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(57) ABSTRACT 
Processes and systems to recover at least one per?uorocom 
pound gas from a gas mixture are provided. In one embodi 
ment the inventive process comprises the steps of a) pro 
viding a gas mixture comprising at least one 
per?uorocompound gas and at least one carrier gas, the gas 
mixture being at a predetermined pressure; b) providing at 
least once glassy polymer membrane having a feed side and 
a permeate side; c) contacting the feed side of the at least one 
membrane With the gas mixture; d) Withdrawing from the 
feed side of the membrane as a non-permeate stream at a 
pressure Which is substantially equal to the predetermined 
pressure a concentrated gas mixture comprising essentially 
the at least one per?uorocompound gas; and e) Withdrawing 
from the permeate side of the membrane as a permeate 
stream a depleted gas mixture comprising essentially the at 
least one carrier gas. 
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PROCESS AND SYSTEM FOR SEPARATION AND 
RECOVERY OF PERFLUOROCOMPOUND GASES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to assignee’s copending 
application Ser. Nos. 08/503,325, ?led Jul. 17, 1995; and 
copending application Ser. Nos. and both 
?led . All three copending applications are incorpo 
rated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention relates to gas separation processes 
and more particularly the separation and recovery (or dis 
posal) of per?uorocompound gases from a gas mixture. 
Especially, the invention relates to the concentrating of loW 
concentration gas mixtures of per?uorocompound gases 
such as those present in the effluent of a semiconductor 
manufacturing process, particularly the etching and cleaning 
steps. 

[0004] 2. Related Art 

[0005] The semiconductor industry is noW using exten 
sively per?uorocompounds such as CF4, CZFG, C3F8, C4F1O, 
CHF3, SF6, NF3, and the like, in the semiconductor manu 
facturing processes involving gases, particularly in the vari 
ous etching steps of the semiconductor manufacturing pro 
cesses as Well as in the chamber cleaning step of the 
manufacturing process. Those per?uorocompound gases are 
used either pure or diluted, for example With air or nitrogen 
or other inert gas or in admixture With other per?uorocom 
pound gases or other carrier gases (for example inert gases). 
All of those gases do not necessarily react With other species 
during the manufacturing processes: accordingly, When 
reactors are cleaned or evacuated to carry out another step of 
the manufacturing process, the effluent gases or gas mixtures 
should not be vented, even if they are largely diluted With air 
or any other gas such as inert gas. Most of the per?uoro 
compounds (also called PFCs) have lifetimes measured in 
thousands of years in the atmosphere and are also strong 
infrared absorbers. In the “Global Warming Symposium” 
held on Jun. 7-8, 1994, in Dallas, Tex., USA, carbon 
tetra?uoride (CF4), hexa?uoroethane (CZFG), nitrogen trif 
luoride (NF3), and sulfur hexa?uoride (SF6) have been 
identi?ed as greenhouse gases of concern to the semicon 
ductor industry. 

[0006] In the presentation made at this symposium by 
Michael T. Mocella and entitled “Per?uorocompound Emis 
sion Reduction From Semiconductor Processing Tools: An 
OvervieW Of Options And Strategies”, the various possible 
strategies to control emission of these gases in the atmo 
sphere Were explained. 

[0007] Apart from process replacement by non PFCs, 
several methods are already knoWn or under development: 

[0008] chemical-thermal decomposition With various 
activated metals Wherein the spent bed material must be 
disposed. It is presently considered as commercially 
unproven even if it is under promising development. 

[0009] combustion-based decomposition process (or 
chemical-thermal process) using a ?ame to supply both 
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the thermal energy and the reactants for the decompo 
sition. There are some safety issues associated With the 
hydrogen or natural gas fuels used and all the PFCs Will 
produce HF as a combustion product (if the tempera 
ture is high enough), Whose emissions are also of 
concern and must be dealt With also. High temperatures 
may also be generated using a resistance heater. 

[0010] plasma-based decomposition process Which 
involves the use of a plasma such as coupled radio 
frequency systems to partially decompose C2F6, With 
over 90% decomposition of C2F6. HoWever, such sys 
tems are not yet commercially proven. Oxygen is 
usually needed to drive the decomposition to non PFC 
products With, hoWever, the generation of BF Which 
needs to be thereafter managed. 

[0011] recovery process Wherein the PFCs are recov 
ered instead of being destroyed in order to be recycled. 
This kind of process is of a great interest because it is 
considered as the “greenest” one. Different schemes, 
according to the author, are possible “based on com 
binations of adsorption or loW temperature trapping of 
PFCs”. There are, hoWever, several challenges such as 
dealing With the large amount of nitrogen associated 
With the pump operation, the close boiling points of 
CF4 and NF3> the mixing of various process streams 
and/or possible reactions With adsorbents. While 
recycle is suggested, there are obvious questions about 
recycling such mixtures. 

[0012] Another combustion system for destroying high 
nitrogen content effluent gas streams comprising PFCs is 
disclosed in the article entitled “Vector Technology’s Phoe 
nix Combustor” by Larry Anderson presented at the same 
symposium Jun. 7-8, 1994. This abatement system also uses 
a gas ?ame (using natural gas or hydrogen With air), Which 
leads then to the same problem of HF generation and further 
destruction (plus the generation of NOX, CO2 inherent to any 
combustion process). 

[0013] In the article presented at the same symposium by 
AT&T Microelectronics and Novapure Corporation and 
entitled “PFC Concentration and Recycle”, the authors 
acknowledge the advantages of the recovery processes 
Which avoid production of carbon dioxide, NOX and BF 
(compared to combustion processes). Brie?y, this process is 
disclosed as the use of a dual bed adsorber (activated 
carbon), Wherein one of the beds is in the adsorption mode, 
While the second bed is regenerated: the PFCs are adsorbed 
on the carbon sieves While the “carrier” gases, such as 
nitrogen, hydrogen are not adsorbed and are vented to the 
exhaust system. When the system is sWitched on the second 
adsorber, then the ?rst one is evacuated using a vacuum 
pump, then the effluent is recompressed and the PFC gas 
mixture is recovered. One of the issues not yet resolved With 
such a system is that CF4, Which is non polar, is not readily 
adsorbed by the carbon sieve and is then rejected With the 
vent gases. Also, any adsorption system is very sensitive to 
moisture and any trace of Water has to be removed from the 
feed ?oW. 

[0014] It is also knoWn from US. Pat. No. 5,281,255 to 
use membranes made of rubbery polymers such as poly 
dimethyl siloxane or certain particular polymers such as a 
substituted polyacethylene (having a loW glass transition 
temperature), to recover condensable organic components 
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having a boiling point higher than —50° C., essentially 
hydrocarbons (CH4, C2H6, and the like), said hydrocarbons 
having the property of permeating through said membranes 
much faster than air, and then recovering on the permeate 
side of the membrane said hydrocarbons. The permeate 
(hydrocarbons) is then recovered at either substantially 
atmospheric pressure or loWer pressure While the non 
permeate (e.g. air) is still at the original pressure of the feed 
stream but is vented, and all of the pressure energy of the 
feed stream is lost. 

[0015] Also, it is disclosed in PCT/CA 90/00195, pub 
lished , a selectively permeable membrane formed 
from an amorphous polymer of per?uoro 2-2 dimethyl 
1-3-dioxole Which is usable for separation of hydrocarbons 
or chloro?uorocarbons from, for example, air. Such a par 
ticular membrane apparently permeates oxygen and nitrogen 
faster than hydrocarbons and chloro?uorocarbons Which can 
be recovered unexpectedly on the non-permeate side of the 
membrane, contrary to all of the membranes, including those 
disclosed in US. Pat. Nos. 4,553,983 and 5,281,255. In this 
PCT application, there is also disclosed a mixture of the 
amorphous polymer of per?uoro 2-2 dimethyl 1-3 dioxole 
and polytetra?uoroethylene. All these per?uoro polymers 
are knoWn to be resistant to most of the harmful chlorof 
luorocarbons and hydrocarbons Which make them commer 
cially suitable for such separation. HoWever, this membrane 
is not currently available and there is no indication in this 
patent application Whether or not such a membrane is 
suitable for separation of PFCs from air or nitrogen. 

[0016] There is still presently a need for a “green” process 
for concentration and/or recovery of PFCs from a gaseous 
stream, Which can be used With a feed ?oW comprising or 
saturated With, moisture, Which can handle safely the PFCs 
recovery and/or concentration even With important or 
extreme variations of ?oWs and/or concentration of PFCs in 
the feed stream, Which does not produce hydro?uoric acid 
(HF) as a residue from the destruction of the PFCs (in 
addition to the possible HF content of the feed). 

SUMMARY OF THE INVENTION 

[0017] It has noW been unexpectedly found that ef?uent 
gases, for example, from a semiconductor manufacturing 
process, Which comprise per?uorocompounds can be treated 
ef?ciently by using certain, preferably holloW ?ber, mem 
branes Which permeate much faster the “carrier gases” of the 
effluent gas mixture, such as air, nitrogen, oxygen, argon 
and/or helium, than the PFCs of the gas mixture Which are 
then recovered on the non-permeate side of the membrane. 

[0018] Preferred membranes are glassy polymeric mem 
branes, more preferably asymmetric or composite (With an 
asymmetric outer layer) membranes. Preferably, these 
glassy polymeric membranes do not include per?uorinated 
membranes. HoWever, the glassy polymeric membranes 
used in accordance With the invention can comprise a layer, 
including a posttreatment layer as disclosed in US. Ser. No. 
08/138,309 ?led Oct. 21, 1993, and Which is incorporated 
herein by reference, made of a ?uorinated polymer such as 
polytetra?uoroethylene, amorphous per?uoro 2-2 dimethyl 
1-3 dioxide, and the like. 

[0019] One aspect of the invention relates to a process to 
recover at least one per?uorocompound gas from a gas 
mixture, comprising the steps of: 
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[0020] a) providing a gas mixture comprising at least 
one per?uorocompound gas and at least one carrier 
gas, the gas mixture being at a predetermined pres 
sure; 

[0021] b) providing at least one glassy polymer mem 
brane having a feed side and a permeate side, the 
membrane being permeable to the at least one carrier 
gas and being non-permeable to the at least one 
per?uorocompound gaseous species; 

[0022] c) contacting the feed side of the at least one 
membrane With the gas mixture; 

[0023] d) WithdraWing from the feed side of the 
membrane as a ?rst non-permeate stream at a pres 
sure Which is substantially equal to the predeter 
mined pressure, a concentrated gas mixture compris 
ing essentially the at least one per?uorocompound 
gas, and 

[0024] e) WithdraWing from the permeate side of the 
at least one membrane as a permeate stream a 

depleted gas mixture consisting essentially of the at 
least one carrier gas. 

[0025] According to another aspect, the invention also 
relates to a process to recover a per?uorocompound gas or 
gas mixture from a gas mixture ?oWing out from a semi 
conductor manufacturing process, comprising the steps of 
pretreating the gas mixture to substantially remove most of 
the harmful components (gas, particles, and the like) to the 
membrane and delivering a pretreated gas mixture, provid 
ing at least one glassy polymer membrane having a feed side 
and a permeate side, contacting the feed side of the mem 
brane With the pretreated gas mixture at a ?rst pressure, 
WithdraWing the per?uorocompound gas or gas mixture 
from the feed side of the membrane at a pressure Which is 
substantially equal to the ?rst pressure and WithdraWing a 
residue gas at a second pressure Which is loWer than the ?rst 
pressure from the permeate side of the membrane. The 
semiconductor manufacturing process using PFCs may be 
selected from etching processes including oxide, metal and 
dielectric; deposition processes including silicon CVD, 
tungsten backetching, dry chamber cleaning, and the like. 

[0026] As some of the glassy membranes are sensitive to 
certain products Which may be harmful for them, i.e. Which 
may destroy or plug them quickly, it is preferred to scrub the 
gas mixture prior to sending it on the membrane. Preferably 
any kind of species Which is present in the feed ?oW stream 
Which may harm the membrane is removed by the scrubber 
means, including any harmful gaseous HF, NH3, WF6, O3, 
BCl3, and any corrosive species, also any pyrophoric species 
including silicon hydrides such as SiH4, and any particulates 
having vaerage diameter greater than about 20 micrometers, 
and any oil mists. Indeed, it is preferred that compressors 
used in the methods and systems of the invention be sealed 
and oil-free. 

[0027] One preferred aspect of the invention relates to a 
process to recover at least one per?uorocompound gas or gas 
mixture, comprising the steps of: 

[0028] a) providing a glassy polymer membrane hav 
ing a feed side and a permeate side; 

[0029] b) providing a gas mixture at a ?rst pressure 
comprising at least one per?uorocompound gaseous 
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species, at least one harmful species for the mem 
brane, and at least one carrier gas; 

[0030] c) treating said gas mixture in scrubber means 
in order to substantially remove harmful species for 
said membrane and reduce the concentration of said 
harmful species to an acceptable level for said mem 
brane and receiving a scrubbed gas mixture at a 
second pressure; 

[0031] d) contacting the feed side of said membrane 
With said scrubbed gas mixture at substantially said 
second pressure or at a higher pressure; 

[0032] e) WithdraWing a concentrated gas mixture 
comprising a higher concentration of the at least one 
per?uorocompound gas than in the scrubbed gas 
mixture, from the feed side of the membrane as a 
non-permeate stream at a pressure Which is substan 
tially equal to said second pressure; and 

[0033] f) WithdraWing a depleted gas or gas mixture 
from the permeate side of said membrane as a 
permeate stream Which is enriched in a carrier gas 
and depleted in the at least one per?uorocompound 
at a third pressure. 

[0034] According to a preferred aspect of the invention, 
after concentrating the PFCs With a membrane, the various 
PFCs are separated from each other, by Well knoWn methods 
per se, such as selective condensation or adsorption in order 
to recover either separate PFCs or mixtures of PFCs having 
close boiling points. According to another aspect of the 
invention, the PFCs gas mixture is concentrated again, for 
example, With a second membrane, or the PFCs gas mixture 
is stored or recycled in the process (With or Without addi 
tional treatment). 

[0035] Other preferred process and system aspects of the 
invention include provision of a vacuum pump, heat 
exchanger, compressor, or cryogenic pump in order that the 
PFC gas mixture may be compressed, at least partially 
lique?ed, and stored for future use. Another feature of the 
invention includes the provision of a process step Where the 
PFC gas mixture is concentrated using a plurality of mem 
branes arranged in series, With the possibility of the con 
centrated PFC gas mixture from each membrane unit being 
capable of use as a sWeep gas of the permeate side of any one 
of or all of the membrane units in the series. Afurther aspect 
of the invention is the provision of a PFC gas mixture surge 
tank prior to the PFCs being recycled into the semiconductor 
manufacturing process, or prior to being routed to storage. 

[0036] Another aspect of the invention is a semiconductor 
manufacturing system comprising: 

[0037] a) at least one reactor chamber adapted to 
receive per?uorocompound gases, carrier gases, and 
the like, the reactor chamber having a reactor effluent 
gas conduit attached thereto; 

[0038] b) at least one glassy polymer membrane 
separation unit having a feed side and a permeate 
side, the membrane being permeable to at least one 
carrier gas and being substantially non-permeable to 
at least one per?uorocompound gas, the membrane 
unit connected to the reactor chamber via the reactor 
effluent conduit, the membrane unit having a perme 
ate vent conduit and a non-permeate conduit, the 
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latter adapted to direct at least a portion of a per 
?uorocompound containing non-permeate stream 
from the said membrane unit to the reactor chamber. 
Preferred systems in accordance With the invention 
include provision of pretreatment and/or post-treat 
ment means, such as dry or Wet, (or both) scrubbers, 
thermal decomposers, catalytic decomposers, 
plasma gas decomposers and various ?lters as herein 
disclosed, prior to the reactor effluent stream enter 
ing the membrane unit. Also as herein disclosed, a 
plurality of membrane units may be arranged in 
series, either With or Without provision of sWeep gas 
of non-permeate on the permeate side of one or all 
membranes. Further preferred embodiments of sys 
tems of the invention included a damper or surge 
tank in the non-permeate conduit (i.e. betWeen the 
?rst or plurality of membrane units and the reactor 
chamber); and the provision of a compressor, heat 
exchanger, cryogenic pump or vacuum pump on one 
or more of the non-permeate, PFC enriched 
stream(s), alloWing the PFC enriched stream(s) to be 
stored in liquid form for future use. Also preferred 
are appropriate valves Which alloW the damper or 
surge tank, and the compressor for creating the liquid 
PFC mixture, to be bypassed, as explained more 
fully herein. 

[0039] Preferred processes and systems of the invention 
include operating one or more of the membrane units at a 
constant concentration set-point for the PFC concentration 
in the non-permeate stream from each membrane unit. In 
this preferred system and process, the set-point concentra 
tion of the PFC in the non-permeate stream from each 
succeeding PFC membrane separation unit Would of course 
be higher than the immediately preceding one. Appropriate 
sensors can be inserted into the non-permeate effluent con 
duit from each membrane unit to continuously or non 
continuously analyZe for PFC concentration, or, samples 
may be taken periodically or continuously from the non 
permeate effluent from each membrane unit, Which may be 
sent to dedicated analyZers either on-site or off-site. This 
information is preferably then forWarded to a process con 
troller Which may control for example the pressure of the 
feed to each membrane unit, temperature, ?oW, and the like. 
Also, When discussing the use of a sWeep gas arrangement, 
the sWeep gas may either be controlled via an open loop or 
a closed loop arrangement. 

[0040] Another preferred system and process embodiment 
of the present invention includes the recycle of the permeate 
stream of either the ?rst or succeeding stages of the mem 
brane units (in other Words, the carrier gas and other process 
gases are recycled). The carrier gases may be recycled 
directly to the reactor chambers, or may be delivered to heat 
exchangers, compressors, and the like to reduce them to 
liquid form for storage or future use. A recycle membrane 
may be provided, functioning to separate carrier gases from 
process gases. 

[0041] Other preferred processes and systems of the 
invention are those Wherein a Waste stream from a pretreat 
ment step for the gas mixture emanating from the semicon 
ductor process is used to generate one or more per?uoro 
compounds or other chemicals, Which may then be puri?ed 
for use in the semiconductor process, or other chemical 
processes, as more speci?cally described in assignee’s 



US 2001/0029841 A1 

copending application Ser. No. 
is incorporated herein by reference. 

?led , Which 

[0042] Still other preferred processes and systems in 
accordance With the invention are those Wherein one or more 

non-permeate streams is post-treated to remove non-per?uo 
rocompounds. Post-treatment methods include those previ 
ously mentioned as suitable for pretreatment of the feed gas 
to the membrane. 

[0043] Another aspect of the invention is a method of 
recovery of a relatively pure PFC stream from a vent stream 
from one or more gas cabinets, tube trailers, clean rooms, or 
the like using a membrane unit as described herein. 

[0044] Further understanding of the processes and systems 
of the invention Will be understood With reference to the 
brief description of the draWing and detailed description 
Which folloWs herein. 

BRIEF DESCRIPTION OF THE DRAWING 

[0045] FIG. 1 is a graph illustrating the ef?cacy of 
destruction of PFCs With a burner versus the burner ?ame 
temperature (prior art); 
[0046] FIG. 2 represents a schematic draWing of one 
process and system according to the invention; 

[0047] FIG. 3 is a detailed vieW of a portion of the process 
and system of FIG. 2; 

[0048] FIGS. 4-7 illustrate four different embodiments of 
the invention; 

[0049] FIG. 8 illustrates PFC concentration on the residue 
side (permeate) of the membrane versus the pressure differ 
ential across the membrane, for different ?oWrates of the 
feed stream; 

[0050] FIG. 9 illustrates PFC concentration on the residue 
side (permeate) of the membrane versus the pressure differ 
ential across the membrane, for different temperatures of the 
feed ?oW, 

[0051] FIG. 10 illustrates PFC concentration on the recov 
ery side (non-permeate side) of the membrane versus the 
pressure differential across the membrane, for different 
?oWrates of the feed stream; 

[0052] FIG. 11 illustrates PFC concentration on the recov 
ery side (non-permeate side) of the membrane versus the 
pressure differential across the membrane, for different 
temperatures of the feed ?oW; 

[0053] FIGS. 12a-12g illustrate schematically a prior art 
gas cabinet and various gas ?oW modes of same; 

[0054] FIG. 13 illustrates schematically a gas cabinet 
including a membrane recovery unit; and 

[0055] FIG. 14 illustrates multiple gas cabinets venting 
into a common membrane recovery unit. 

DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0056] Recovery of PFCs, for example, from a semicon 
ductor manufacturing process, is noW made possible by the 
present invention using certain types of polymer membranes 
and concentrating a gas mixture comprising PFCs by recov 
ering the non-permeate How on the non-permeate side of the 
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membrane, While non harmful gases for the environment 
permeate through the membrane and can then be directly 
vented or recycled. This process is simpler and environmen 
tally friendlier than many existing processes, as described 
hereabove. The non-permeate stream may either be rerouted 
to the semiconductor manufacturing reaction chamber, 
routed to a storage facility for future use, or routed to a PFC 
recovery apparatus for separation of individual or like PFCs 
either, on-site or off-site prior to reuse. 

[0057] Per?uorocompounds, for the purpose of this inven 
tion, are de?ned as compounds comprising C, S and/or N 
atoms Wherein all or all but one hydrogen have been 
replaced by ?uorine. The most common PFCs include, 
Without being limited to, any of the folloWing compounds: 
fully ?uorinated hydrocarbons such as CF4, C2F6, C3F8, 
C4F1O, and other ?uorinated compounds such as CHF3, SF6, 
NF3, and Which are not harmful for the membrane. In certain 
cases, PFCs may also include BF3, COF2, F2, HF, SiF4, 
WF6, WOF4, as long as they are not harmful for certain types 
of membranes. Per?uorocompounds do not include chlorof 
luorocarbons, or compounds comprising tWo hydrogen sub 
stituents or more, since such compounds do not usually 
behave as PFCs vis a vis the membrane and are not useful 
in semiconductor manufacturing processes. 

[0058] Membranes useful in the invention are preferably 
glassy membranes, such as polymer membranes made pref 
erably from polyimides, polyamides, polyamide-imides, 
polyesters, polycarbonates, polysulfones, polyethersulfone, 
polyetherketone, alkyl substituted aromatic polyesters, 
blends of polyethersulfone, aromatic polyimides, aromatic 
polyamides, polyamides-imides, ?uorinated aromatic poly 
imide, polyamide and polyamide-imides, glassy polymeric 
membranes such as disclosed in US. Ser. No. 08/247,125 
?led May 20, 1994 and incorporated herein by reference, 
cellulose acetates, and blends thereof copolymers thereof, 
substituted polymers (e.g. alkyl, aryl) thereof and the like. 

[0059] Asymmetric membranes are prepared by the pre 
cipitation of polymer solutions in solvent-miscible nonsol 
vents. Such membranes are typi?ed by a dense separating 
layer supported on an anisotropic substrate of a graded 
porosity and are generally prepared in one step. Examples of 
such membranes and their methods of manufacture are 
disclosed in US. Pat. Nos. 4,113,628; 4,378,324; 4,460,526; 
4,474,662; 4,485,056; 4,512,893, 5,085,676, and 4,717,394 
all incorporated herein by reference. The ’394 and ’676 
patents disclose preparation of asymmetric separation mem 
branes from selected polyimides. Particularly preferred 
membranes are polyimide asymmetric gas separation mem 
branes as disclosed in the ’676 patent. 

[0060] In a pressure driven gas membrane separation 
process, one side of the gas separation membrane is con 
tacted With a complex multicomponent gas mixture and 
certain of the gases of the mixture permeate through the 
membrane faster than the other gases. Gas separation mem 
branes thereby alloW some gases to permeate through them 
While serving as a barrier to other gases in a relative sense. 
The relative gas permeation rate through the membrane is a 
property of the membrane material composition and its 
morphology. It has been suggested in the prior art that the 
intrinsic permeability of a polymer membrane is a combi 
nation of gas diffusion through the membrane, controlled in 
part by the packing and molecular free volume of the 
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material, and gas solubility Within the material. Selectivity is 
the ratio of the permeability’s of tWo gases being separated 
by a material. It is also highly desirable to form defect-free 
dense separating layers in order to retain high gas selectivity. 

[0061] Composite gas separation membranes typically 
have a dense separating layer on a preformed microporous 
substrate. The separating layer and the substrate are usually 
different in composition. Composite gas separation mem 
branes have evolved to a structure of an ultrathin, dense 
separating layer supported on an anisotropic, microporous 
substrate. These composite membrane structures can be 
prepared by laminating a preformed ultrathin dense sepa 
rating layer on top of a preformed anisotropic support 
membrane. Examples of such membranes and their methods 
of manufacture are disclosed in US. Pat. Nos. 4,664,669; 
4,689,267; 4,741,829; 2,947,687; 2,953,502; 3,616,607; 
4,714,481; 4,602,922; 2,970,106; 2,960,462; 4,713,292, 
4,086,310; 4,132,824; 4,192,824; 4,155,793; and 4,156,597, 
all incorporated herein by reference. 

[0062] Alternatively, composite gas separation mem 
branes may be prepared by multistep fabrication processes, 
Wherein ?rst an anisotropic, porous substrate is formed, 
folloWed by contacting the substrate With a membrane 
forming solution. Examples of such methods are described 
in US. Pat. Nos. 4,826,599; 3,648,845; and 3,508,994, all 
incorporated herein by reference. 

[0063] US. Pat. No. 4,756,932 describes hoW composite 
holloW-?ber membranes may also be prepared by co-extru 
sion of multiple polymer solution layers, folloWed by pre 
cipitation in a solvent-miscible nonsolvent. 

[0064] According to one embodiment of the present inven 
tion, the membrane can be post-treated With, or coated by, or 
coextruded With, a ?uorinated or per?uorinated polymer 
layer in order to increase its ability to Withstand harmful 
constituents in the gas mixture from Which PFCs are to be 
separate, at loW levels or temporary contact With such 
components. 

[0065] The holloW-?ber spinning process depends on 
many variables Which may affect the morphology and prop 
erties of the holloW-?ber membrane. These variables include 
the composition of the polymer solution employed to form 
the ?ber, the composition of ?uid injected into the bore of 
the holloW-?ber extrudate during spinning, the temperature 
of the spinneret, the coagulation medium employed to treat 
the holloW-?ber extrudate, the temperature of the coagula 
tion medium, the rapidity of coagulation of the polymer, the 
rate of extrusion of the ?ber, takeup speed of the ?ber onto 
the takeup roll, and the like. 

[0066] The gas mixture containing PFCs to be separated 
usually comprises at least one PFC and at least one carrier 
gas such as air, nitrogen, argon, helium, or the like and 
mixtures thereof. 

[0067] In Table I are listed the most usual PFCs and other 
gases from Waste streams from a semiconductor manufac 
turing process (not all of those-gases are necessarily 
present—only some of them may be present in the exhaust). 

[0068] The most common PFCs are usually the folloWing 
ones: 

[0069] for chamber cleaning: carbon tetra?uoride 
(CF4), hexa?uoroethane (CZFG), nitrogen tri?uoride 
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(NF3), per?uoropropane (C3F8), sulfur hexa?uoride 
(SFG), tri?uoromethane (CHF3); 

[0070] for the etching steps, the same PFCs are 
usually used but With several other gases such as 
argon, boron trichioride, chlorine, hydrogen bro 
mide, hydrogen chloride, hydrogen ?uoride, phos 
phine, silane, silicon tetrachloride, and the like. 

[0071] Some of these gases are sometimes harmful for the 
membrane (as indicated in Table I), and it is preferred to 
remove them or destroy them from the feed gas mixture sent 
to the membrane. Usually it is preferred to remove the 
folloWing compounds prior to sending the ?oW to the 
membrane: WF6, HF, F2, NH3, C12, HBr, HCl, O3, and any 
silicon hydrides, germanium hydrides, and the like. To do 
this, various methods can be used such as using scrubber 
means (dry or Wet scrubbers), thermal decomposition, 
plasma destruction, catalytic removal, and the like, to reach 
a level usually beloW about 1% vol. of said harmful sub 
stance in the feed. HoWever, it is preferred to reach a level 
for each harmful substance loWer than 10 ppm, most pref 
erably loWer than 1 ppm. It is also possible to treat the 
separated PFC non-permeate stream using one or more of 
those methods, referred to herein as post-treatment. 

TABLE I 

Symbol Name Harmful to membrane 

PFCs 

C2F6 Hexa?uoroethane not harmful 
CF4 Tetra?uoromethane not harmful 
CHF3 Tri?uoromethane not harmful 
NF3 Tri?uoride not harmful 
SF6 Sulfur hexa?uoride not harmful 
C3F8 Pera?uoropropane not harmful 
COF2 Carbonyl ?uoride not harmful 

Other gases (carrier gases, etc.) 

Ar Argon not harmful 
AsH3 Arsine not harmful 
BCl3 Boron trichloride not harmful 
BF3 Boron tri?uoride not harmful 
CH3OH Methanol not harmful 
C12 Chlorine harmful above 1% 
F2 Fluorine harmful above 1% 
H2 Hydrogen not harmful 
HBr Hydrogen bromide harmful above 1% 
HCl Hydrogen chloride harmful above 1% 
HF Hydrogen ?uoride harmful above 1% 
He Helium not harmful 
N2 Nitrogen not harmful 
N20 Nitrous oxide not harmful 
NH3 Ammonia harmful above 1% 
NO Nitric oxide not harmful 
O2 Oxygen not harmful 
O3 Ozone harmful above 1% 
Si(OC2H5)4 Tetraethyl Orthosilicate (TEOS) not harmful 
PH3 Phosphine not harmful 
SiF4 Silicon tetra?uoride not harmful 
SiH4 Silane harmful above 1% 
WF6 Tungsten hexa?uoride harmful above 1% 
WOF4 Tungsten tetra?uoride oxide not harmful 

[0072] SiF4, WF6, WOF4, HF, F2 While being per?uori 
nated compounds are usually not considered as PFCs. 

[0073] The scrubber means to remove the harmful product 
for the membrane can be a dry scrubber (Which usually 
removes at least F2, HF, HCl, HBr, C12, NH3, WF6 and 
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SiH4). Dry scrubbers are usually resin-type scrubbers, or 
soda-lime, While, some dry scrubbers comprising catalysts 
like MnO2 can also remove oZone. Also, gaseous hydrides 
may be removed according to the methods disclosed in US. 
Pat. Nos. 4,743,435; 4,784,837; 4,910,001; 4,996,030, 
5,182,088 and 5,378,439 incorporated herein by reference. 
When different scrubbers have to be installed in order to 
remove the various harmful constituents, it is preferred to 
install ?rst the dry scrubber (or scrubbers) and then the Wet 
scrubber. Upstream before the scrubbers, ?lters to remove 
particles from the stream are usually necessary (removal of 
particles having a diameter larger than 20 microns) and it is 
recommended according to the invention to provide a ?lter 
upstream having a pore siZe diameter less than 20 microme 
ters and preferably less than 10 micrometers, Which removes 
particles and liquid droplets to avoid plugging of the mem 
brane. 

[0074] A Wet scrubber is, for example, disclosed in the 
brochure entitled “Selecting a CDOTM for your Particular 
Application” from DELATECH Corporation, Which bro 
chure is incorporated herein by reference. 

[0075] According to a preferred aspect of the invention, 
there exist some relationship betWeen the pressure drop 
across the membrane (i.e. AP betWeen the feed and the 
permeate), the temperature of the feed (i.e. the temperature 
of the membrane after temperature equilibration betWeen the 
feed How and the membrane itself) and the feed ?oWrate. It 
has been discovered that, for a certain constant ?oWrate of 
the feed gas on the membrane and temperature of the feed 
gas, When the pressure differential across the membrane 
increases, the recovery of PFCs like eg C2F6, decreases on 
the non-permeate or “residue” side of the membrane While 
this PFCs concentration increases on the permeate side of 
the membrane. Accordingly, it is preferred, according to the 
invention, to have a pressure drop AP across the membrane 
Which is not high, usually smaller than about 13,600 kPa 
(2000 psig), preferably ranging from about 120 to about 
1450 kPa (from about 3 to about 200 psig) and most 
preferably from about 240 and to about 510 kPa (from about 
20 and to about 60 psig). 

[0076] As far as the feed gas mixture is usually obtained 
at substantially atmospheric pressure, there is either the 
option to compress this feed to have a suf?cient pressure 
drop across the membrane (but this is not preferred because 
usually, many of the species present in the feed may dete 
riorate the compressor) or create on the permeate side of the 
membrane a pressure loWer than atmospheric pressure 
(Which may be preferred because most of the species Which 
may harm the vacuum means are retained on the non 

permeate side of the membrane). To create this loWered 
pressure on the permeate side of the membrane, a vacuum 
pump or any other suction means is usually adequate. 
Alternatively, if the feed stream to the membrane is to be 
compressed, compression is preferably carried out after the 
feed stream has been pretreated using Wet or dry scrubbers, 
?lters, catalytic removal, pulsed corona destruction, thermal 
decomposition, and/or plasma decomposition, as explained 
in copending application Ser. No. , ?led , 
incorporated herein by reference. Preferred compressors are 
sealed and oil-free, such as the compressors knoWn under 
the trade designation POWEREX available from the PoW 
erex Harrison Company, of Ohio, USA. Compression ratio 
(de?ned as the ratio of pressure at the compressor outlet 
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divided by the pressure at the compressor inlet) of the 
compressor Which feeds the membrane unit (or the ?rst 
membrane unit of a series of membrane units) generally 
ranges from about 2:1 to about 10:1, it being appreciated that 
supplemental compression may be required at other mem 
brane feed locations in a series of membrane units. It may be 
necessary to provide heat exchange betWeen the compressed 
feed stream and a coolant, such as liquid nitrogen, for 
example if the temperature and/or pressure of the feed 
?oWing into a particular membrane is to be controlled, or the 
PFC concentration in the non-permeate stream is controlled 
at a set-point value, as disclosed herein. 

[0077] Whatever pressure drop across the membrane is 
chosen, according to the disclosure given hereabove, it is 
preferred to have a higher feed ?oW than a loWer feed ?oW 
(even if such a system can Work With a variable ?oWrate of 
the feed): the highest the feed ?oW, the highest the recovery. 
This feed How can vary from near Zero to about 105 Nm3/h 
per square meter of membrane available for separation, 
preferably from about 10-4 to about 10 Nm3/h-m2 and more 
preferably from about 0.1 and to about 0.5 Nm3/h-m2. 

[0078] Alternatively, the compressor may be positioned 
after the pretreatment means (dry and/or Wet scrubbers, 
?lters, and the like). 

[0079] The temperature of the feed ?oW and/or the mem 
brane shall also have an in?uence on the recovery of PFCs 
on the non-permeate side of the membrane. Usually, When 
the feed and/or the membrane temperature increases, then 
for a constant ?oWrate and pressure drop, the species of the 
gas mixture tend to permeate more through the membrane, 
particularly those Which already permeate faster at loWer 
temperature. For example, nitrogen and oxygen (air) Which 
permeate much faster through the membrane than the PFCs 
at ambient temperature Will permeate even much faster 
through the membrane at higher temperature, eg 500 C. to 
60° C. 

[0080] Usually, the temperature of the feed and/or the 
membrane can vary from about —10° C. to about 100° C., 
preferably from about 10° C. to about 80° C., and particu 
larly preferably ranging from ambient temperature (usually 
about 20° C. to 25° C.) to about 60° C. 

[0081] Another preferred method of operating the mem 
brane separation units of the process and system of the 
invention is by operating each membrane unit to have a 
constant, set-point concentration of one or more PFC gases 
in the non-permeate stream exiting one or more of the 
membrane units. Some of the advantages of operating the 
process and system of the invention in this manner are that 
feed pressure ?uctuations can be smoothed, and that the life 
of the membrane can be prolonged signi?cantly. One Way of 
maintaining the set-point concentration of the PFC in the 
non-permeate stream is to pass a portion of the non-perme 
ate stream, preferably countercurrently, by the external side 
of the holloW ?ber membrane (that is, on the permeate side 
of the holloW ?bers of the membrane unit). This practice is 
more fully described in US. Pat. Nos. 5,240,471 and 5,383, 
957, both assigned to L’Air Liquide S.A., With the exception 
that the patents do not describe separation of PFCs using 
these techniques. Both of these patents are incorporated 
herein by reference for their teaching of sWeep gas tech 
niques. Thus, a portion or all of a non-permeate stream of 
stage N can be used as feed stream for stage N+1 and/or 
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N+2, etc., bearing in mind that there is usually, in practice, 
a small pressure drop betWeen stage N, stage N+1 and stage 
N+2, etc. This means that the pressure on the non-permeate 
(feed side) of stage N is greater than the pressure on the feed 
side of any subsequent stage, such as N+1 or stage N+2. 

[0082] After this ?rst concentration step With one or a 
plurality of membranes, it is preferred to then carry out a 
second step Wherein the various PFCs are at least partially 
separated from each other, or more abundant PFCs separated 
from minor amounts of other PFCs. Different separation 
techniques for separating tWo or more per?uorocompounds 
can be used such as distillation, adsorption, condensation, 
and the like. Preferably, and because it may be more 
appropriate for the streams Which are coming out of a 
semiconductor manufacturing tool, a condensation process 
can be used such as the one knoWn under the tradename 
SOLVAL of Air Liquide America Corporation disclosed in 
the Technical Bulletin entitled “SolvalTM Solvent Conden 
sation and Recovery System”, 1994, and incorporated herein 
by reference. Basically, in this condensation process, the 
effluent from the non-permeate side of one or a plurality of 
membranes is fed into a heat exchanger. Liquid nitrogen or 
another cooling medium is introduced into the heat 
exchanger and ?oWs through the cooling coils. The mixture 
of PFC With N2 is introduced into the shell of the heat 
exchanger and ?oWs around the coils as it passes through the 
shell. The mixture is cooled and part of the PFC vapors are 
coalesced, lique?ed and collected based upon the tempera 
ture at the cooling coils. The higher the liquid nitrogen 
?oWrate into the exchanger, the loWer the temperature at the 
cooling coils, and therefore, more of PFCs Will be lique?ed. 

[0083] In some preferred embodiments, the PFC mixture 
after concentration comprises species Whose boiling points 
are close and it is therefore dif?cult to separate them by 
fractional condensation. For example, C2F6 has a normal 
boiling point of —78.2° C. and CHF3 has a normal boiling 
point of —82.1° C.; CF4 has a normal boiling point of 
—127.9° C. and NF3 has a normal boiling point of —129° C. 
When it is desired to separate a mixture comprising at least 
tWo species having close boiling points, then a ?rst separa 
tion by, for example, condensation is made betWeen the 
various species having boiling points not too close from 
each other in order to provide substantially pure species or 
a mixture of species having close boiling points. Then, the 
mixture of species having close boiling points are separated 
by another process, for example, adsorption When one of the 
species of the mixture is more polar than the other. NF3 and 
CF 4 may be separated using molecular seives (such as NaX, 
CaX and NaA, Wherein the “A” designates 5 Angstrom cage 
siZe, and the “X” designates a 10 Angstrom cage siZe); 
activated carbon; or the like, Wherein the polar species (such 
as NF3 and CHF3) are preferentially adsorbed, as opposed to 
non-polar species such as CF4. 

[0084] FIG. 1 illustrates the ef?cacy of a burner to destroy 
PFCs versus temperature (° C.) in a prior art process. For 
example, When an air-fuel burner is used, the temperature of 
the ?ame Which is reached, if almost 100% of NF3, CCl2F2 
(Which is not a PFC but is chloro?uorocompound used by 
the electronic industry), CHF3 and SF6 are destroyed (gen 
erating HF and other undesirable species), C2F6 and CF4 are 
only partially destroyed, particularly C2F6 Which is only 
50% destroyed: the combustion gases cannot accordingly be 
vented. HoWever, When using an oxy-fuel ?ame Which 
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temperature is about 1400° C., it is possible to destroy most 
of the C2F6, While still generating undesirable species. In the 
present invention, combustion at 900° C. may remove all 
PFCs but C2F6 and CF4, Which can then be recycled 
together. 

[0085] The general features of one process according to 
the invention are illustrated in FIG. 2, Wherein a semicon 
ductor manufacturing process is represented by the reference 
numeral 1 (Which may be any type of process using PFCs 
and rejecting PFCs). The PFCs and carrier gases feed to 
process 1 are represented by 23 and 22, respectively (bulk 
and/or cylinder delivery through traditional bulk systems or 
gas cabinets Well knoWn in the electronic industry). 

[0086] AWaste gas mixture of PFCs, carrier gases and any 
other gases 24 (such as chemically reactive gases) is recov 
ered from process 1 in an exhaust line 2. Tghe gas mixture 
is preferably passed through ?lter 5a, and then compressed 
in a compressor C. The compressed gas mixture is then 
optionally routed to a cooler or heater Q to provide a desired 
temperature for the compressed gas mixture. The gas mix 
ture is then preferably scrubbed in a dry scrubber 3 to 
remove most of silicon hydrides, NH3, AsH3, tetraethoxysi 
lane (TEOS), halogen, halides, then preferably scrubbed in 
a Wet scrubber 4 to remove most of hydrides, halides, 
halogen gases (according to the nature of the gas mixture 
provided in 2, only dry scrubber 3 or Wet scrubber 4 may be 
necessary), then ?ltered in a ?lter 5b to remove dust, 
particles, droplets, and the like, having siZe greater than 20 
micrometers. Additionally, particles and dust may be 
removed in a ?lter upstream from dry scrubber 3. A gas 
mixture in 25 no longer contains any substantial amount of 
harmful component for a membrane unit 6. Gas stream is 
sent on the feed side (bore side) of a plurality of holloW 
?bers of membrane unit 6, the carrier gases of the mixture 
then permeate through the holloW ?bers of membrane unit 6 
and are recovered or vented as a Waste gas 7 (it for example, 
the carrier gas comprises helium, and also argon, it may be 
useful to recover it and recycle it in the process, With further 
puri?cation or not). The non-permeate stream Which com 
prises the PFCs (concentrated) are recovered in 8 and either 
directly recycled to process 1 (or stored in bulk to be later 
reused in process 1) through a line 9 or sent to a separation 
unit, for example a condensation unit 10. In condensation 
unit 10, a heat exchanger receives liquid nitrogen LN2 in line 
15, condenses the high boiling point species (by using 
different ?oWrates of LN2, one can easily control the con 
densation of various products) Which are recovered as a 
liquid on line 12 and sent to, for example, to an adsorption 
process Which separates the polar fraction from the non 
polar fraction (respectively 19, 20), Which fractions are 
either recovered in 21 for further treatment on-site or off-site 
(the dotted lines indicate that this is not the preferred 
alternative) or recycled/stored in process 1. 

[0087] The gaseous fraction is sent through line 14, for 
example a pressure sWing adsorption system 13 (or any 
other adsorption system) Wherein the adsorbed species (one 
or several) are recovered on line 17 and Wherein the non 
adsorbed species (one or several) are recovered on line 18. 
Both products on lines 17 and 18 are either recovered in 21 
(for example off-site treatment) or recycled in process 1. 

[0088] Those species or mixture of species are either 
recycled in process 1 or recovered in the PFC recovery unit 


















