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1 EXECUTIVE SUMMARY

This report discusses the progress on the evaluation of the first Praxair perfluorocompound
(PFC) capture and recovery unit installed at Texas Instruments’ Kilby Research Center in Dallas,
TX. Process exhaust from up to 27 wafer etch tools and plasma-enhanced chemical vapor
deposition (PECVD) chambers was combined and routed directly to Praxair's PFC recovery unit.
The exhaust was first pretreated to remove moisture, CO2, toxics, corrosives, and particulates.
The treated effluent was then transferred to the cryogenic separation unit where the PFCs were
captured and concentrated. The concentrated fluorocarbons were stored in a batch tank and then
transferred to the distillation column for separation into the individual PFCs.

The objectives of this project were to determine

1. The feasibility of capturing PFCs at > 90% efficiency, from the combined exhausts of a
number of etch and CVD tools using liquid C3F3.

2. The feasibility of separating the captured PFC mixture into the individual PFC components at
> 99.9% purity.

3. The effectiveness of the exhaust gas pretreatment.

4. The preliminary cost of ownership.

1.1 Results Summary
For the evaluation at Texas Instruments, the feed gas blower operated 2860 hours; the "cold box"
(the cryogenic section) was operated 775 hours. A combined stream of tool exhaust from 27
chambers of semiconductor etch and CVD processes contained the familiar process byproducts
(such as C2F6, CF4, CHF3, SF6, CO2, CH4, SiF4, COF2, and HF). The PFCs passed through the
pretreatment processes and while the byproducts were effectively removed, CO2 byproduct from
the combustion-type, point-of-use silane abatement exceeded the capacity of the molecular sieve
dryers. Rather than adding a CO2 scrubber to the pretreatment section, the silane tools were
bypassed for the remainder of the evaluation. Spiking the combined exhaust stream with
additional HF simulated the higher concentrations expected from a larger production fab. The
dual wet scrubbers sufficiently abated 200 to 3000 ppmv HF to below 1 ppmv in a 4000 scfh
stream.

PFC capture tests included the tool exhaust from 18 chambers supplemented with spiking from
gas cylinders to ensure that the expected maximum PFC inlet concentrations were evaluated.
This unit exhibited > 99% capture efficiencies for C2F6, CHF3, CF4, and SF6 at total exhaust flow
rates ranging from 3300 to 4900 scfh. Inhibited by the current design, CF4 capture efficiency was
only ~75%. The ability to transfer fluorocarbons to the batch tank was demonstrated; however,
this evaluation did not include the batch distillation or cylinder filling operations. Therefore, the
purity of the recycled product was not determined.

The installation costs was approximately $500K, including $200K for the valves and piping to
bring the tool exhaust to the unit and $300K to install the Praxair unit itself. The unit's operating
cost was estimated to be roughly $245K/year, including utilities and labor. Liquid nitrogen at
1000 gallons/day emerged as the highest utility cost. The unit was operated at only one-third its
design capacity of 12,600 scfh, but the operating cost estimate is based on the unit running at
design capacity.
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The unit experienced difficulties with wash column reflux instability and adsorber CO2 issues for
which Praxair had solutions; however, they were difficult to implement onsite because of project
budget and time constraints.

2 INTRODUCTION

The semiconductor industry is collaboratively studying alternatives for reducing greenhouse gas
emissions, such as alternative chemistries, process optimization, capture and recovery, and
abatement. Capture and recovery is desirable since it does not require process modifications and
has a potential cost benefit, if the recovered PFCs can be reused.

The objectives of this project were to

1. Determine the operability and effectiveness of the unit’s operations, such as tool exhaust
pretreatment (including moisture, particulate, and hydrogen fluoride [HF] removal as
well as pyrophoric gas destruction), PFC capture, PFC separation by species, and
purification. The goal for capturing combined PFCs from the tool exhausts was greater
than 90%. The PFC purity or concentration goal for the individual, recovered PFCs is
virgin gas quality or > 99.99% purity.

2. Install the unit to treat effluent from at least 18 plasma-enhanced TEOS, oxide etch,
plasma-enhanced silane, and tungsten etchback chambers.

3. Create preliminary cost-of-ownership data for capital and operating expenses to assist
prospective users in evaluating PFC options.

4. Gain operating experience on how the unit handles typical fab production variations.

5. Identify and quantify byproducts formed (e.g., COF2 and CO2) and determine the unit’s
removal capabilities for pretreatment.

6. Using design of experiments (DOE) results, determine the primary and secondary factors
that affect the unit's capture, separation, and purification performance.

7. Analyze the concentrated PFC stream to determine if there are any major hurdles to
purification and reuse of the captured gas.

Test and sampling plans were developed using the following instruments in the analysis:

• ABB Extrel quadrupole mass spectrometer (QMS)

• Midac Fourier transform infrared (FTIR) spectrometers

• CO2, H2O, SiH4, and HF gas monitors

2.1 Equipment Description

A schematic overview is shown in Figure 1.

Combined process exhaust (feed) from the wafer etch tools and the plasma-enhanced chemical
vapor deposition (PECVD) chambers flows directly to the unit for capture and recovery of
perfluorocompounds. The unit pretreats the exhaust for corrosive, pyrophorics, moisture, and
particulates before the initial capture stage. Two ATMI EcoSys ES-250 wet scrubbers are used to
abate the corrosives and, if necessary, a Novapure dry scrubber is used to remove pyrophorics. A
dual-bed molecular sieve dryer removes moisture and carbon dioxide. Inline HEPA filters
remove the remaining particulates. The treated process exhaust enters the cold box wash column
where the wash liquid (C3F8) at cryogenic temperatures absorbs the PFCs. This is followed by a



3

International SEMATECH Technology Transfer # 98113600A-ENG

stripping column where the captured PFCs are released from the wash liquid. A regeneration
column removes the heavy PFCs from the wash liquid and recycles them back to the wash
column. The recovered product is then transferred to the batch column for separation of the
individual PFCs from the mix.

Effluent

Cold
Box

N2 Storage
Tank

(by customer)

Dryer

BlowerDry Scrubber

Wet Scrubbers

Caustic Addition
System

Recirculated N2

Recovered
Fluorocarbons

Cylinder Fill
Station

Waste N2

Feed

Figure 1 Schematic Overview

2.1.1 Bumpless Transfer System

Semiconductor fabrication operations are sensitive to pressure fluctuations downstream of the
process tools. Slight variations in the exhaust pressure could affect the process. TEXAS
INSTRUMENTS and Praxair designed a "bumpless transfer" to divert the tool exhaust to the
PFC recovery unit. To switch tool exhaust between the PFC recovery unit and the acid exhaust
header, two pneumatically operated valves were installed to reroute the exhaust. One normally
closed valve routed tool exhaust to the PFC recovery unit when the PFC recovery unit was in
operation. The second, normally open valve routed it to the acid header when the PFC recovery
unit was not operating. The switching of the valves was controlled by an operator, who opened
the valve to the PFC recovery unit while maintaining pressure in the line to provide a bumpless
transfer. This transfer operation will be completely automated in future systems. The Praxair
Advanced Control System interfaced with the valve so that the exhaust flow was automatically
returned to the acid exhaust header with no pressure fluctuation.

2.1.2 Pretreatment

2.1.2.1 Water Scrubbers

Two wet scrubbers, ATMI EcoSys ES-250s, are incorporated in the pretreatment design to
remove particulate and water soluble byproducts in the feed stream to the Praxair unit. The dual
bed water scrubbers contain spray towers and spray chambers using nozzles to inject pressurized
water into the gas stream. The gas stream flows co-currently in the first stage and counter-
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currently in the second stage. Water flow makeup is a total of 5 gpm for both scrubbers. The first
water scrubber is maintained at a pH of 8.5 using a caustic inject system. The second scrubber
completes the removal of the residual corrosives in the stream.

2.1.2.2 Dry Scrubber

The design allows for the incorporation of a single Novapure emergency release scrubber sized
for a total hydride inventory and maximum exhaust flow. The dry scrubber consists of the
housing, front and back transitions, a pre-filter, and the chemisorption material. It is designed for
a maximum flow of 1000 cfm, a pressure drop of 1.5” of water, and an operating pressure range
of 4 psig to -24” of water column. The pre-filter medium is non-woven cotton. The non-
flammable chemisorption material is designed to absorb residual hydride components from the
feed stream for subsequent disposal as nonhazardous waste.

2.1.2.3 Blower

The maximum flow rate of the blower was tested to be 12,600 scfh (210 scfm). The normal
discharge pressure is 14 psig.

2.1.2.4 Mechanical Refrigeration Unit (Chiller)

Water is condensed from the feed stream by cooling it from 112°C to 9°C with a mechanical
refrigeration unit.

2.1.2.5 Adsorber (Dryer)

The pretreatment skid has two molecular sieve adsorber columns. While one is in operation, the
other is regenerated using 2500 scfh of waste gas (nitrogen) from the top of the wash column.
Regeneration takes approximately 7.5 hours. The outlet stream from the active adsorber bed is
monitored for CO2 and H2O, which can be detected at less than 0.1 ppmv.

2.1.3 Cold Box

2.1.3.1 Heat Exchangers

The PFC recovery system contains six 321 stainless steel-brazed heat exchanger cores. The
design temperature of the cryogenic equipment is 150 to -320°F. The design pressure of the 304
stainless steel heat exchanger vessels is 200 psig.

2.1.3.2 Distillation Columns

Four packed columns are included in the PFC recovery cold box. The wash column and stripping
columns have demister pads at the top for removing entrained liquid. The design pressure of the
cryogenic equipment is 200 psig; the design temperature of the columns is 150 to -320°F. All
four columns are constructed of 304 stainless steel.
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2.2 Equipment Installation

The PFC recovery system was installed within a 64 ft. x 43 ft. site adjacent to Texas Instruments’
South Building (see Figure 2 and Figure 3) The system included the following major pieces of
equipment:

1. A 50 ft. x 12 ft. pretreatment skid that housed the analytical equipment, wet scrubbers,
feed blower, chiller, moisture separator, and absorber beds

2. A 7 ft. square x 80 ft. tall cold box

3. A 9.5 ft. diameter x 28 ft. tall liquid nitrogen tank

4. Two nitrogen atmospheric vaporizers

5. A cylinder fill area with instrument panel, booster pump, bottle rack, and scale

Cylinder
Fill Area
8’ x 10’

Enclosure

X X X X X X X X X X X X

XXXXXXXXXXX

X

X

X

X

X

X

X

X

X X

X

X

X

X

X

X

X

X

Fence Line

Equipment Skid
44’ x 11’-8"

Waste Water
to Customer

Cooling Water
Supply & Return
from Customer

Customer
Effluent

Wet Scrubbers

Customer 440V
Power Supply

50 ’

35’

MCC

Control Room

Cold
Box

5’ x 8’
LN2 from
Customer

N2 Vent

Blower

Dryer

Dry
Scrubber

Caustic
Addition
System

Figure 2 Site Overview
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Figure 3 Photograph of the Praxair PFC System

Several alternatives were considered; however, Praxair and Texas Instruments agreed to set the
pretreatment skid on evenly spaced concrete piers rather than a slab to reduce the installation and
removal costs. Additionally, they agreed to set the cold box, liquid nitrogen tank and vaporizers,
and cylinder fill area on a monolithic concrete pad with varying depth levels to accommodate the
overturning moment of the equipment. A service road was installed adjacent to the site so that
liquid nitrogen could be filled into the tank.

A 6-inch diameter stainless steel duct was routed from Texas Instruments’ Kilby Center wafer
fab to the pretreatment skid. At each process tool, manual three-way valves were installed
downstream of the vacuum pumps to divert the tool exhaust flow into the header to the PFC
recovery system. Electrical feed, clean dry compressed air, make-up water, wastewater, and vent
header piping were routed from corresponding Texas Instruments' utility tie-in points to the PFC
recovery system site.

The utilities for operating the system included

• Power: 125 KW, 480 V, 3 phase

• Liquid N2: 1000 gallons/day

• Make-up water: 5 gpm

• Wastewater return: 5gpm

• Clean dry air: 75 scfm continuous @ 100 psig, 175 scfm @ 100 psig during cylinder
filling operation

• Make-up caustic: 2 gallons/week
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2.3 Equipment Safety Reviews

Multiple safety reviews were conducted. Praxair performed a Hazardous Operation (HAZOP)
review, safety layout review, pretreatment skid safety inspection, and a field safety inspection.
Additionally, a SEMI S2-93 review was performed by a third party, Global Semiconductor
Safety Services, LLC.

Praxair provided Texas Instruments with safety training as well as reviewed critical safety
procedures with them (e.g., caustic loading procedure). Additionally, the WIN911 software
program was integrated with the advanced control system to page Texas Instruments in case of a
critical alarm or shutdown. Praxair used an impressive programmable logic control scheme to
monitor the unit.

TEXAS INSTRUMENTS reviewed the HAZOP and SEMI S2-93, noting that the overall
equipment safety passed. The PFC unit had many safety software-controlled interlocks.
According to SEMI S2, there should be hardware-based interlocks or hardware interlock back-
ups. TEXAS INSTRUMENTS recommended that Praxair review their manual interlocks.

3 PROCESS DESCRIPTION

3.1 Wet Scrubber

The combined tool exhaust stream is first treated to remove the non-desirable, corrosive gases in
a dual water scrubbing system. The two wet scrubbers are operated as a caustic-based system
that has a high removal efficiency for water reactive or soluble compounds, such as SiF4, HF,
WF6, WOF4, SOF2, SO2F2, COF2, F2, TEOS, Cl2, BCl3, and other metal etch gases and their
reaction products such as HCl. The scrubber products (sodium silicate, sodium fluoride, ethanol,
sodium tungstate, etc.) are water soluble and can be readily disposed.

3.2 Dry Scrubber

The dry scrubber is expected to be a polishing scrubber. It is a chemisorption unit using
proprietary resins from EcoSys designed to remove hydrides such as SiH4, NH3, and PH3.
Reactions are fast and irreversible; the mass transfer is the limiting factor for the hydride
removal efficiency. For this evaluation, the dry scrubber was unnecessary because of the
minimal hydride levels observed after point-of-use (POU) abatement.

3.3 Molecular Sieve Dryer

The desiccant dryer is the last treatment step before the tool exhaust stream enters the cryogenic
PFC recovery unit. The dryer is designed for high efficiency water removal, leaving < 1 ppm at
the outlet. Two beds of 13X molecular sieve are used in the dryer; while the first column is in
operation, the second dryer is being regenerated. Exhaust gas (nitrogen) from the recovery unit is
used to regenerate the sieve beds. Upon exiting the molecular sieve dryer, the gas mixture passes
through HEPA filters to remove entrained particulate matter.
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3.4 Cryogenic Capture/Concentrate Step
Figure 4 is a simplified process flow diagram. The scrubbed feed is cooled in an indirect heat
exchanger against the exiting purified gas stream to a temperature above that at which some of
the fluorocarbon components would begin to condense. Next it is fed into the lower section of a
wash column. The gas rises through packing within the column, countercurrent to the descending
liquid stream, which is liquified C3F8. The liquid absorbs the less volatile fluorocarbons
(typically CHF3, C2F6, and, if present, any heavier components). The remaining gas is then
removed from the top of the lower section of the wash column and sent to an intercooler, where
it is cooled to about -180°C in an indirect heat exchanger by boiling liquid nitrogen.

The further cooled stream, which contains a small amount of condensate, is returned to the
bottom of the upper section of the wash column. From there, the gas rises through additional
packing in countercurrent contact with a descending liquid stream, which absorbs essentially all
of the remaining fluorocarbon components (typically CF4 and, if present, NF3). The gas leaving
the top of the upperwash column is essentially free of fluorocarbons. However, any light gases
(He, H2, CO, Ar, O2) in the feed stream will remain with the N2. The nitrogen waste stream is
warmed through the intercooler and primary heat exchange against the incoming feed to recover
refrigeration.

Wash liquid leaving the bottom of the upper section of the wash column, having absorbed the
more volatile of the fluorocarbon components, is transferred directly to the top of the lower
section of the wash column, where it serves as the wash liquid for that section. The C3F8 liquid
containing the captured PFCs and some dissolved N2 is removed from the bottom of the lower
section of the wash column and sent to the midpoint of the stripping column.

The stripping column separates the higher boiling PFCs from the C3F8 wash liquid.

The wash column liquid flows down through packing in the section of the stripping column
below its feed point, in countercurrent contact with an ascending vapor stream. This resulting
mass transfer effects complete stripping of the more volatile components from the C3F8 wash
liquid. The stripping gas is generated by a small amount of heat to a reboiler in the sump of the
column. Wash liquid free of the captured PFCs is removed from the bottom of the stripping
column and sent to a regeneration column, which distills the liquid stream into a bottoms heavy
fraction and essentially pure wash liquid, which is recovered from an overhead condenser. The
purified C3F8 is held in a small tank (not shown), from which it can be pumped, cooled, and
recirculated to the wash column.

In the upper section of the stripping column, vapor continues to rise past the stripping column
feed point through additional packing, contacting refluxed liquid. A vapor stream removed from
the top of the stripping column is mostly condensed by cooling it in a heat exchanger against the
cold nitrogen gas that was extracted from the top of the wash column. A small amount of
residual vapor, consisting primarily of the nitrogen that had been dissolved in the wash column
bottoms liquid, is separated from the condensate and recycled to the wash column for
fluorocompounds removal before venting.

The condensate is returned to the top of the stripping column where part of it is used as reflux
and part of it is withdrawn as recovered PFC mixture and accumulated in the batch tank as feed
for the batch distillation column.
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3.5 Cryogenic Distillation for Recycle
Further processing of the liquid stored in the batch tank is initiated by periodically transferring
an amount into the sump of the batch column. Heat is introduced to the reboiler and the resultant
vapor is passed up through the packing, totally condensed overhead, and refluxed to the column.
This establishes a composition profile across the column that is accompanied by a rise in
temperature. When this becomes stable, any residual N2 is bled off as a vapor and returned to the
wash column.

Liquid CF4 (and NF3, if present) is the first fraction withdrawn from the condenser of the batch
column. These two components, with similar boiling points, cannot be separated economically
by distillation; therefore, some other means of separation is necessary if they are desired as
refined products. However, a pure product can be recovered if the other component were absent
from the feed.

This is followed by the removal of a second fraction consisting of crude CHF3. N2O, if present,
also will be concentrated in this stream. Because of the small relative volatility difference
between CHF3 and C2F6, a complete separation is not possible. The concentration of C2F6 in the
CHF3 takeoff remains level for a period and then increases until the CHF3 inventory in the
column has been completely depleted.

The introduction of heat to the reboiler of the batch column continues and the removal of pure
liquid C2F6 from the overhead of the column is initiated, temperature is again used to indicate the
composition profile and to control the split between product and reflux. Removal terminates
before purity is compromised. A small amount of composite vapor may be bled off to the wash
column. Lastly, withdrawal of liquid SF6 product from the batch column condenser is initiated
and continued until purity can no longer be maintained.

Following this, heat to the reboiler of the column is terminated, and most of the vapor within the
column is condensed overhead and returned to the sump of the batch column. The small amount
of liquid remaining in the sump will be a crude C3F8 stream, which can be further processed with
the next batch of feed. Depending on the contaminants present, the residual liquid may be wasted
or reused as wash liquid after several runs.
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4 TEST PLAN

Objectives of this project were to

1. Identify and quantify byproducts formed (e.g., COF2, CO2, HF, and particulates).

2. Determine the ability of the pretreatment unit to removal moisture, particulate, HF, and
pyrophorics.

3. Determine the system’s ability to capture and concentrate PFCs to > 90%.

4. Compare the recovered PFCs’ purity compared to virgin gas quality of > 99.99%.

5. Using DOE techniques, determine the primary and secondary factors that affect the
unit’s capture, separation, and purification performance.

6. Resulting from the DOE, develop a mathematical model of PFC capture efficiency and
PFC product concentration as a function of significant operating factors.

7. Perform a cost-of-ownership study for equipment reliability, capital costs, and operating
expenses.

8. Perform a gauge study to determine the response time of the analytical or flow device,
repeatability, and definition of steady state.

9. Perform a mass balance across the various system components with a goal of 90%
closure.
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10. Follow DOE techniques to identify the constant (C) to be controlled by operating
procedures, noise (N) or uncontrollable factor, and the experimental factors (X) in the
study.

11. Based on the number of experimental factors select the DOE screen and/or model to
identify the significant factors for capture, recovery, and purity. Also, develop an
empirical mathematical equation based on the results.

12. Identify worst-case operating conditions to define the outer limits of the process
envelope.

13. Operate the unit for a minimum of 1000 hours at steady state and then perform
confirmation experiments to validate the model.

Typically, the DOE can be performed for design or process variables or both. For the Praxair
unit, both DOEs were developed. Based on the experimental design factors, an L18, 7-factor,
3-level screen was recommended. However, because of the thermophysical properties of the PFC
compounds and the system’s instability, it was determined to be impractical at this stage of the
evaluation. Therefore to evaluate the unit, a process DOE was developed as a 3-level full
factorial varying total exhaust flow rate, PFC concentration, and PFC ratio. For this prototype
unit, the worst-case conditions were expected to be 12,000 scfh, with a 5% PFC stream, and a
1:1 ratio of C2F6:CF4. In addition, because of the unit’s excess capacity for both exhaust and
concentration, an adequate response for a DOE model may be difficult to achieve.

5 ANALYTICAL SAMPLING

5.1 Analytical and Sampling Methodology

Determining the extent of the cryogenic capture/recovery system’s ability to selectively remove
and concentrate PFCs from a combined multi-chamber exhaust stream was the primary scope of
this evaluation. Because the performance of each component was critical to the overall success
of the system, specific tests were performed on each of them as described below. Additionally,
characterization of the combined tool exhausts was a critical objective that allowed the relative
concentrations of PFCs and byproducts to be determined.

Wet Scrubbers: Two ES-250 water scrubbers were tested for their ability to remove corrosive
byproducts from the process exhaust. Additional spiking tests with HF were performed to
evaluate this performance under extreme conditions.

Adsorber Beds: The adsorber beds were tested for their ability to remove moisture and CO2

from the effluent gas stream after it exited the scrubbers and the chiller.

Cryogenic Wash Column: A process design test procedure was used to determine the optimal
operating parameters of this system. Upon reaching steady state, the wash column was
challenged with blends of C2F6, CHF3, SF6, and CF4 created by adding cylinder gas to the
process exhaust downstream of pretreatment. The wash column was tested to determine its
ability to capture single PFC components as well as mixtures of C2F6 and CF4 and of C2F6 and
CHF3.

Stripping Column: A process design test procedure was used to determine the optimal
operating parameters of this system. These experiments were performed in conjunction with the
cryogenic wash column experiments, the primary emphasis being on PFC concentration.
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Batch Column: Accumulation of the concentrated mixture of PFCs into the batch tank was
successful; however, the batch distillation column was not tested because insufficient quantities
of PFCs were collected because of time constraints.

5.2 Experimental Procedures

This project required several different types of analytical instrumentation with samples taken
simultaneously from various locations within the system. Figure 5 shows a schematic overview
of the sampling locations and the equipment used. Table 1 summarizes the detection limits for
each of the components analyzed.

Combined Chamber E xhaust
Inlet Analysis w ith a M idac FT IR

Zellw eger Analytics Analyzers fo r
S ilane and H ydrogen Fluo ride

Sample Port for Analysis o f HF
during Spiking Experiments M ultiple Sample Ports

Analyzed with an 
ABB Extrel M S250

- PFC Inlet Analysis by FTIR
(1 or 10 cm pathlength gas cell)
- AME TEK M oisture Analyzer
- Horiba CO2 Analyzer

ABB E xtrel M S250
Analysis Point

M idac FTIR Vent
Gas Analysis Po int
(10  m pathlength gas cell)

BLO C K  FLO W  D IA G R A M

Figure 5 Block Sampling Diagram

Table 1 Detection Limits of Pretreatment Analyzers

Component Analyzed LDL (ppm)

HF 0.6

SiH4 0.5

H2O 0.01

CO2 0.005

5.2.1 Exhaust Gas Monitors

Zellweger Analytics exhaust gas monitors (EGM) were used to detect HF and silane at the outlet
of the ES-250 water scrubbers. Samples were drawn into the analyzer at approximately 1 slpm
by an internal pump. Before entering the analyzers, the samples were routed through a Perma
Pure, Inc. gas dryer designed to remove some of the water from the moisture-saturated process
stream. Detection limits for the hydrogen fluoride and silane analyzers are listed in Table 1. A
continuous log of the analysis was maintained with an Allan Bradley control system through an
analog signal.

The detection methodology of the EGM is based on a colorometric technique whereby the gas of
interest reacts with a paper tape (Chemcassette) causing a stain to appear. Sophisticated optics
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continuously measure the stain’s intensity to accurately determine the gas concentration.
Dynamic calibration is not required since each Chemcassette is gas-tested for proper response at
the manufacturer's site before installation. To verify proper system response, a “test card” is used
that compares the optical measurement from the EGM against known stain values.

5.2.2 Horiba Carbon Dioxide Analyzer

To verify CO2 removal from the exhaust stream, a Horiba GA-360E continuous trace gas
monitor was used. The operating specifications of this analyzer agreed with the requirements of
monitoring the adsorber bed outlet for CO2 (0 to 10 ppmv). The analysis methodology was based
on non-dispersive infrared spectroscopy whereby an infrared beam passed through the sample
cell to the detector and was compared to the light reaching the detector when the cell was filled
with reference gas. This difference is directly proportional to the concentration of CO2 in the
sample.

Routine on-site calibration was accomplished by zeroing with purified nitrogen and spanning at
10 ppmv (± 2%) using a dedicated CO2 balance argon standard prepared by the Praxair Gas
Mixtures Laboratory. Since this analysis point was located after the compressor, sampling
occurred at positive pressure. Before entering the analyzer at 2.5 slpm, the scrubbed sample was
filtered through a metal screen to prevent particulate from entering the analysis system. A record
of the 4–20 mA output signal monitored by the Allen Bradley control system was maintained
throughout the test period.

5.2.3 AMETEK Moisture Analyzer

An AMETEK 5800 series moisture analyzer was used to verify the water removal capability of
the adsorber columns. This analyzer provided on-line moisture measurements by monitoring a
water-sensitive quartz crystal.

On-site calibration was effected by routing purified nitrogen to the analyzer serving as both the
reference and the zero gas. For the span calibration, an internal moisture generator was activated,
adding a known amount of moisture to the dry reference gas. After the zero and span adjustments
were made, the minimum operational detection limit was achieved (see Table 1). During routine
analysis, the sample was routed through a metal screen and into the analyzer at 200 sccm. The
moisture measurements were likewise continuously recorded on an Allen Bradley process
control system.

5.2.4 Fourier Transform Infrared Spectroscopy

To obtain inlet PFC information, a Midac I2001 Fourier transform infrared (FTIR) spectroscopy
system equipped with a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector was
employed. The zinc selenide beam-splitter was coated with germanium for moisture protection,
and the interface optics were gold-coated for high energy throughput. GRAMS software
controlled the analyzer for individual analysis while quantitative studies were accomplished
using AutoQuant 3 software.

Two nickel-coated aluminum gas cells, 10 cm and 10 m, with zinc selenide windows were used
in this evaluation. Optimal sampling conditions were achieved by continuously purging the gas
cell electronics and optics with dry nitrogen. Routine analysis was demonstrated at room
temperature while monitoring the sample pressure in each cell.
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Samples entered the analysis chambers through a sophisticated gas-handling system constructed
of electropolished stainless steel piping, air-actuated valves, and mass flow controllers.
Calibration curves for the gases of interest were prepared before the project at the Praxair
Technology Center using multiple cylinders of dilute mixtures in N2. The path lengths of the gas
cells were verified on-site using ethylene standards. Calibration curves for C2F6, CF4, SF6, and
CHF3 from the 10 cm pathlength gas cell are shown in Appendix B, respectively.

Extractive FTIR spectroscopy was used to analyze inlet byproduct and to conduct HF spiking
tests. A calibration curve, generated while introducing HF into the process effluent stream, is
shown in Figure 26. Calibration achieved a 90% mass balance.

To measure the capture efficiency at the vent of the cryogenic wash column, a 10 m path length
gas cell was used. Following Beer’s Law, A = εbC (A = absorbance, ε = molar absorptivity, b =
path length, C = concentration), the pathlength is directly related to the absorbance of the species
of interest and inversely proportional to concentration. Therefore, increasing the gas cell
pathlength to 10 m allows significantly lower detection limits—100X lower—than the inlet PFC
measurement with a 10 cm cell. Lower detection limits (LDLs) for CHF3, SF6, and C2F6 were
calculated using 3X the noise (see Table 2). These detection limits are unique to this multi-
component gas stream, which has many absorbances in a small range as shown in Figure 6. The
minimum detection limit for SF6 is the lowest since it has the strongest infrared absorbing peak
available with no interference from the additional components.

Table 2 Detection Limits for the 10 m Pathlength Gas Cell

Component LDL (ppm)

C2F6 0.028

CHF3 0.130

SF6 0.0052

Figure 6 FTIR Spectra of Multi-Component PFC Mixtures
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5.2.5 Quadrupole Mass Spectrometry (QMS)

The primary function of the QMS was to help determine the optimum operating conditions of the
cryogenic capture/recovery system. Multiple analysis points were routed to this analyzer
including samples from the stripping column and the batch column. To analyze the gas phase
effluents, an ABB Extrel MS250 equipped with a 16-port rotary inlet valve and a closed ion
source was used. The inlet was designed for fast sampling response. Parent and fragment ions
were created using electron impact ionization; they were monitored in the selective ion
monitoring (SIM) mode for quantitative determinations of all PFCs simultaneously. Detection
limits for the dual Faraday/electron multiplier detection system ranged from 10 ppbv to 100%.

Multiple sampling lines were routed from the cold box to the analyzer sample port. The total
flow rate through the sample pump was about 500 sccms, while 10 sccm flowed through the
QMS. For troubleshooting purposes, a hot cathode vacuum chamber pressure transducer
monitored the vacuum inside of the ionization chamber. Exhausts from the QMS and the excess
gas sample (which bypassed the QMS) were teed together and safely vented.

Routine on-site calibration of the QMS, using Praxair calibration standards, was performed to
verify response factors for all of the PFCs monitored in this evaluation. A Praxair dynamic
dilution system was used to create calibration curves for the components of interest. The ions
used to monitor the PFCs are shown in Table 3; the calibration curves for these gases are shown
in Appendix C. The fluorocarbon measurements continuously recorded on an Allen Bradley
process control system through a 4–20 mA output signal.

Table 3 Ions Used to Measure the PFCs

Ions Mass Charge Ratio (m/e) PFC of Interest

C2F5
+ 119 C2F6

CF3
+ 69 CF4

CHF2
+ 51 CHF3

SF5
+ 127 SF6

C3F7
+ 169 C3F8

NF2
+ 52 NF3

6 RESULTS AND DISCUSSIONS

Major objectives of this evaluation included determining pretreatment capabilities of the system,
PFC capture efficiency, PFC concentration efficiency, and gas purity achieved by the batch
distillation column. Because of the critical nature of the major components of the system,
individual tests were performed on each. During the evaluation, a total of 2,860 hours were
logged on the feed gas blower, 775 of which included process tool exhaust flow to the cryogenic
capture/recovery section.

6.1 Process Tool Exhaust

Identifying the significant byproducts formed during wafer processing is critical to the design of
the pretreatment system. A strategy is required for each component. The primary emphasis
during the analytical testing was on the tool exhaust byproducts that could possibly form during
the plasma process. FTIR spectroscopy was used to quantify emissions from 27 chambers of
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combined feed including exhaust from oxide etch, PETEOS, tungsten etch back, and aluminum
etch tools. Components detected were categorized as process gases or as byproducts (including
byproducts from the point-of-use abatement tools) and are listed below:

Process Gases: C2F6, C3F8, CF4, SF6, TEOS, N2O, SiH4

Byproducts: CO, CO2, CH4, SiF4, COF2, CF4, HF

Additional process gases and byproducts may have been present throughout the entire evaluation
but were not present during the byproduct analysis testing. Since FTIR spectroscopy was the
primary analytical tool used for the analysis, homonuclear diatomic and monatomic species such
as F2, N2 and Ar were not detected.

6.1.1 Byproduct Analysis Results

Qualitative and quantitative analyses were performed on a combined stream from a maximum of
27 chambers and four point-of-use abatement tools at the inlet and outlet of the pretreatment
system. Table 4 summarizes the process gases and byproducts analyzed and their concentration
status at the inlet and outlet to and from the pretreatment. As shown below, the PFCs passed
through the pretreatment. The concentrations varied depending on the flow from the wafer fab
processes. Note that CH4, CO, and N2O were not removed before the cold box.

Table 4 Pretreatment Removal Effectiveness

Component Inlet Outlet

C2F6 > 10 ppm > 10 ppm

C3F8 > 10 ppm > 10 ppm

CF4 > 2 ppm > 2 ppm

SF6 > 4 ppm > 4 ppm

CHF3 <10 ppm1 <0.01 ppm1

NF3 <10 ppm <0.1 ppm

HF <5 ppm2 <0.6 ppm

SiH4 <4ppm3 <0.5 ppm

TEOS > 15 ppm <0.15 ppm

CH4 > 40 ppm > 40 ppm

CO > 10 ppm > 20 ppm

CO2 > 10 ppm <0.005 ppm4

N2O > 25 ppm > 25 ppm

SiF4 > 4 ppm <0.04 ppm

1 Did not detect CHF3 at the inlet during pretreatment testing. Supplemented the feed with CHF3 and measured CHF3 at the
outlet of pretreatment during cold box analysis.

2 Did not detect HF at the inlet during pretreatment testing. Spiked with HF to verify removal efficiency. Continually monitored
HF at the outlet of pretreatment throughout the duration of the evaluation and none was detected.

3 Did not detect SiH4 at the inlet during pretreatment testing but continually analyzed for SiH4 at the outlet of pretreatment
throughout the evaluation and none was detected.

4 Did not detect CO2 at the outlet of the dryers during typical inlet concentrations of CO2. CO2 was detected when excess CO2

was delivered to the dryers (see detailed discussion on this in section 6.2).
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Based on the results of this phase of testing, no detectable components were present at the outlet
of pretreatment from processes that could potentially foul the cryogenic portion of this system.
Shown in Figure 7 was a typical inlet/outlet curve for the water soluble byproducts that were
sufficiently treated by the ES-250 water scrubbers. In this illustration, momentary spikes as high
as 600 ppm SiF4 entered the pretreatment system while none were detected at the outlet.

6.2 Adsorber Effectiveness

Molecular sieve adsorber beds were used to remove CO2 and H2O from the exhaust stream. From
the byproduct testing results, it was found that two different types of process tool exhaust
mixtures could be routed to the recovery system. One included 16 chambers of exhaust without
methane-fueled burners(“Condition One”); another combined the exhaust from 27 chambers,
including four point-of-use abatement tools for silane (“Condition Two”). Concentrations of
CO2, CH4, and CO were significantly different in these two cases; the effect of the increased CO2

load on the adsorber columns was critical to this evaluation.

6.2.1 "Condition One": Exhaust from 16 Chambers (Without Methane-Fueled Burners)

As illustrated in Figure 8, the total flow rate measured when analyzing 16 chambers of process
effluent without combustion-type point-of-use abatement tools was maintained at approximately
2650 scfh (approximately 25% of system design capacity). Controlling the pH of the water
scrubbers was important for both corrosive removal efficiency as well as CO2 removal. Keeping
this in mind, for “Condition One” when very small concentrations of CO2 were expected, the pH
on the first water scrubber was kept constant at 7.5. The second water scrubber did not have a
caustic inject port; its pH depended on the inlet water’s pH. During this time, carbon dioxide,
water, silane, and hydrogen fluoride were not detected at the outlet of the pretreatment system.
Displayed in Figure 9 and Figure 10 are the major species detected at the outlet of the dryers.
Carbon monoxide concentration was a maximum of 400 ppm and averaged about 100 ppm
throughout the test while the concentration of methane remained less than 20 ppm.
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Figure 10 C2F6, CF4, and SF6 Measurements in 16 Chambers of Exhaust

As illustrated in Figure 10, C2F6, CF4, and SF6 were present at the outlet of the adsorber columns.
C2F6 reached a maximum of 140 ppm; SF6 was detected at a maximum of 40 ppm. Both of these
components had unusual concentration curves at the outlet of the adsorbers. Momentary spikes
of CF4 at 35 ppm were also detected. The CF4 curve is more typical of a tool exhaust outlet
measurement. Neither C3F8, NF3, nor CHF3 were detected at the outlet of the adsorbers during
this test period.

6.2.2 "Condition Two": 27 Chambers of Exhaust (Four Point-of-Use Abatement Tools)

In “Condition Two”, the total flow rate was maintained closer to the design flow rate at
approximately 8500 scfh as shown in Figure 11. The added flow was a direct result of the
additional chambers of exhaust and the methane-fueled point-of-use abatement tools
(combustion devices). The pH of the caustic inject scrubber was set at 9.5, but because of the
process exhaust flow rate and the inlet concentration of CO2, the caustic inject delivery system
was not able to keep up. The pH dropped significantly and fluctuated between 8.04 and 8.31
throughout the test. The purpose of raising the pH was to remove the additional CO2 from the
point-of-use abatement tools. Since the scrubber was not able to maintain a high pH, CO2 broke
through the adsorber column after approximately one hour of run time. Testing at the outlet of
the pretreatment system after the CO2 broke through was continued to obtain additional
byproduct data. As shown in Figure 12, the CO2 broke through and reached the inlet
concentration of approximately 2%.
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In addition to the excess CO2 produced by the point-of-use abatement tools, unreacted methane
was also present at much higher levels than in the previous test (as shown in Figure 13). Methane
(CH4) was measured at approximately 300 ppm in “Condition Two” as compared to Figure 9
where the methane levels were less than 25 ppm. The CO level was also enhanced in this test
with typical concentrations of 700 ppm as compared to “Condition One” levels at 100 ppm with
a maximum at 300 ppm (Figure 9).

Fluorocarbon content at the outlet of the adsorbers was monitored, detecting both C2F6 and CF4
as shown in Figure 14. SF6, C3F8, NF3, and CHF3 were below the detection limits during this test.
C2F6 reached a maximum of 300 ppm and CF4 had some 200 ppm spikes early in the day. Silane,
hydrogen fluoride, and water were completely removed.
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Figure 14 C2F6 and CF4 at Pretreatment Outlet in 27 Chambers of Exhaust

6.2.3 Discussion of Adsorber Effectiveness

The purpose of the adsorbers was to remove residual moisture and small amounts of CO2 as
expected in typical process tool exhaust streams. This system was subjected to reasonable levels
of CO2 in "Condition One" and then excess CO2 in "Condition Two." In both cases, the moisture
removal ability of the adsorbers was verified. Throughout "Condition One," the adsorbers
performed as designed for both CO2 and moisture. Condition two presented an unexpected
challenge to the adsorbers. CH4, CO, and CO2 concentrations were greatly increased in
"Condition Two." Excess methane and carbon monoxide do not pose a threat to the cryogenic
capture system; however, carbon dioxide does. As designed for this evaluation, the adsorbers
could not keep up with the high challenge of CO2 presented in the second condition (2% at
8500 scfh).

Because of the thermodynamic properties of CO2, it is undesirable to have it present in the
cryogenic capture system. Because of the large quantities of CO2 generated by the point-of-use
devices used to abate silane and the real possibility of carbon dioxide entering into the cryogenic
capture unit, all silane tools were bypassed for the remainder of the evaluation. To resolve this
issue in the future, a dedicated CO2 scrubber will be necessary if exhaust from tools with silane
abatement are included in the PFC capture stream.
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The type and concentration of PFCs in the combined process tool exhaust stream varied
throughout both testing conditions because of the variations in the multiple processes being run
in the fab. However for some PFCs, the inlet concentration curves varied from the outlet curves
(as shown in Figure 15 for C2F6). (Broken line spikes indicate inlet spikes; the smooth line
represents the outlet of pretreatment.) The molecular sieve adsorber beds retained C2F6

momentarily and then slowly allowed it to pass through the system similar to the effect observed
on gas chromatography columns. Although reasonable mass balance was demonstrated (i.e.,
90%), a different type of dryer material would be desirable for future systems. This phenomenon
was also observed with SF6, CHF3, and C3F8.
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6.3 ES 250 Water Scrubber Efficiency

HF is a critical impurity that may be present in the process tool exhaust stream at varying levels.
To determine the destruction removal efficiency for HF, spiking tests were performed. The inlet,
midpoint, and outlet concentrations of HF were monitored using the analytical sampling strategy
shown below in Figure 16.

Mid

Inlet

FTIR

MFC Controlled
HF Spike

Scrubber
2

Scrubber
1

Vent

HF
EGM

Dryer

Dryer

HF
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Outlet

Feed

Figure 16 HF Spike Sampling Diagram
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6.3.1 HF Spiking Results

The analytical sampling strategy consisted of a TEXAS INSTRUMENTS HF spiking system
controlled by automated valves and mass flow controllers, an FTIR spectrometer for verifying
the spiked inlet concentration, and two dedicated HF analyzers located between the two
scrubbers (mid) and at the outlet of the second scrubber. Depicted in Figure 17 are the results
from spiking the corrosive removal system with varying concentrations of HF.
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Figure 17 HF Spike Results

6.3.2 Discussion of Water Scrubber Efficiency

With more than 2000 hours of operation and no indication of HF breakthrough, it has been
proven that the two dual water scrubbing systems are sufficient for this application. To further
study the effect of large concentrations of HF on the scrubbing system, spiking tests were
performed in the range of 200 ppm to 3000 ppm at a total flow rate of 4000 scfh. Some HF was
detected between the two scrubbers during the high end of spiking (approximately 2 ppm),
although none was detected at the outlet of the second scrubber. It appears as though the
breakthrough on the first scrubber did not occur until roughly 50 minutes after the first large
spike of HF. This water-scrubbing system is well suited for the typical concentrations of HF
expected in a multi-chamber exhaust stream.

6.4 Cryogenic Capture/Recovery Effectiveness

More than 775 hours of operation of the cold box were demonstrated during which capture
efficiencies of CF4, C2F6, CHF3, and SF6 were determined. Once the product was captured, it was
concentrated and transferred to a batch tank. Because of time constraints, the batch distillation
process was not demonstrated. The cryogenic wash column was tested using a process
experimental plan as explained in Section 4. A detailed explanation of the capture efficiency
results will be described in the following sections.
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6.4.1 Capture Efficiency of C2F6 and CF4

The capture efficiency of C2F6 and CF4 was determined by supplementing the process exhaust
feed with cylinder gas downstream of the pretreatment skid. Shown in Figure 18 are the results
of testing a 2:1 and 1:3 ratio of C2F6 to CF4. In the first case, approximately 6500 ppm C2F6 and
3300 ppm CF4 were added simultaneously into the feed at a combined exhaust flow rate of 4900
scfh. C2F6 was not detected at the outlet of the capture column; however, a measurable amount of
CF4 was detected, which was quantified using a mass spectrometer. The capture efficiency for
C2F6 was calculated to be > 99.99% while the CF4 efficiency was only 74.3% under these
conditions. For the second case, approximately 2000 ppm C2F6 and 6000 ppm of CF4 were added
simultaneously to the inlet feed with a total exhaust flow rate of 3300 scfh. Changing the ratio of
C2F6 to CF4 from 2:1 to 1:3 did not have a detrimental effect on either capture efficiency; in fact,
with the larger amount of CF4 coming in and approximately the same amount being emitted, the
CF4 capture efficiency improved to 76.4%.
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6.4.2 Capture Efficiency of CHF3 and SF6

CHF3 and SF6 are additional fluorinated compounds that can be recovered using the cryogenic
capture technology. To verify the capture efficiency of these components, varying levels of each
species was supplemented into the process exhaust feed while the vent stream was monitored.
For example, CHF3 was added at approximately 800, 1060, 1120, and 1180 ppm into the exhaust
stream with an average total flow of 4400 scfh. Concentrations of CHF3 at the outlet of the
capture column were below detectable limits leading to capture efficiencies of > 99.98% in all
four test cases, as shown in Figure 19.
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Figure 19 CHF3 Capture Efficiency

Sulfur hexafluoride was added into the total process exhaust flow of 4500 scfh at varying
concentrations. Small amounts of SF6 were detected in the wash column vent stream allowing
more accurate capture efficiencies to be calculated using Equation 1.

( ) ( ) %100*/1% 1111 




 −∑−∑−= −=−= iiin

n

iiiout

n

i ttCttCEfficiencyCapture Eq. [1]

where Cout = concentration at the top of the capture column vent stack (ppm) over time

period (ti-ti-1)

Cin = concentration at the inlet to the capture column (ppm) over time

period (ti-ti-1)

ti - ti-1 = time period which the sample was collected (minutes)

Flow rate is constant
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The calculated capture efficiencies for SF6 appear to be greater than that of CHF3 even though
small amounts of SF6 were detected at the top of the wash column. This is because the detection
limit for SF6 is lower than that for CHF3. The capture efficiency for SF6 was > 99.99%
throughout the entire testing range, as shown in Figure 20.
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Figure 20 SF6 Capture Efficiency

6.4.3 Mixture Analysis

A mixture of C2F6 and CHF3 was added to the cryogenic capture system to determine if the
capture efficiency of either component was compromised by the presence of the other
component. Figure 21 compares the inlet concentration against time. CHF3 was added after the
adsorbers, and C2F6 was added before adsorbers. Because of the difference in addition points, the
time to reach steady state differed and could not be compared. Approximately 1500 ppm of C2F6

and 800 ppm CHF3 were measured at the inlet to the wash column while neither component was
detected at the vent of the wash column. It appears that the capture efficiency of these
components was not affected by the presence/absence of the other species.
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6.4.4 Capture Column Results Discussion

Several interesting conclusions/assumptions can be made based on these capture efficiency
results. One of the most obvious observations is that when the system is operational under
steady-state conditions, the capture efficiencies for C2F6, CHF3, and SF6 are very high. The
reduced CF4 capture efficiency is due to the heat exchanger design (see Sections 7 and 8 for
further discussion). The most significant conclusion is that the capture efficiency for individual
PFCs is unaffected by the presence or absence of other PFCs. Table 5 includes a summary of the
capture efficiency results. The analysis showed no nitrogen in the recovered stream; since there
are no other outlets from this system other than the vent column, the recovery efficiency is
assumed to be equivalent to the capture efficiency in this evaluation.

Table 5 Capture Efficiency Results Summary

Component Ave. Capture Efficiency Flow Range (scfh)

C2F6 > 99.99% 3300–4900

CHF3 > 99.98% 4200–4300

CF4 ∼75% 3300–4900

SF6 > 99.99% 3300–4600

C2F6 in the presence of CF4 > 99.99% 3300–4900

C2F6 in the presence of CHF3 > 99.99% 4500

CHF3 in the presence of C2F6 > 99.98% 4500

6.4.5 Testing Summary

Tool exhaust from 18 chambers supplemented with gas cylinder injections was captured in the
wash column with efficiencies greater than 99% for most components. The concentrated mixture
combined with wash liquid was liquid-transferred into the stripping column where the captured
PFCs were separated from the wash liquid. The concentrated mixture was recovered in the batch
storage tank with no evidence of nitrogen; consequently, the recovery efficiency was > 99%.
Because of the instability of the wash column and the lack of a significant fluorocarbon level in
the batch tank, the recovered mixture was not distilled. Therefore, the cryogenic batch distillation
to define the achievable purity of the recycled product was not demonstrated. Further testing is
required to complete the evaluation of this unit.

7 COST OF OWNERSHIP

7.1 Equipment Performance

The feed gas blower and the pretreatment portion of the system were operated for 2860 hours. Of
this, 775 hours included operating the cold box portion. The feed gas blower operated during the
purges, analytical testing, and start-up of the cold box. This system was operated 24 hours a day
with the support of the Praxair team. The instability of the cold box and the need to vacate the
test site at TEXAS INSTRUMENTS prevented continuing the evaluation.
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The Praxair PFC capture/recovery unit experienced several situations that required attention:
cryogenic heat exchanger repair, wash column reflux instability, and adsorber CO2 removal
limitations and regeneration issues. Details of each issue follow:

1. Cryogenic Heat Exchanger: The main cryogenic heat exchanger experienced a crack in a
weld. After Praxair determined that a manufacturing defect had occurred, the exchanger was
removed from the cold box, repaired by the manufacturer, and reinstalled in the cold box.

2. Capture Column Instability: The initial heat exchanger layout was incompatible with the
thermophysical properties of C3F8 causing instability of the reflux. Praxair will incorporate
the changes before the next installation. This should improve the CF4 capture efficiency.

3. Adsorbers CO2 Removal: The adsorbers were designed to remove a minimal amount of CO2

(approx. 300 ppmv) and residual moisture. The absorber system failed when more than 2%
CO2 was introduced to the pretreatment system. Because of a delay in the bypass mechanism,
CO2 entered the cold box. CO2 in the cryogenic section is undesirable because it freezes,
causing blockages in the transfer lines. To correct the CO2 limitations, two things were done:
1) exhaust from chambers with excess CO2 were excluded, and 2) the bypass mechanism
between the pretreatment and cold box was corrected. For future versions, the system will be
designed to handle the appropriate amount of CO2 to include chambers with POU silane
combusiton devices.

4. Adsorber Regeneration Issues: For a period of time, residual CO2 was in the wash column.
Removal was effected by warming the wash column and venting the CO2 into the waste gas
stream. This stream was also used to regenerate the adsorber beds. Because of CO2 in the
regeneration gas, the adsorbers were not completely regenerated. To resolve the CO2

contamination issue, fresh house nitrogen was used in place of the waste gas to regenerate the
CO2 beds.

5. Maintaining Design Temperature: An unexpected heat leak in the upper portion of the wash
column made it difficult to hold the design temperatures required to minimize CF4 losses in
the waste gas stream.

7.2 Estimated Installation and Operating Costs
Table 6 summarizes the estimated annual operating cost. The capital or leasing cost for this unit
is not available at this time. The TEXAS INSTRUMENTS installation costs totaled
approximately $500K, including $200K for the valving and piping from the fab tools to the unit
and $300K to complete the installation of the equipment outside the fab. Based on this
evaluation, Table 6 lists estimated operating costs for an installation at a production fab
operating the unit at a design flow rate of 12600 scfh.
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Table 6 Estimated Annual Operating Costs

Utility Consumption Cost/Unit Annual Cost

Electricity 125 KW/hr $0.05/KW $54.8K

Liquid Nitrogen 1000 gal/day $0.2/gal $73.0K

Make-up Water 5 gpm $0.003/gal $ 8.0K

Waste Water Return 5 gpm $0.004/gal $10.5K

Clean Dry Air 85 scfm @ 100 psig $0.0008/cf $35.7K

Make-up Caustic 2 gal/week $1.625/gal $ 0.2K

Operations Labor 40 hrs/wk $30.0/hr $62.4K

Total Estimated
Operating Cost

$244.6K

8 LESSONS LEARNED

8.1 Equipment Issues

• In this evaluation, the cold box was manually filled with gas from cylinders. An
automated system for charging the wash column with liquid C3F8 would expedite start-
up.

• Because of the flow characteristics of the fluorocarbon mixture, piping hydraulics should
be reexamined to maximize efficiency and to address heat leaks.

• Important information was learned about the freezing point of C3F8 (i.e., the pure C3F8

froze at an approximately 30ºC warmer temperature than the literature value). This
information should be used in redesigning the heat exchanger arrangement, which will
result in the ability to better maintain design temperatures, flow rates, and reflux.

• Combustion-based point-of-use abatement for silane results in high concentrations of
CO2 in the tool exhaust streams. For future units, these higher CO2 concentrations should
be designed for and an appropriate scrubbing system will be added, as necessary.

• The molecular sieve dryers acted like gas chromatography columns and temporarily held
up PFCs on the beds.

• The option to purge the adsorbers with virgin nitrogen should be installed.

8.2 Analytical Issues

• Move the batch tank analysis point from the batch transfer line directly into the batch
tank to provide a real-time measurement of the concentrated mixture before transfer to
the distillation column.

• Add additional analysis points for problem-solving purposes.
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9 CONCLUSIONS
During this evaluation at Texas Instruments, the feed gas blower operated a total of 2860 hours,
which included 775 hours operation of the cold box. A combined stream of 27 chambers resulted
in familiar byproducts of semiconductor etch and chemical vapor deposition processes—CO2 ,
CH4, SiF4, COF2, HF, H2O, and particulates. The PFCs passed through the pretreatment
processes and the byproducts except for CO2 were sufficiently removed by the pretreatment
before the cryogenic section. CO2 byproduct from the combustion-type point-of-use silane
abatement exceeded the capacity of the adsorbers. The silane tools were, therefore, by-passed for
the remainder of the evaluation. Additional HF spiking of the pretreatment scrubbers simulated
higher concentrations expected from a larger production fab. The dual wet scrubbers sufficiently
abated 200 to 3000 ppmv HF to below 1 ppmv in a 4000 scfh stream.

PFC capture from the tool exhaust of 18 chambers supplemented with gas cylinder injections
achieved efficiencies of 99% and 75% for C2F6 and CF4, respectively. Table 5 summarizes the
capture results with total exhaust flow rates ranging from 3300 to 4900 scfh.

The analysis showed no nitrogen in the recovered stream. The ability to transfer the mixture of
captured fluorocarbons to the batch tank was demonstrated; however, not enough material was
collected during the evaluation to demonstrate the batch distillation and the separation of the
PFC mixture into the various components Also the cylinder-filling operation was not evaluated.

10 RECOMMENDATIONS
1. Implement modifications to the cold box piping layout and heat exchangers.

2. When modifications are complete, install the system at another site and complete the test
plan outlined in paragraph 4 for the process DOE and consider performing the design DOE.

3. Determine feasibility and costs for capturing NF3.

4. Operate the batch distillation column to determine the PFC product purities.

5. Confirm the costs associated with operating a unit at design capacity.
6. Get confirmation from gas suppliers, tool manufacturers, and process engineers that the PFC

product purities are compatible with semiconductor processes to fully implement recycling of
the captured product.
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APPENDIX A
DESIGN OF EXPERIMENT (DOE) OUTLINE

Overall Test Plan:

Pretreatment

• Pretreatment Analysis (DOE optional)

• Cold Box Analysis:
– Capture, Recovery, Purity DOE

Cold Box

PFCs
Process
Exhaust

PFCs
Treated
Exhaust PFC Product

Pretreatment Analysis:
• Screening DOE optional

• Factors:
Exhaust Wet Scrubber Dry Scrubber Blower Chiller Dryer Filter

N2 Blowdown, gpm Temp. Speed Pressure Temp. Pressure drop

CF4, PFC Recirculate, gpm Pressure drop Pressure Temp. Pressure drop RGA

Silane pH RGA

HF, HCl Water temp.

Cl2, H2O
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Dry
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Process
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Cold Box Design of Experiments:

• Capture DOE
– Absorbtion of PFCs

• Factors
– Feed temp

– CF4 loading

– Exhaust flowrate, cfm

– Wash liquid recirculation

– Blowdown to stripping column

Uncaptured CF4
Return to Feed

Wash Liquid
Recirculation

Captured PFCs
to Stripping Column

Level
Control

PFCs
CF4
Temp
Flowrate

Cold Box Design of Experiments:

• Recovery DOE
– Stripping of PFCs

• Factors
– Temp 1

– Temp 2
Stripping
Column

PFC conc. PFCs to Batch Tank

Heavy
Fluorochemicals

PFCs Return to Capture
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Cold Box Design of Experiments:
• Purity DOE

– Baseline Exhaust for PFC conc.

– Three possible sources for PFCs
• Process Exhaust

• Simulated Process w/Dummy wafers

• Bottled Gases

– Determine DOE input PFC conc.

– Design cylinder inject system

– Factors:

• Reflux Time

• PFC Composition

Cold
Box

Crude C3F8

C2F6
CF4/NF3
CHF3
SF6

Batch
Tank
Feed

Cylinder Inject

10x?
PFC
conc.
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APPENDIX B
FTIR CALIBRATION CURVES

C2F6 Calibration (10 cm cell)
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Figure 22 Calibration of FTIR Response to C2F6 in N2

CF4 Calibration (10 cm cell)
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Figure 23 Calibration of FTIR Response to CF4 in N2
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SF6 Calibration (10 cm cell)
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Figure 24 Calibration of FTIR Response to SF6 in N2

CHF3 Calibration (10 cm cell)
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Figure 25 Calibration of FTIR Response to CHF3 in N2



39

International SEMATECH Technology Transfer # 98113600A-ENG

y = 1.0134x - 8.5546
R2 = 0.9982
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Figure 26 Calibration of FTIR Response to HF
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APPENDIX C
QMS CALIBRATION CURVES

0.5–10 ppm C 3F8 in C2F6
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Figure 27 Calibration of QMS Response to C3F8 in C2F6
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Figure 28 Calibration Response to SF6 in C3F8
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C2F6 Measured versus Actual
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Figure 29 Calibration of QMS Response to C2F6 in a Mixture Containing SF6, CHF3,
and CF4

CF4 Measured versus Actual
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Figure 30 Calibration of QMS Response to CF4 in a Mixture Containing SF6, CHF3,
and C2F6
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CHF3 Measured versus Actual
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Figure 31 Calibration of QMS Response to CHF3 in a Mixture Containing SF6, CF4,
and C2F6
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Figure 32 Calibration of QMS Response to SF6 in a Mixture Containing CHF3, CF4,
and C2F6
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