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Recently, the semiconductor and display industries have tried to reduce the emissions of perfluorocompounds
(PFCs) from the globally environmental regulation. Total amount of PFC emission can be cal culated from the
flow rate and the partial pressures of PFCs. For the precise measurement of PFC emission amount, the mass
flow controlled helium gas was continuously injected into the equipment of which scrubber efficiency isbeing
measured. The partia pressures of PFCs and helium were accurately measured using a mass spectrometer in
each sample extracted from inlet and outlet of the scrubber system. The flow rates are calculated from the
partial pressures of helium and aso, PFC destruction and removal efficiency (DRE) of the scrubber is
caculated from the partial pressure of PFC and the flow rate. Under this method, the relative expanded
uncertainties of the flow rate and the partial pressures of PFCs are £2% (k=2) in case the concentrations of
NF3 and SFgare as low as 100 gmol/mal.
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mass spectrometer.

Introduction

The Kyoto Protocol has officialy comeinto effect on Feb.
16, 2005 as Russia finally ratified the treaty. The protocol
demands a 5.2% cut down the emission of the greenhouse
gases including CO, from the industrialized world by 2012.
The six most prominent greenhouse gases are carbon
dioxide (CO,), methane (CH4), nitrous oxide (N20), hydro-
fluorocarbons (HFCs), perfluorocarbons, and sulfur hexa-
fluoride (SFe). Perfluorocompounds (PFCs) are commonly
used in semiconductor and display manufacturing for
plasma etching, chemical vapor deposition (CVD), and
chamber cleaning.? These PFCs such as CF, and CoFs are
mostly chemicaly inert that intensely absorb infrared
radiation with relatively long lifetimes (50,000 and 10,000
years, respectively) into the atmosphere, giving high global
warming potential (GWP) (with the GWPyoo of 6500 and
9200, respectively)® compared to CO,.*° Although NF; does
not currently have a GWP recognized by the Intergovern-
mental Panel on Climate Change (IPCC), the NF; emissions
are also considered as one of the regulated compounds.
Molina et al. have estimated a GWPyo of 8000 and an
atmospheric lifetime of 740 years for NFs compound.®
Recently, the environmental health and safety (EHS) goals
for semiconductor industry have been focused to reduce
perfluorocompound emission because of their high global
warming potentials and long atmospheric lifetimes. Also,
many studies have been experimentally accomplished on
abatement of perfluorocompounds by various techniques
including plasma technologies.”** However, there is no
specia guideline to estimate the amount of PFC emissions

produced during semiconductor manufacturing processes.

There are four aternative methods (Tier 1, Tier 2a, Tier
2b, Tier 2c) for egtimating FC (fluorinated compound)
emissions available using the basic methodological prin-
ciples outlined in the IPCC Guidedines for other source
categories. The use of the ‘ Tier’ terminology corresponds to
increasing data requirements and sophistication of the
emission estimation process. The choice of methods depends
on data availability and isoutlined in the * Decision Tree' for
FC emissions from semiconductor manufacturing (see
IPCC, 2000). The World Semiconductor Council (WSC)
members, including the US, Europe, Japan, Korea, and
Taiwan, unanimoudly adopted the Tier 2c method to
estimate annual PFC emissions and to monitor the progress
of emission reduction.* The Tier 2c method uses company-
specific parameters, but does not distinguish between
etching and cleaning. The Tier 2c method was also utilized
in thiswork. According to the Tier 2c method the amount of
PFC emissions can be calculated asfollows:

Emissions of FC;=(1-h)x[FCix(1-C)x(1-axd)](1)

Where:
FCi = purchases amount of agasi in kg (CF4, CoFs, CsFs,
CuFs, NF3, SFe)

h=fraction of PFC remaining in shipping container (heel)
after use

Ci=use rate (fraction destroyed or transformed) for each
gasi

a=fraction of gas volume fed into in processes with
emission control technologies (company- or plant-
specific)
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di=fraction of gas i destroyed by the emission control
technology

In the above equation, the emission amount of PFC gasis
afunction of scrubber efficiency. The scrubber efficiency is
determined by the amount of the specific component
emission rather than by the mole fraction of PFCs at inlet
and outlet of scrubber. There are two ways to determine the
scrubber efficiency. Oneis measuring the concentrations and
the mass flow rates both at inlet and outlet. The other is
measuring the concentration of the anayte when the
emission control equipment is on and off. In general, the
scrubber efficiency is obtained by on-line based on Fourier
Transform Infrared Spectroscopy (FTIR)™ or real time
Quadrupole Mass Spectrometry (QMS) method.™>*® Under
these methods, the PFC amount has to be calculated
considering the flow rate, pressure, and temperature at inlet
and outlet of the scrubber.’*'” Here, we suggest a reliable
method to obtain the efficiencies of various scrubbers in
accordance with the guidelines by the IPCC. The scrubbers
of which efficiency are measured in this work were actualy
installed in display manufacturing lines to eliminate the PFC
exhausted from the plasma etching and the CVD cleaning
processes.

Experiment

Accurate flow rate measurement is critical in this method.
The flow rate can be measured with a calibrated flow meter
at inlet and outlet of the scrubber. Or, aswe introducein this
paper, one can add a stable chemica species in the process
line and estimate a flow rate by measuring partial pressure of
that species. The chemical species must have no interference
with the analytes and be indestructible inside the scrubber.
Helium was added as a stable species with calibrated flow
rate, and the concentration of helium was measured. In our
method, the measurements are taken off-site to determine
the DRE (Destruction and Remova Efficiency) of the
emission reduction technology. Helium gas was added into
theinlet of scrubber system at a constant rate. Samples were
collected into the stainless sted cylinder a both inlet and
outlet of the scrubber. The partia pressures of PFCs and
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helium gas in each sample cylinder were measured using a
mass spectrometer. The DRE can be calculated ignoring the
effects generated from the pressure as wel as the
temperature because these factors remain constant during
the measurements.

The performance test of the measurement system must be
performed for the verification and the uncertainty evaluation
for this method. The reference gas mixtures were used for
this purpose. The quality of used reference gas mixtures has
been aready evaluated through key comparison between
National Metrology Institutes (NMIs) under the supervision
by CCQM (Consultative Committee of Amount of
Substance) in BIPM (International Bureau of Weights and
Measures).’®

Gas Sampling To remove the PFCs discharged from
semiconductor manufacturing process, a scrubber is usualy
installed at the end of process line. A schematic diagram of
the sampling set-up for the scrubber evaluation is shown in
Figure 1. The mass flow controller (MFC, BROOK Model
5850E, USA) calibrated against a calibrated wet meter
(SINAGAWA SEIKI Corp, Japan) was used to admit pure
He gas with the constant rate of | LPM into the front port of
the scrubber inlet. For the sampling cylinder preparation, the
1L dainless sted cylinders were evacuated by a rotary
pumping system to 2.67 Pa at the temperature of 60 °C for 3
hours to remove &l remaining gases including water from
the cylinder. The samples were taken from the process line
into the cylinders through the needle valve and the 0.2 mm
hole sized orifice which was utilized for homogenous
collection for four minutes.

In this sampling system, the destruction remova
efficiency (DRE, d: in Eq. (1)) of ascrubber is calculated not
based on the volumetric concentration of inlet (in) and outlet
(out) gas, but based on mass flow rates as shown below:

DRE=1-Mu/Min ()
If Tin =Tout and I:JII'I B POUtv
DRE= 1~ (Coutrrc X Qout)/(Cinprc X Qin) 3
Where:
Exhaust

Scrubber gases
(N, Air,...)

Y

Pump gas
(Nz,...)
Y
Process gases | -
(NF3, SFs,...) »| Chamber —| Pump :

Y

Local Scrubber

Y Y

Orifice Orifice

Inlet Quutre Outlet
sample cylinder Courec | S@ample cylinder

Figure 1. Schematic diagram of the sampling system.?® The samples were taken from the process line into the cylinders through the needle

valve and the 0.2 mm hole sized orifice.
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Min=PFC's mass flow rate entering the scrubber

Mou= PFC’'s mass flow rate leaving the scrubber

Tin=gas temperature entering the scrubber

Tou= gas temperature |eaving the scrubber

P.n=gas pressure entering the scrubber

Pout = gas pressure leaving the scrubber

Cinprc=PFC's volumetric concentration entering the scrubber
Courrc=PFC’s volumetric concentration leaving the scrubber
Qin=gas volumetric flow rate entering the scrubber

Qou =gas volumetric flow rate leaving the scrubber

Since the He gas was added to flow into the sampling
system with a constant rate, the amount of each species was
calculated from multiplying the partia pressures of analyte
by the flow rate obtained from He concentration in both inlet
and outlet. When the analytes are measured by a gas mass
spectrometer (Finigan MAT 271) for the samples taken from
a process, the effect due to the temperature can be ignored
once the temperature of samples is under the equilibrium in
the cylinder before the measurements. Accordingly, the
DRE can be simplified to the Eq. (3). This means that the
DRE value can be determined by the gas concentration ratio
(Coutrrc/Cinpec) and the flow dilution ratio (Qou/Qin). The
Qin and Qo are calculated from a known flow rate of pure
He gas according to the Eq. (4).

Qin= 1/Cinte, Qout= 1Couthe (4)

Where, Cinne and Coure are the He gas volumetric con-
centration at inlet and outlet of a scrubber, respectively.

Analytical Instrument and Verification The magnetic
sector type precision gas mass spectrometer (Finnigan MAT
271/45, Germany) was used to measure the concentrations
of the analytes and the He gas. The principle of a gas mass
spectrometer (Gas-MS) is as follows. The gas sample is
expanded into the sampling chamber a the constant
temperature of 60 °C. The sample gas in the chamber flows
into the mass spectrometer through the pin-hole type
injection port which alows molecular flow. The Figure 2
illustrates the inlet of the measurement system which was
aready demonstrated in earlier work.® All of 1/2" or 1/4"
stainless steel tubing was connected by welding or VCR

Baratron
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fitting to maintain the high-vacuum condition in the inlet
syssem. The sample cylinder was attached with 1/4"
stainless sted fitting. The turbo molecular pump (PFEIFFER
vacuum, TSU261) was utilized to maintain the high vacuum
(below 1.33x10™* Pa) with minimizing contamination of
hydrocarbons, and the pressure of a sample gas was checked
by the two baratron gauges (1000 mbar and 1 mbar
maximum reading pressure, MK S type 270).

In the mass spectrometer, the gas molecules are ionized
with 50 ¢/A emission current and analyzed with a specific
m/z value as they travel through magnetic sector with 8 kV
acceleration voltage. Two detectors, Faraday cup and
secondary electron multiplier (SEM), areingtalled. The mass
resolutions are variable from 250 to 2500, which is enough
to separate CO and Nz at m/z=28. The GasMS, unlike
FTIR and QMS, has a wide dynamic range (1x10° and
therefore, alows one-point calibration for a quantitative
analysis. The selection of m/z for aspecific chemical species
in mass spectrometer is chosen the largest characteristic
peaks. If any interference occurred in selected peak, it can be
corrected based on the peak ratios obtained from known gas
mixture (standard reference gas mixtures).

The standard gas mixtures were prepared with the relative
expanded uncertainty of +0.1% (k=2) using a gravimetric
method in accordance with the 1SO guide 6142.%° The real
applications of these standards were well demonstrated in
earlier work.2? The sensitivity of each gas can be de-
termined by using standard gas mixtures. The sensitivity of a
specific component gas is calculated from the injected gas
concentration, the pressure in the mass spectrometer, and the
output signd (in valt) as shown in Eg. (5). An unknown
sample concentration is cal culated by Eq. (6).

Sengd=Sigsd / (Psta X Ceta) ©)
Where,

Sengq = sengitivity for a selected peak (V/mbar)
Sigsa=signal value for astandard (V)
Sigam=signal value for asample (V)

P« =injection pressure for a standard (mbar)

Baratron

gauge
gauge |
VSs2 VSs3 Sampling chamber
Turbo & rough ; X o X Mass
pump {JQ % 59.5°C spectrometer
V5 1500cc V1

Turbo & rough

Reference Sampling
Gas cylinder  Gas cylinder

pump

Figure 2. Schematic diagram of sample injection system in a gas-mass spectrometer.?® The stainless steel tubing was connected by welding
or VCR fitting to maintain the high-vacuum condition in the inlet system. The sample gas in the chamber flows into the mass spectrometer

through the pin-hole type injection port which alows molecular flows.



1386 Bull. Korean Chem. Soc. 2007, Vol. 28, No. 8

am=INjection pressure for a sample (mbar)
C«da=concentration of a component gas in a standard gas
mixture (%emol/mol)
Cam=concentration of a component gas in a sample
(%mol/mal)

Because of wide range of linearity, sensitivity value, once
obtained, can be used to measure awide range of the analyte
concentration, %mol/mol to pmol/mol level. Also, this app-
lication was checked by using severa standard gas mixtures
with different concentrations including umol/mol level of
NF3 and SFe.

To verify the DRE measurement method, we examined the
lower limit of detection, linearity, and repeatability of the
precision gas mass spectrometer (Finnigan MAT 271) using
the primary standard gas mixtures including He, SFs, and
NFs. The detection limits of the andytica system were
obtained from a S/N ratio (S/N=2) to be 0.3 gmol/mol and
0.4 umol/mol for SFe and NF;, respectively when the
pressure was 0.5 mbar in the sample chamber of the mass
spectrometer. The linearity of detection system was tested
measuring the severa standard gas mixtures with different
concentrations. For example, when the sample pressures
were regulated from 0.024 to 0.525 mbar, the sensitivities
(signal to injection chamber pressure ratio, in V/mbar) were
congtant within arelative uncertainty of £0.1% (k=1). Asa
verification of this analytical method, the known gas mix-
tures was applied with lower concentration as samples to
evaluate those concentrations by other standard gas mixtures
with much higher concentration as reference gases (Table 1).
All measurements were performed using a Faraday detector.
The repeatability (3 consecutive measurements) was +0.6%
for 100 umol/mol level of SFe, +0.8% for 100 xmol/mol
level of NFs, and £0.1% for 1%mol/mol level of He as a
relative standard deviation. Table 1 shows the difference
between the prepared and measured concentrations of each
component. The residualsin Table 1 are dl less than 1% of
gravimetric concentrations. This means that our method can
apply to PFC analysis from umol/mol level to %mol/mol
level. The measurements of PFC and He concentrations are
the magjor source of the uncertainty for the scrubber
efficiency. The maximum relative expanded uncertainty is
2% (k=2) in measuring 100 #mol/mol level of PFC. In
this level, therefore, the DRE vaue can be determined
within = 2% relative expanded uncertainty.

Table 1. Results of verification test in the precision gas mass
spectrometer

Concentration (mol/mol)

Compound  Gravimetric Measured  Residual  Reference
(A) (B)° (A-B) gas
Sks 99.90x10°°® 100.64x10° 0.74x10°® 0.999x107?

NF3z 103.42x10° 103.73x10°® 0.31x10° 1.022x107?
He 10.285x 1072 10.244x 102 —0.041x 102 PureHe
1.194x102 1.193x102 -0.001x1072

#These results were estimated by using sensitivity values obtained with
reference gases.
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Table 2. Analytical results of sample gases for application to rea
sample

Gas concentration Gasflow rate (L/min)

Compound (%mol/mol) a22°C

Ci n Cout Qin a Qout a

H 0.0002 0.0018 62.1 376.8
N2 97.491 81.546
O, 0.017 17.33
Ar 0.001 0.778
CO; 0.001 0.074
He 1.6106 0.2654
NF; 0.8793 0.0050
Totd 100.00 100.00

*The flow rates were calculated from He concentration by Eq. (4).

Applications. We applied this method to determine the
destruction and remova efficiency (DRE) of a PFC
scrubber.Z The scrubber typeis an eectrically heated device
which has been used to remove NF; in the CVD etching
process. The scrubber was tested in its manufacturer’'s
laboratory. For the application of our method, samples were
collected as described earlier in Figure 1. The operation
condition of process chamber was identical to when it was
operated in the CVD etching process. We set the flow rate of
the nitrogen to ~60 L/min and of the pure NFs to ~500 mL/
min with the ball flow meter, and pure He to 1000 mL/min
with the MFC (BROOK, model 5850E). The flow rates were
cdibrated at 22 °C prior to measurement using the wet meter
(SINAGAWA SEIKI Corp., Japan, cdibrated at Korea
Research Ingtitute of Standards and Science). The measure-
ment results of gas composition by mass spectrometer are
shown in Table 2. The gas flow rates,s Qin and Qou, are
caculated by the Eq. (4) using the concentrations of He at
inlet (Cin) and outlet (Cow) of cylinder.

Qin= ]JCinHeX 100= 621 L/m| n,
Qout: l/CoutHeX 100: 3768 L/I’Tlln (n

The DRE isthen caculated by the Eg. (3) with the amount
of NF; from inlet and outlet concentrations:

DRE=1-(376.8x0.0050)/(62.1x0.8793)=0.966  (8)

As described in the section 2.1, this method can eliminate
uncertainties caused by a fluctuation of the temperature and
the pressure during sampling process. Therefore, the
uncertainty could be generated from only the partia pressure
measurements by the gas mass spectrometer. The DRE of
the scrubber applied in this work was found to be 96.6%
+1.9% (k=2).

Results and Discussion

We suggest a method which can measure both efficiencies
of the destruction technology and the process chamber in
accordance with the Tier 2c. Verification test of the method
was carried out using several standard gas mixtures. The
DRE of the eectrically heated type scrubber applied in this
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work was caculated to be 96.6%+ 1.9% (k=2). This
expanded uncertainty includes uncertainties from the flow
rate measurements and from the Gas-MS measurement of
NF3 concentration. Thus, we can conclude that this proposed
method can be used to evaluate the destruction efficiency of
any scrubber with relative expanded uncertainty maximum
* 2% (k=2) up to PFC concentration as low as 0.5 umol/
mol.

It is necessary to measure the flow rates going into and out
of the destruction technology as IPCC recommends using
the amount of total emission for the PFC removal efficiency
evaluation. The amount of a “gas’ depends on its partia
pressure, volume, and the temperature. Therefore, as IPCC
requires, the total flow rate should be normalized to the
standard condition (0 °C, 1 atm) before it is multiplied with
each concentration of the greenhouse gases. The emission
amount of each gas can be expressed with these calculated
values. There are various ways to determine the gas flow
rate generated during the manufacturing processes in the
semiconductor or display industries. Our new method
employs a noble gas as an interna standard. By measuring
the partia pressures of helium and analytes, the relative flow
rates of the analytes in the sample can be estimated as
compared to the known flow rate of helium. Another way of
determining the PFC decomposition efficiency isto measure
the concentrations of the analytes when the destruction
technology (scrubber or main reaction chamber) is on and
when it is off. Theratio of the concentrations would indicate
the efficiency. This on and off method, however, is very
time-consuming since most of the eectrica heater type
scrubbers require many hours until they are cooled down.
Moreover, turning off the scrubbers in the middle of the
manufacturing process is not practical. In our method,
helium is the best to use for an internal standard primarily
because it is not used in the manufacturing process of
semiconductor or display. If the helium is used in the
process, one can smply collect the additional sample when
the helium flow as an internal standard is off. The difference
of helium amount in two samples will give a correct flow
rate. The argon could not be used since it exigts in the air,
which is supplied to the scrubber as an auxiliary gas. Other
noble gas like neon and xenon can be used but they are
expensive. Any chemical species detectable in a GasMS
could be the anaytes in this method. However, the
interferences between the different species in the mixture
sample should be corrected.

Note that it is assumed that only analytes and He gas
(internal standard) are present in the collected samples. We
ignore al other gas species such as Na, O,, Ar, HF, and >
which come from the air and the manufacturing processes.
This assumption does not significantly affect the calculation
of the flow rate according to the following Eq. (9)- (15).

Qtot:Q1+Q2+---+Qi+---+QHe (9)

Pi=Qi/Quot (20)

where, Qi is ared flow rate of the component i in the gas
mixtures, Que is aflow rate of helium (1.000 L/min), and P,
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isapartia pressure of component i. If you do not account of
Q:incalculation,

Quot =Quot— Q2=Q1+Q3+...+ Qi +... + Qre (11)
P'=Q/Qu =Q /(Qtot_QZ) (12)

where, Qi is an estimated total flow rate excluding the
component gas 2. P' is an estimated partial pressure of the
component i excluding the component gas 2.

Pre = QHe/ (Qtot - QZ) (13)
(Qu—Q2)=1.000L / min/ Pu¢ (14)
Q=P'x(Qu—Q2)=P'/Pe (15)

Therefore, the Q: value does not depend on any other gas
component. It only depends on its own calculated partia
pressure (R") and the calculated He partia pressure (Pue).
Being independent of other species in the sample, the
caculation of the flow rates for noble gas and analytes
would not be affected by any variations of their environment
aslong astheir partial pressures remain constant. Some non-
experts measure the concentration of an analyte directly and
identify it with the scrubber efficiency. However, the
auxiliary gases continuously flow into the scrubber and this
naturally dilutes the analyte concentration. Therefore, the
flow rate must be considered for the correction of efficiency
calculation.

The advantage of our method is that it allows us to repest
measurements and we can caculate an average of
concentrations by collecting a sample for several minutes.
This averaging effect compensates for instantaneous fluc-
tuations. On the other hand, the online FTIR measurement
method shows several problems: The basdine drifts when
the concentration gets lower; Spectra interferences caused
by water and the processing gases are difficult to remove;
Sampling cell becomes contaminated as the number of
measurements increases, which causes the different IR
transmittance to the IR cell; The temperature during the
measurements should be compensated; flow rate should be
measured by other methods. Also, the online QM S method
has difficulties in correction of the temperature and pressure
effect during sampling from the manufacturing process line.
Moreover, this method can not estimate the gas flow rate
inside a process line without adding additional known
amount of a stable chemical speciesto the sampling system.

Conclusions

We suggest a method for the accurate measurements of the
scrubber efficiency which provides an averaged value for
several minutes during the norma operation. A gas mass
spectrometer was used for the measurements and the
evacuated stainless sted cylinders were used as sampling
containers. Helium gas was added into the scrubber system
with a constant rate using a calibrated MFC. The concen-
tration of helium was used to calculate correct the flow rate
of each anayte used in the manufacturing processes. This
method eliminates the effects caused by temperature, pre-
ssure, and interferences occurring with the QMS and FTIR
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measurement methods. Moreover, we can estimate PFC
consumption rate in a process chamber (C) as well as the
destruction and removad efficiency of scrubber (d) simul-
taneously because the exact flow rate of PFC can be ob-
tained from the He concentrations.
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