smulated SFg concentration at the breathing zone isalso lower than FTIR
detection limit whether the venting flow rate is 3130 L/min or 313 L/min, aslisted in Table
4.3. The side venting method is effective to control pollutant dispersion and improve the air
quality in the clean room.

The simulated control efficiency of SFgs versus total gas flow rate when the side venting
flow rate is reduced to 50%, 10%, 5%, 3%, or 1% of the maximum value (1565 L/min, 313
L/min, 156.5 L/min, 93.9 L/min, or 31.3 L/min) are shown in Fig. 4.12, Fig. 4.13, Fig. 4.14,
Fig. 4.15, and Fig. 4.16, respectively. In Fig. 4.12, the smulated control efficiency is il
above 95% whenthe side venting flow rate is reduced to 50% (or 1565 L/min). However, the

simulated control efficiency keepsin low values at different SFs release flow rates when the
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side venting flow rate is reduced to 1% (or 31.3 L/min), as shown in Fig. 4.16. In Fig. 4.17,
the control efficiency increases very close to 100% with the increasing of the side venting
flow rate to 150% of the maximum value (or 4950 L/min).

Simulated control efficiency of SFs versus different side venting flow rates when SFg
release flow rate is10 L/min, 8 L/min, 5L/min, and 1L/min are shown in Fig. 4.18, Fig. 4.19,
Fig. 4.20, and Fig. 4.21, respectively. Although there are many parameters and operation
conditions that could influence the control efficiency of the chamber without the hood by side
venting, this study has found that the side venting flow rate is the most important parameter.
For example, for the simulated control efficiency of SFg shown in Fig. 4.18, when the side
venting flow rate is less than about 700 L/min, the control efficiency increases with the
increasing venting flow rate. When the side venting flow'rate is higher than 1200 L/min, the
control efficiency is found to be‘higher -nearly-100% and becomes more or less a constant.
Similar trend also occurs for SFg release flow rateis8 L/min, 5k./min, and 1L/min. For case 1,
the results show that side venting at a large flow rate should be'an effective way to control

pollutant dispersion and reduce the worker’s exposure during preventive maintenance.

4.7 Simulation results at different venting flow rates (case 2)

When the venting flow rate is reduced to 10% of the maximum value (or 313 L/min), the
flow filed is similar to the results of the venting flow rate of 3130 L/min for the chamber with
the hood, as shown in Fig 4.22. The flow near the side window is still converged into it. A
large circulation exists at the cross plane of the side window by the effect of the rotational
fluid inside the chamber. The concentration fields of SFs at the SFe release flow rate of 10
L/min, and the venting flow rate of 313 L/min (10%) is shown in Fig. 4.23, for case2. In
comparison with the venting flow rate of 3130 L/min, it is aso observed that when thereis an

enclosed hood at the top of the chamber with the venting flow rate of 313 L/min, the SFg
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concentration near the opening of the hood is about zero, meaning there is also no observable
SFs outflow through the opening of the hood then leaving from the chamber. As shown in Fig.
4.24, when the venting flow rate is 313 L/min, the simulated control efficiency for case2 is
100% at the SFe release flow rate of 1, 5, 8, and 10 L/min.

When the venting flow rate is zero, the flow and SFs concentration fields for case 2 are
shownin Fig. 4.25 and Fig. 4.26, respectively. In Fig. 4.25, it can be seen that without side
venting the downward clean room air flow enters the chamber through the opening of the
hood, then also mixes with the SFg release flow and |leaves from the opening of the hood. The
SFs concentration field in Fig. 4.26 further shows that SFs can |eaves from the opening of the
hood and the rest of SF¢ concentration accumulate at the lower side of the hood. Dispersion of
SFe is restricted to the downward airflow and the installation of the hood. It can be concluded
that high degree isolation can effectively protect the worker’s' exposure by the effect of
installing the hood in combination 'with the side venting method:at a large flow rate during

preventive maintenance.
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Table4.1. Experimental data under different conditions when the side venting flow rate is 3130
L/min (Ku, 2004).

SFe flow rate SFs Concentration at  SFg concentratior?  SFg concentration’ Control
(L/min) Case  pyeathing zone (ppm) (ppm) (ppm) efficiency (%)
5 2 N.D. 0.78 0.80 97.5
5 2 N.D. 0.81 0.82 08.8
1 1 N.D. 0.21 0.22 95.5
5 1 N.D. 0.88 0.90 97.8
8 1 N.D. 1.18 1.20 98.3
10 1 N.D. 1.46 1.49 98.0

a: Sk concentration at the end point of the low vacuum venting line when SFs isreleased at the
bottom of the chamber.

b : SFs concentration at the end point of the low vacuum venting line when SF¢ isreleased inside the
low vacuum line.

Table 4.2. Simulated control efficiency when the side venting flow rate is 3130 L/min, case 1.

_ _ Experimental I A
Caculation domain Flow rate . Control Contribution by Contribution by
_ control efficiency . _ e
(X*Y*2Z) (L/min) %) efficiency (%) convection (%) diffusion (%)
0

2m* 2m* 3m 1 95.5 98.8 98.68 0.12
5 97.8 95.6 95.52 011

8 98.3 95.5 95.42 0.11

10 98.0 95.5 95.43 0.12

Am* 4m* 5m 1 95.5 99.5 99.36 0.17
5 97.8 96.0 95.84 0.16

8 98.3 95.4 95.25 0.16

10 98.0 95.7 95.55 0.16

29



Table4.3. Simulated SF concentration at the breathing zone when the side venting flow rate
1S3130 L/min or 313 L/min, casel.

SFs concentration at the SFs concentration at the
breathing zone, side venting breathing zone, side venting

Caculation domain Flow rate

(X*¥*2) (L/min) flow rate of 3130 L/min (ppb)  flow rate of 313 L/min (ppb)
2m* 2m* 3m 1 7.70x 108 3.18x 108
5 2.07 x 108 3.69x 108
8 6.56 x 10%° 1.21x 108
10 1.01 x 10%* 3.99x 10°®
Am* 4m*5m 1 1.47 x 10%° 1.88 x 10
5 1.50 x 102 26x10%
8 1.85x 1022 4.47 x 1013
10 2.33X 10 4.84x 10"

Table4.4. Simulated control efficiency. when the side venting flow rate is 313 L/min, case 1

Calculation domain Flow rate  Controlefficiency. ™ Contribution by Contribution by

(X*Y*Z) (L/min) (%) convection (%)  diffusion (%)
2m* 2m* 3m 1 819 80.37 1.53
5 72.7 71.67 1.06
8 4.7 73.9 0.74
10 73.5 72.7 0.80
4m*4m*5m 1 85.4 83.10 2.37
5 75.2 73.68 157
8 76.3 75.21 1.13
10 76.5 75.72 0.84
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L/min in the 2x2x3m domain, case 1 (a) xz plane (b) xy plane.
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Fig. 4.1. Velocity vector for SFe release flow rate of 10 L/min, venting flow rate of 3130
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Fig. 4.26. Concentration distributionof the chamber with the hood for SFg release flow rate of
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Chapter 5 Conclusions

This study presents the numerical simulation results which were verified withthe
experimental data to evaluate the control efficiency of the chamber with the hood at the
chamber top, or without the hood by side venting at the large flow rate during preventive
maintenance. The control efficiency of side venting at different flow rates was aso
investigated. Theairflow and concentration fields were calculated numerically. Resultsshow
that pollutant dispersion of a metal dry etcher during preventive maintenance can be
effectively controlled by side venting at a large flow rate near the chamber top whether the
chamber is fully open (without the hood) or with the hood. Good agreement between the
experimental data and the simulation results is'obtained. The SFs concentration at the
breathing zone was a so found to.be lower than the detection.limit of the FTIR. When the side
venting flow rate is reduced but:maintaining above afixed value, the pollutant dispersion still
can be effectively controlled, and the contral efficiency of the chamber with the hood is
superior to that of the chamber without the hood.

The results adso indicate that computational fluid dynamics simulation has potential for
modeling local ventilation systems of a meta etcher during preventive maintenance in the
clean room. It is a useful tool to design more efficient local contaminant control systemsin
semiconductor industry and for metal etching equipments manufacturer based on the
understanding of the proposed control method. However, the verification of numerical
modeling under controlled conditions is necessary. The reliability of the boundary conditions
used in the calculations needs careful test. The numerical simulations are restricted to the
conditions where the worker’s cleaning actions is absent. Further research is requir ed to
accurately consider the influence of worker’s cleaning actions during preventive maintenance
on the control efficiency of the hood. SFg concentration variations with time during

preventive maintenance aso have not been determined by numerical simulations.
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Appendix

fluinj.f

C?************************************************************************

C

SUBROUTINE FLUINJ(FLUXI,UIVI,WI,TEI,EDI, TI,SCINJIPMASS)
Fluid injection

Cj************************************************************************

INCLUDE 'comdb.inc'
DIMENSION SCINJ(50)

COMMON/USROOYINTFLG(100)

INCLUDE 'usrdat.inc'

DIMENSION SCALAR(50)
EQUIVALENCE( UDAT12(001), ICTID )
EQUIVALENCE( UDAT03(001), CON')
EQUIVALENCE( UDATQ03(019), VOLP)

EQUIVALENCE( UDATO4(00L), CP)
EQUIVALENCE( UDAT04(002), DEN )
EQUIVALENCE( UDATO04(003), ED.)
EQUIVALENCE( UDATO04(005), PR")
EQUIVALENCE( UDATO04(008), TE )
EQUIVALENCE( UDAT04(009), SCALAR(01) )
EQUIVALENCE( UDAT04(059), U )
EQUIVALENCE( UDAT04(060), V )
EQUIVALENCE( UDAT04(061), W )
EQUIVALENCE( UDATO04(062), VISM )
EQUIVALENCE( UDAT04(063), VIST )
EQUIVALENCE( UDAT04(007), T)
EQUIVALENCE( UDATO04(067), X )
EQUIVALENCE( UDAT04(068), Y )
EQUIVALENCE( UDATO04(069), Z )

This subroutine enables the user to specify fluid injection
(addition or removal) into live cells. In the case of mass
removal (sink), only the mass flux (FLUXI) can be specified. In
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the case of mass addition (source), the fluid will bring al its
user-specified properties (momentum, turbulence, temperature and
concentrations). Zero will be assumed for omitted properties.

** Parameters to be returned to STAR:
(Sink) FLUXI (<0)
(Source) FLUXI (>0),Ul,VI,WI, TEI,EDI, TI,SCINJIPMASS

IPMASS is an interphase mass transfer indicator used in

Eulerian two-phase (E2P) smulations only.
The default value, passed from STAR to FLUINJ, is always zero.
IPMASS=0: no interphase heat transfer - the mass sources specified

in FLUINJ are independent for each phase.
IPMASS=1: the phases are exchanging mass - the mass source specified
is directed from one phase into the other phase.
For more information, please refer to the E2P sections of the

manuals.

OO0O0O00000000000000O0

@]

C
C Sample coding: Fluid injection and removal
C
C

IF(ICTID.EQ.3) THEN
CC Injection
C FLUXI=0.1
C WI=0.05
C T1=373.0
C SCINJ(1)=1.0
C ELSE IF(ICTID.EQ.4) THEN
CC Removal
IF(ICTID.EQ.9) THEN
FLUXI=-7793.5
ENDIF
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