WO 02/25697 PCT/US01/42150 -1 APPARATUS FOR ETCHING

SEMICONDUCTOR SAMPLES AND A SOURCE FOR PROVIDING A

G%lg%a% BLIMINATION THERETO 5 TECHNICAL FIELD The present

invention relates to an apparatus for etching semiconductor sampl&/US01/4218¢

More particularly, the present invention relates to an apparatus for etching

semiconductor samples having a variablé volume expansion chamber

and to an apparatus having two or 10 more fixed volume expansion

chambers, wherein either apparatus may include an apparatus for

detecting the end point of the etching process. The present invention also
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are used to produce miniature mechanical devices. One example of a
miniature mechanical device produced using MEMS technology is the

atediHebdibraméter described in S.J: Shei;nah, W:K. Tsang, T.A.
Core, D. %@%Q‘A&%&W}Mﬁp&iﬁ%ﬁ@ﬁ@é}ﬂﬁ%' 1992, diflnoride

requires no external energy sources or ion bombardment to etch silicon, and it exhibits

high selectivity to many metals, dielectrics, and polymers used in traditional integrated
circuit processing, making it easy to integrate with other processes such as CMOS. One
20 of the first references to the use of xenon difluoride in silicon etching is in H.F. Winters
and J.W. Coburn, “The Etching of Silicon with XeF; Vapor,” Appl. Phys. Lett., vol, 34,
no. 1, pp. 70-73, Jan. 1979, where they demonstrate the high selectivity of xenon
diﬂuoride to silicon versus silicon dioxide, silicon carbide, and silicon nitride.
The high selectivity of xenon difluoride to silicon is very useful, particularly in the
25 . emerging field known as micro-electro-mechanical systems or MEMS. In MEMS,
semiconductor based manufacturing technoibgy and processes are used to produce
miniature mechanical devices. One example of a miniature mechanical device produced
| using MEMS technology is the integrated accelerometer described in S.J. Sherman, WK.
Tsang, T.A. Core, D.E. Quinn, "A Low Cost Monolithic Accelerometer,” 1992
30  Symposium on VLSI Circuits, Digest of Technical Papers, Seattle, WA, USA, 4-6 June
1992, p. 34-5, which has both a movable mechanical structure and accompanying



30 Symposium on VLSI Circuits, Digest of Technical Papers, Seattle, WA,
USA, 4-6 June 1992, p. 34-5, which has both a movable mechanical
r&% accompanylng WO 02/25697 PCT/IISO1/42180 -2 circuitry
tectthe motlon of the mechanical structure. The most popul&FT/U501/42180
appllcatlon of this accelerometer is for automotive airbag applications
whereby during a crash, the movable methanical structure moves, and
depending on the extent of thé motion, the electrical signal produced by
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20 process is repeated until the desired degree of etching of the silicon has occurred.

The largest drawback of the pulsed etch system described by Chu et al. relates to
the cycling nature of the system. Specifically, since the expansion chamber reguires time
to fill before the etch begins, is open to the main chamber during the etch, and is typically
evacuated during the evacuation step of the cycle, it forms a rate-limiting step in the
25  etching process. This limitation, or bottleneck arises primarily from the time it takes to

refill the expansion chamber with xenon diffucride gas after the evacuation step of the
previous cycle. The waiting time can often be as long as the time of all of the other steps
_ combined and therefore requires the total process time, or the time the wafer spends in the
main chamber, to be approximately double the actual etching time. The term overhead is
30  commonly used to refer to the difference between the total process time and the actual

etch time.
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gas during the etching process, leads to increased etc

proce it finelRHn BR gL efedShd it rheRRs AR (irg™ tho3gHebr cihine
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to increased etch rate. Thus, processing time can be decreased and manufacturing
throughout can be increased by raising the etching pressure. However, raising the etching
20 pressure in a system such as that described in Chu et al. may not be feasible. Figwre 2 isa
graph of the xenon difluoride solid vapor pressure, wherein pressures above the curve at a
particular temperature cause the vapor to solidify. As can be seen in Figure 2, the
sublimation pressure of xenon diftuoride is approximately 3.8 Torr at room temperatare
or approximately 20°C. Thus, the pressure in the initial expansion chamber in a system
25  such as that déscribed in Chu et al. is limited to approxiniately 3.8 Torr if the source of
xenon difluoride gas is to be kept at room temperature. Although it is shown in Figure 2
that heating of the xenon difluoride yields a higher solid vapor equilibrium pressure,
heating the xenon difluoride source also accelerates the recrystalization of the xenon
difiuoride. Ultimately, as the xenon difluoride recrystallizes, its exposed surface area
30 falls, and therefore the sublimation rate of the xenon difluoride from solid to gas falls as

well. Since xenon difluoride etching system throughput is based upon etching with xenon
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mterferometﬁ;{éa's described in Coronel et al., United States Patent No.
Patapigter, 7617-KE BltaEE HrotiAY AeedEsrpedsAertiihet BrGfoystaky United
States Patent No. 5,200,023, atomic spectroscopy as described in Gelernt et al., United States

Patent No. 4,415,402, and residual gas analysis as described in Japanese Patent Nos. 11265878,
11204509, and 11145067.

DISCLOSURE OF INVENTION

One aspect of the present mvention provides an etching apparatus utilizing an etching
gas generated from a nongaseous material comprising: an etching chamber for receiving a
sample to be etched, said etching chamber being in selective fluid communication with a
vacuum pumping source; a source of said etching gas; a first expansion chamber in selective

fluid communication with said source of etching gas and said etching



States Patent No. 5,939,886, acoustic measurements as described in
Cadet et al., United States Patent No. 5,877,407, infrared emission
measurements as described in Gifford et al., United States Patent No.
5,200,023, atomic spectroscopy as described in Gelernt et al., United
States Patent No. 4,415,402, and residual gas analysis as described in
Japanese Patent Nos. 11265878, 11204509, and 11145067.
DISCLOSURE OF INVENTION One-aspect of the present invention
provides an etching apparatus utilizing an etching gas generated from a
nongaseous material comprising: an etching chamber for receiving a
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~being independent from'said efching chamber and said source of sai
saldaRanTilr gerasivh shatpPenitrsiit SN AYcHaR B ) spiE Seldegiviagpber or
throeyResateddir oughcsaidaitahinghehanbaiiahdbpeughtsaiebirstifl dithrce of said
emhc}:oncrg%ction exclusive of and independently from said source of said
el%gﬁﬁlg gas, and wherein said. second expansion chamber may be
selectively evacuated through said etching chamber or through said
second fluid connection exclusive of and independently from said source
of said etching gas. -6- In operation, a sample is loaded into the etching
chamber and one or more of the expansion chambers, which may be fixed
volume or variable volume, are filled with the etching gas and in some
cases the mixing gas. The expansion chamber is then placed in fluid
communication with the etching chamber and the variable volume
expansion chambers, if any, are collapsed. As a



result, the gases are transferred to the etching chamber. The expansion
chambers and the etching chamber are maintained at temperatures at
which the etching gas will not solidify at the etch pressure. After the
etching is complete, the etching chamber may be evacuated. -7- BRIEF
DESCRIPTION OF DRAWINGS Further fgatures and advantages of the
present invention will be apparent upon consideration of the following
detailed description of the present invention, taken in conjunction with the
following drawing, in which like reference characters refer to like parts,
andnigpoviion: Figupdel ifsleadio dkialibgetamingf dpridearnétolkingnagppaf dhasxpansion
chiihe ZiRAH12B0 Showing:HRe Sl MRRANRIESSHIRICE ¥&RAR WHAUASS and in
Figure 3 is a,schematic diagram of an etching apparatus according to one
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an etching apparatus according to a second embodiment o resent
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préeeRI NGB cethiid.ambadimentobidhie PIRsaRs ive QR WR 2/25697
PCTIUSOI(42180 -8 Figure 7 is a schematic diagram of an etching
apparatus according to a fourth embodiment of the present invention;
Figure 8 is a schematic diagram of an etching apparatus according to a
fifth embodiment of the present invention; 5 Figures 9A and 9C are
cross-sectional diagrams of prior art vacuum tight containers for providing
a source of gas through sublimation; Figure 9B is a cross sectional
diagram of a vacuum tight container for



providing a source of gas through sublimation according to an aspect of
the present invention; 10 Figure 10 is a schematic diagram of an etching
apparatus according to a sixth embodiment of the present invention;
Figure Il is a schematic diagram of an etching apparatus according to a
seventh embodiment of the present invepntion; Figure 12 is a schematic
diagram of an etching apparatus according to an 15 eighth embodiment
of the present invention; and Figure 13 is a schematic diagram of an
etching apparatus according to a ninth embodiment of the present
invention. BEST MODE FOR CARRYING OUT THE INVENTION 20
BRIIGURS: Scshowsansiehingsarparatus according to the present invention.
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semiconductor grade nitrogen. Numerous other gases could be used in
the" Rt o iRrel &R iHeRtaR gaisraher el e sritted Bagvsassion
ch@XpansienieRanhesgeastiyE022065GmC T/USO1/42180 -9- nitrogen
so&grce 2 1%?1%0 1%9‘1101 d(if UQJILQ ng OUI%CF] 25als agg S \ég IV mansgc d embodiment
comgulsmg pneuma icafly actuated diaphragm or be ﬁow vakes Y
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the present invention,
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21, preferably capacitance manometers, such as the Type CT27 available
from MKS 5 Instruments of Andover, MA, are provided in the line between
variable volume expansion chamber 26 and etching chamber 27.
Rowghingsparmp 23, typically a rotary vane pump, with associategl Va{M&$/421s0
11, 12, 13, and 17 and residual gas analysis apparatus 22 with

associated vacuum valve 16 are connected as shown. The components of
the apparatus are interconnected with standard stainless steel 10 tubing

or the like, and ap.autematic heating And.conkgl apaasat %L%@é%d%%% a

to regulate the temperature of the apgaratus components. A suita

exafipie BraErRRtRS earr iy el apparatus 19 is the :
QUAD-3JRG-1 Ex¥rearnyaliehansivaiiQus: Sormeceupios andsheatedse o »
avajable. fram.Watlow Electric Monyfacturing Company of St. Lous,

Missouri. Automatic heating and control apparatus 19 maintains the gas

15 valving manif8EiresParisio A uemirsr-28tand! siopess chanmert YAz tight
consiantndemperatdmbalwnen: 3t and ldegiees:Gelsius, and

preferably at 42 gg\grregé Celsius, a temperature at which, as shown in

Figure 2, the solid®vapor présatite 5t RO Lt VASUPR Fight container for
Controfiligpthenterpdituterofghevbtochaningasadidgt breasusieunainige present
vagyypisystem prevents the condensation of the xenon difluoride gas

onto the walls of the 20 vacuum system and assists in tuning the etching
process. The variZBig VI8 meckXpaiRBrECHAM BB CTBINE SPPRENB EFFoiding to a
holding vapodithaet iTiederaehtneeiishich can be selectively adjusted.
Variable volume_gxpansion. chamber 26 may be made from commerciall
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4B in an expandggstate iBelows AR may-Re PaLate 0 Higick SUBRGHE o 1o an

mechanism 65 as shown in Figure 4C to ensure that the bellows 60 are
corﬁﬁ?é%gg}ﬁ’ e BNPERABE AL AP VSRR in a longer life. As used in

the apparatus oFtbe piésentsihueatiodi:pelon 66 chayherompressedof o a
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drive 70 as shown in Figure 4D for automatic compression and 30
expansion. Suitable bellows are available as a single stand-alone

corpEsmeviipiF dre JARRYINes ke nCommRnyERTEigirton, Pennsylvania.
Alternatlvglgm\é%fls%t())lgsv grllue%ging apparatus actording to the present invention. The
apparatus includes etching chamber 27 info which the sample to be etched is placed.

Etching chamber 27 is preferably made from a material that will not react with the
etching gas such as machined aluminum or stainless steel and i)referably has a solid
transparent lid made from a non-reactive material such as polycarbonate. An optional
sample load Jock 28 may be provided for loading the sample into the etéhing chamber 27.
Also included are variable volume expansion chamber 26, xcnoﬁ difluoride source 25,
which may comprise a vacuum tight container such as a lecture bottle or micro cylinder
such as those available from Whitey Co., a Swagelok Company, of Highland Heights,
OH, and dry nitrogen source 24, which may comprise a standard gas cylinder of
semiconductor grade nitrogen. Numerous other gases could be used in the place of

nitrogen including argon and helium. Connected between expansion chamber 26 and



WO 02/25697 PCT/US0O1/42180 -10- expansion chamber 26 maybe
manufactured using a fixed volume vessel incorporating an interior sliding
seal piston arrangement. The piston in such an arrangement may be

driven eittses'manually or automatically through use of a motor driverfete1/42186
collapsing variable volume expansion chamber 26. 5 Xenon difluoride
crystals are typically supplied in vacuum tight bottles having an

appropriate isolation valve. Such bottles may be used as source 25 with
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valves the gas valvin anifold. The etching gas is preferably fed into
1? g@ ntrolhngg ﬂr{g temperature of the etcgagt gas ag d the surr%undmg vacuum

system prevents the condensation of the xenon difluoride gas onto the walls of the
20 vacuum system and assists in tuning the etching process.

The variable volume expansion chamber 26 is a chamber for holding vapor, the
interior volume of which can be selectively adjusted. Variable volume expansion
chamber 26 may be made from commercially available stainless steel edge welded
bellows such as those shown at reference numeral 60 in Figure 4A in a compressed state

25  and Figure 4B in an expanded state. Bellows 60 may be mounted on rigid support
mechanism 65 as shown in Figure 4C to ensure that the bellows 60 are compressed and
expanded linearly, resulting in a longer life. As used in the apparatus of the present
invention, bellows 60 may be compressed or expanded manually, or alternatively, bellows
60 may be fitted to motor drive 70 as shown in Figure 4D for automatic compression and

30  expansion. Suitable bellows are available as a single stand-alone component from the

Kart J. Lesker Company, of Clairton, Pennsylvania. Alternatively, variable volume



expansion chamber first, before any mixing gas. The etch time is the time

the etching gas mixture is allowed to remain in etching chamber 27

before etching chamber 27 is evacuated, The etch time may begin when
expangionghamber 26 is placed in fluid 30 communication with gtching | ., ¢,
chamber 27 and may end when such fluid communication is terminated

or when etching chamber 27 is evacuated. The etch pressure refers to the
WO 02/25697 PCTIUS01/42180 -11 pr"e}ééme inside etching chamber 27

while the sample js being etched, |.e,, the pressure when the gas mixture .
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expansion chamber 26 is set to an initial volume that is equal
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chamber i3 collapsed wilkhe ieRRIRYIMRElY Qauabiohthe,sapeMulipiens
ressure In the variable volume 20 _expansion chamber 26. After the
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the transfer arm of load lock chamber 28. Load lock chamber 28 is closed and
subsequently evacuated by opening valve 13. Thereafter, gate valve 18 between load

20 lock chamber 28 and evacuated etching chamber 27 is opened. The sample is transferred
into etching chamber 27 and gate valve 18 to load lock chamber 28 is closed.

The system parameters to be chosen by the user include one or more of: xenon
difluoride to nitrogen gas rafio, etch time, etch pressure, and number of cycles. The xenon
diflnoride to nitrogen gas ratio refers to the ratio of xenon difluoride to nitrogen gas by

25  partial pressure to be introduced into etching chamber 27 and is controlled by selectively
opening the valves of the gas valving manifold. The étch'mg gas is preferably fed into the
expansion chamber first, before any mixing gas. The etch time is the time the etching gas
mixture is allowed to remain in etching chamber 27 before etching chamber 27 is
evacuated. The etch time may begin when expansion chamber 26 is placed in fluid

30  communication with etching chamber 27 and may end when such fluid communication is

terminated or when etching chamber 27 is evacuated. The etch pressure refers to the



5, 8, and 9 are opened in the appropriate sequence and the desired ratio

of etching and mixing gasses is allowed to feed or flow into the expansion
chamber 26 until an initial pressure set point chosen by the user as
megslyeekhy pressure measuring device 20 is 25 obtained. Valves-14,811¢1s0
15 are needle valves preset to a pre-fixed open position. Alternatively,
variable volume expansion chamber 26 may be extended during the fill
period. When the initial pressure set poi"n{?n" variable volume expansion

ch 6. is ;reacghed,.valves 4, 5.. e.closed, valve .10 i
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process of collapsing varia e volume expansion chamber 26 that is set to
a chamber 27, then the eich pressure after the expansion chamber is collapsed will be

approximately equal to the same multiple X of the pressure in the variable volume

20 expansion chamber 26. b _

After the initial volume of variable volume expansion chamber 26 is set, valves 4,
5, 8, and 9 are opened in the appropriate sequence and the desired ratio of etching and
mixing gasses is allowed to feed or flow into the expansion chamber 26 until an initial
pressure set point chosen by the user as measured by pressure measuring device 20 is

25  obtained. Vaives 14 and 15 are needle valves preset to a pre-fixed open position.

Alternatively, variable volume expansion chamber 26 may be extended during the f11
period. _

' When the initial pressure set point in variable volumeé expansion chamber 26 is

reached, vaives 4, 5, 8, and 9 are closed, valve 10 is opened and the variable volume

30  expansion chamber 26 is collapsed by compressing beliows 60 or by driving a piston

provided as 2 part of variable volume expansion chamber 26. As a result, substantially all



volume larger than the volume of etching chamber 27 in the present
apparatus thus enables xenon difluoride gas to be supplied to etching
chamber 27 at high pressure without exposing the xenon difluoride vapor
frapmseusee 25, which is typically at room 20 temperature, t0 PregsyWes /42150
that would otherwise'force it to solidify. This is possible because the
automatic heating and control apparatus %9 maintains the vacuum

system,,. particularly the gas valving rﬁalnif'old; variable volume expansion
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without exposing the xenon difluoride vapor from source 25, which is typically at room
20 temperafure, to pressures that would otherwise'force it to solidify. This is possibie
because the automatic heating and control apparatas 19 maintains the vacuum system, ,
particularly the gas valving manifold; variable volume expansion chamber 26; etching
chamber 27; and the interconnecting tubing at a high enough temperature according to the
parameters of Figure 2 such that the xenon difiuoride vapor does not solidify.. According
25 to an aspect of the presént mnvention that conternplates a computer controlled system,
when the user sets the desired etch pressure, tﬁe controi electronics set the etching
temperature by setting automatic heating and control apparatus 19 to the appropriate
value determined in accordance with the parameters in Figure 2. Tt should be noted that it
is not necessary that each of the components of the vacuuim systems be kept at the same
30  temperaturc. Rather, it is necessary that each of the components be at a temperature that
is at least as high as the temperature at which the xenon difluoride gas will not solidify.



order of 50 milliTorr, is achieved, valves 12 and 17 are closed and the
process is repeated until the total number of preset etch cycles is
completed. Valve 10 may optionally be opened so that variable volume
expapsieRghamber 26 may be evacuated simultaneously 15 Withp%tﬁggr[]}
chamber 27. In this instance, however, variable volume expansion
chamber 26 cannot be refilled until after this evacuation step. When all of
the etch cycles have been completed, variable volume expansion
chamber %g igd%(z:'t to its maxi[% m vlolumeé)osiiion. Valves 12 and 17 are
opened, and FOUJHING PUMD 23 evastiata8 HEBER Brtdbggsed the xenon
Valviguppdgredsiy farecthewt clobed 20 Hnd@tohingchaimbel-2his fiflecirdth etching
dry BiREE™ 938 JIQM.SAUNGE, &4 PN ARABIM e aapLaanale yaluas Il e,

gas valving manifold. This procedure is preferably repeated three times,
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PCTIBOTABET Fa i RN R ICHARBYRA VI despbafidcintasess is repeated

roughiiighpurapdinebatidqentevatue d2)dhe cetapingapparatuseanddgonally be

opefgted,in aauasi- inous mode with a set desired pressure . in

etcﬁégc%%%ber 27%%@8%%%!%%3{%%0}1&%&3%%@%|chmea>3<fgbé£;|es‘fi%cr‘f Prhrpaancousty

126 colapsbiag eierhvng Thdurds thetreres i wiaisferrid oy etohingphainberamber
27, a6ckine: degigR-ahapeaiiomn efdhaselghing pump 23, and thus the

r whj is.remaoved fr, ing chamber, 27.
ate at Wﬁeg%ﬁ c§f tge E‘?:ngyc s g\tr%r]t)ee%%o%plte)t%d, variable volume expansion

%’42180

chamber 26 is set to its maximum volume position. Valves 12 and 17 are opened, and
roughing pump 23 evacuates the etching chamber 27. Valves 12 and 17 are then closed
20 and etching chamber 27 is filled with dry nitroken gas from source 24 by opening the
appropriate valves in the gas valving manifold. This procedure is preferably repeated |,
three times, which flushes out etching chamber 27, leaving if in a final evacuated state.
Valve 10 may also be opened during the excavation steps so that variable volume
expansion chamber 26 may be evacuated and flushed along with etching chamber 28.
25 _ Ne:s;t, gate valve 18 between the load lock chamber 28 and etching chamber 27 is
opened. The sample is transferred into the load lock chamber 28 and gate valve 18 to load
lock chamber 28 1s closed. Load lock chamber 28 is vented and the sample is unloaded
* from the transfer arm. R,
Additionally, if variable volume expansion chamber 26 is large enough, for
30  example ten times as large as etching chamber 27, and a conductance limiting device,

such as a butterfly valve, for example, a Type 153 butterfly valve available from MKS



Moreover, if a quick response valve is installed in the roughing pump line,
brief pulses from roughing pump 23 during the etching process, i.e., when
etching chamber 27 is full of gas, may be used to flush some of the
etchingeBysproducts from etching chamber 10 27 and provide agitg[;]gﬁjggﬂ 42180
increase the etching effectiveness. Fresh xenon difluoride gas might be

also drawn into etching chamber 27 during the brief pumping pulse by
opening valves 2, 5, 9 and 10. A second tibodiment of an apparatus

accr '&to[ th rgsent' ntion i%s own in Fi ure 5. The apparatus '
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transferred to etching chamber 27 during each cycle. Furthermore, if the
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ion. Valves 31

volume in any co j)'nation can be added in a similar fas
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provided 6 sxatletiie dipan sidmcihamites adoobiirpvactaieeswithotthiion is shown
goingpihraughetching chamber, a7 sRsfering to Eigure 6. 2 1 i
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vaIw%&nrln%nl ofd ?nro%]éﬁ Valves ) AN Bthn Crusme or varable volums

expansion chambers, allows for increased and variable capacity in terms of the amount of
gas that can be transferred to etching chamber 27 during each cycle. Furthermore, if the
20 expansion chambers shown in Figure 5, whethér fixed or variable volume, are each
provided with separate fluid connections to sources 24 and 25, and if a separate fluid .
connection from expansion chambers to etching chamber 27 is provided, as is the case
with the embodiment shown in Figure 10, throughput may be increased by allowing one
expansion chamber to fill while the other is being used to etch. Furthermore, additional
25  expansion chambers of fixed and/or variable volume in any combination can be added in
a similar fashion. Valves 31 and 32 and associated tubing connected to roughing pump
23 may be provided to enable the expansion chambers to be evacuated without going
through etching chamber 27.
Referring to Figure 6, a third embodiment of the present invention is shown that
30  utilizes multiple fixed volume expansion chambers of different volumes. The

embodiment shown in Figure 6 includes three fixed volume expansion chambers 364,



addition, valves 31, 32 and 35 are provided to allow fixed volume

expansion chambers 36A, 36B and 36C to be evacuated using roughing
pump 23. Although three fixed volume expansion chambers are shown in
Fi%&%z%-iégi»fs possible to use two fixed volume 5 expansion chambers or

four or more fixed volume expansion chambers. One very flexibfg-T/US01/42180
combination of fixed volume expansion chambers is to have, for example,
three fixed volume expansion chambers Bueh as 36A, 36B and 36C, one

of volume A, a second of volume 2 times A, and a third of volume 4 times

A. THiseafrapigemaattaidndcrrs vgh et direreht coirbidatiomssy. In
fixed ¥plineiexpansionmearahessadeangelefiatabd Oorehiae fromAndbers

3A,4A, BA, 6A,.7A, 8A, to 9A tcanbeou lied to,the etchi
s e s B D T e e
protdsmgexptositowhm etchinghohanbBizRR, o hissfexiifitytdsigartic iadyolume

5 attiagtive JRLIAGESSHORYE OPMEL HWMREIERY USSR A dheraauipment.Gan,
qu&kly |dentéfg_the best total sized expansion chamber for their
ap

FEARIG ST HOM DY BB SRR A R SPAFRGS 'SR AE bR Eaple, three
shdiwed inlkigesepéndine capparatuscieWweANIeR und 768, sitsitdrtauhat, a second

SN IAIGE: 3. ACERLRHOA 36K CUBANCNIS 1828 AR A Furouen
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process Is complete. RGA apparatus 22 is connected to efching chamber

27 TPATRIRARER RIEGLICRPYEA B A apparatuses are 25 well known

15 and generalhynabrmpbiséiasmasstispgetzometendpguacsupsievanal¥iake 7. The
va ime calibration. i -type .gas_uni :
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20  shown in Figure 7, an additional nitrogen source 24 and associated valve 40 are provided
and are intended to be used for flushing the apparatus.

Referring to Figures 3, 5, 6 and 7, a residual gas analysis, or RGA, apparatus 22
may be used to determine when the eich process 1s complete. RGA apparatus 22 is
connected to etching chamber 27 through variable inlet valve 16. RGA apparatuses are

25  well known and generally comprise a Iﬁass spectrometer or quadrupole analyzer, vacuzm
valves, a real time calibration independent-type gas unit, a control valve, and an RGA
control unit. The RGA control unit is equipped with a control processor and related
software for high-speed data acquisition and for generating data andlysis and process
control commands. If the vacuum level in the etching chamber is low enough, the mass

30  spectrometer or guadrupole analyzer can be installed in the etching chamber 27 itself. Gas
by-products from the etching process are pumped through the variable inlet valve 16 and



30 spectrometer or quadrupole analyzer can be installed in the etching
chamber 27 itself. Gas by-products from the etching process are pumped
through the variable inlet valve 16 and WO 02/25697 PCT/US01/42180

16 anslyzaghin the RGA apparatus 22. A computer controller disglays@y1/451s0
plot of signal intensity versus time. A suitable RGA apparatus is the

OmniStar system with corrosive preparation from Pfeiffer Vacuum of
Asslar, Germany. The chemical formula thit represents the etch process

is as follows:. 5.2 +Si => 2 Xe + SiF4 When the, xenon difluoride.gas
e e e R
etchimicpBEEsSEdTise fhovifred or theBerpus SorémsitR GAapparatesosive

22 b}gr@g%g@ﬁigglﬁigmg%@mm&gp&@g:g}ﬁgggr_ations of the elements
and compo#,ggs in this formula. RGA apparatus 22 can be set to monitor

any or all of B STAHRMAARACEPIF SR 5158 RS STRSiIEHE fhen
the etching reaction is complete, theseRighiats Wikaedaih, some
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apparatus' control software Can be set to trigger a stop to the etch proce
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many. cases re there is.q finite amount of 15 exposed sjli to be
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process chamber. This. example assumes a hypothetical "last pulse”
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confighirglion |5 sSHOWRINFourE 8 ‘ﬂksm%%ﬂé%% QN POMIGES A sse ot of
continuous flow etch using xenon difluoride. The apparatus, shown in

IgigurseersSHtnar to bh stcSkdviein igieeabshonde prarsatouiibbreas| thaetch
expapsian:chashenddhasheen semouedmnlongmuith ahef MRSUPREIINGF, is

\és:;/:k%éﬁ% 61\%(3:%1 ég:,lol% fégglvg %1:[ E%Lgetgsc ?e?m%rjlngng 1ga2 ?é/ ?dgen? g g%%gés?k?agnber. This
example assumes a hypothetical “last pulse” where there is some silicon remaining at the
beginning of the etch pulse and none or very little at the end.

20 A fifth embodiment of the apparatus configuration is shown in Figure 8. This
configuration provides a confinuous flow etch using xenon difluoride. The apparatus,

. shown in Figure 8 is similar to that shown in Figure 3, except that variable volume
expansion chamber 26 has been removed along with all of the supporting valves. In
addition, flow controllers 50 and 51 have been added. One suitable fiow controlier is the

25  Type 1179A mass flow controller available from MKS Instruments of Andover, MA,
although other types of well known flow controllers may also be used. Unlike the
apparatus described in European Patent Appiication No. EP 0 878 824 A2, the apparatus

~ shown in Figure 8 does not employ a reservoir to pravide a continuous flow of xenon
diftuoride. With sufficient exposed surface area of xenon difluoride crystals, the

30  production of xenon difluoride vapor by sublimation is sufficient fo etch continuousty.

Methods of increasing the exposed surface area of xenon difluoride crystals include the



25 Type 1179A mass flow controller available from MKS Instruments of
Andover, MA, although other types of well known flow controllers may
also be used. Unlike the apparatus described in European Patent

ApRlisationdo. EP 0 878 824 A2, the apparatus shown in Figure 8.daes, ., <.
not employ a reservoir to provide a continuous flow of xenon difluoride.

With sufficient exposed surface area of xenon difluoride crystals, the 30
production of xenon difluoride vapor by‘s%1imation is sufficient to etch
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the neck of the cylinder 119. Furthermore, the use of the mesh 201 is not
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The mesh 201 may be made of a number of non-reactive materials including alurmnum,
stainiess steel, and Teflon. The size of the openings in the mesh 201 is selecied to be

20 smaller than the majority of the xenon difluoride crystals 200, A typical mesh opening
size would therefore be approximately 1 millimeter.

Asg an example of the increase in the directly exposed surface area that can be
obtained using the cylinder design in Figure 9B is illustrated. A standard lecture bottle or
cylinder has an inside diameter of approximately 1.75 inches. When the cylinder is

25  omented as in Figure 94, the directly exposed surface area of the xenon diffuoride crystals
200 is approximately 2.4 square inches. A typical lecture bottle allows fora meéh 201 of
at least 8 inches tall. Approximating the directly exposed surface area to be comprised of
the lateral surface areas of a right circular cone and a portion of a right circular cone, and
assuming that the bottoms of the W are at the middle of the radius of the inside of the

30 cjrlinder and that the xenon diflucride crystals 200 are filled to 7 inches, the exposed

surface area in the configuration shown in Figure 9B 1s approximately 40 square inches.



20 smaller than the majority of the xenon difluoride crystals 200. A typical
mesh opening size would therefore be approximately | millimeter. As an
example of the increase in the directly exposed surface area that can be
obigined-\dsing the cylinder design in Figure 9B is illustrated. A standard
lecture bottle or cylinder has an inside diameter of approximatelfo.V S01/42180
inches. When the cylinder is 25 oriented as in Figure 9A, the directly .
exposed surface area of the xenon difluotfde crystals 200 is
approximately 2.4 square inches. A typical lecture bottle allows for a mesh
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moggted vertically which further adds to the convenience of mounting in
equ{rlﬁg%t.‘ Also, since the mesh 201 is attached to the cylinder or bottle,
i5the possibilisytthetixeimentifltior pheseny stats iaig it sinake thBipwayarond

the.fap RAGSRAINE MESY ol s HRREC B o PP X1 Hision
which makes the cylinders or bottles easy to transport.
chambers 117 and 123. Etching chamber 126 preferably comprises a machined block of
aluminum with a lid preferably made of a solid transparent material such as
polycarbonate to allow the observation of the etch process. Expansion chambers 117 and .
20 123 are fixed volume chambers and may comptise aluminum or stainless steel cylinders.
The apparatus shown in Figure 10 preferably includes a heating and contro] apparatus
such as heating and control apparatus 19 shown in Figures 3, 5, 6, 7 and 8 to prevent the
condensation of the xenon difiuoride and nitrogen gasses onto the walls of the tubing and
the valve components. The pressure in etching chamber 126 is monitored using pressure
25 sensor 127, which preferably comprises a capacitance manometer, a suitable example of
which is the Type CT27 from MKS Instruments of Andover, MA. Vacuum pump 128,
typically a rotary vane vactum pump, is provided to evacuate one or more of etching
chamber 126 and expansion chambers 117 and 123 by selectively opening valves 115,
104 and 112.
30 The apparatus shown in Figure 10 includes two gas sources 119 and 121 that

comprise gas cylinders such as lecture bottles. Xenon difluoride gas is generated from



15 A sixth embodiment of the present invention is shown in Figure 10. The
apparatus shown in Figure 10 comprises etching chamber 126 and two
expansion chambers 117 and 123. Etching chamber 126 preferably
compriges«asmachined block of aluminum with a lid preferably m@%@gﬁmmﬂ
solid transparent material such as polycarbonate to allow the observation

of the etch process. Expansion chambers 117 and 20 123 are fixed

volume chambers and may comptise alu"n}i%i]m or stainless steel
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vacuum pump, is_provided to evacuate one or more of etching chamber
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sour, &&&3@&%@% yp%i Lom 5i cylinders such as lecture bottles.
Xengir? difluoride gas is%enerlgéd;ﬁlorﬁ JO 02/25697 PCT/US01/42180 s
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increased cap cit andPaﬂded flexibility for the apparatus. For example,
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could be used for etching that requires great(é;éjremsion, such as
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e —
as argon and helrum may be used. Also, an additional source 120 having an alternative
mixing gas could be provided such that the mixing gas entering expansion chamber 117 is

20  different than the mixing gas entering expansién chamber 123. For ekpansion chamber
117, the mixing gas flows through pneumatically operated valve 113, through needle
valve 116 to provide precise flow control, and through another pneumatically operated
valve 103. A similar valve configuration is provided for expansion chamber 123 through
pneumnatically operated vaives 114 and 111 and needle valve 122. Once the pressure in

25 expansion chambers 117 and 123 has reached the set point defined by the user, as
measured by pressure sensors 118 and 124, the gas contained in the expansion chambers
117 and 123 is selectively allowed to flow into and enter etching chamber 126 by
selectively opening pnenmatically operated valves 106 and 109.

Thus, the apparatus shown in Figure 10 overcomes the rate-limiting or bottleneck

30 problem of the system described in Chu et al. and shown in Figure 1 because one

expansion chamber, for example expansion chamber 117, can be used to etch a sample in
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10 In operation, after etching chambers 126 and, optionally, expansion
chambers 117 and 123 have been evacuated, xenon difluoride gas is
allowed to enter the apparatus by opening diaphragm or bellows
pnewatically operated valves 101 and 102. The xenon difluoridg gagsis /150
allowed to enter expansion chambers 117 and 123 by selectively opening

the pneumatically actuated valves 105 and 108. The pressure in

expansion chambers 117 15 and 123 is frieasured using pressure
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mixing gas from source 120 may be added to the exparPsmn chambers
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systemeagsahed e Shy.el@laadshown in Figure 1 because one

expansion champer, for example expansion chamber 117, can be used to

etch a saPIERTSRIYY epskwshvabe 190 gésiasastepon EtEnmg carirtmass
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125. Expansion chambers 117 and 123 may also be vented/purged with the mixing gas
by addition;illy opening valves 106 and 109,

Figure 11 shows a éeventh embodiment of the present invention similar to the
embodiment shown in Figure 10 but having three expansion chambers 117, 123 and 134
rather than two. The addition of expansion chamber 134 is accomplished by adding valve
131, which is identical t¢ valves 113 and 114, valve 132, which is identical to valves 116
and 122, valve 133, which is identical to valves 103 and 111, valve 130, which is
identical to valves 105 and 108,.\731‘-’6 129, which is identical to valves 106 and 109,

~ valve 136, which is identical to valves 104 and 112, and pressure sensor 135, which is
identical to pressure sensors 118 and 124. Expansion chambers 117, 123 and 134 may be
of the same volume or of different volumes such as those shown and described in

connection with Figure 6.



5 chamber 123 to enter etching chamber 126. This process can be

repeated for as many etching cycles as desired. Down time between

etching cycles is therefore eliminated while the second expansion
chambesfilds with gas. As a further alternative, the apparatus shQWR: 142150
Figure 10 may be provided with RGA apparatus 22 connected to etching
chamber 126 in order to detect etch process completion in the manner
described above. 10 Alternatively, one o both of expansion chambers 117

and 123 maybe,3 yariable, %F%g%@ag@@gg S SHED A3t on o

described in connection wi re 3, in which case the appara OWﬂ
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whicheieidentichktblvalVestttBomne 123, tvalverd3B; whithtismdd efitical souum
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valve 129, which is identical to valves 106 and 109, valve 136, which
13 e Htream S VR &85 B R U S TR lp ebe sankbbrspidedts Vol s Such a5 the
- ideTticak 16 pretshieisensoks IBraneh k24 Amxpansiain.chambers 117, 123

124 R S SR A SN S e
PChrydesy aporgpin Figure 12 have been removed along with all of the supporting valves
and pressure sensors. The flow controllers 141 and 142 associated with sources 119 and
20 121 have been replaced with a single flow controlier 150. Also shown is an additional
valve 151 which provides the ability to isolate the flow controller 145 from source 120,
This same valve could be added before flow controller 145 in Figure 12 as well. Unlike
the apparatus described in BEuropean Patent Application No. EP 0 878 824 A2, the
apparatus in Figure 13 does not employ a reservoir to provide a continuous flow of xenon
25  difluoride gas. With sufficient exposed surface area of xenon difiuoride crystals, the
production of xenon difluoride vapor is sufficient to etch continuously. Methods of
increasing the exposed surface area of xenon difiuoride crystals have been described
above in connection with Figures 9A, 9B and 9C. '
The terms and expression which have been employed herein are used as terms of
30  description and not as limitation, and there is no intention in the use of such terms and

expressions of excluding equivalents of the features shown and described or portions



-21 Figure 12 shows a variation of the three expansion chamber

configuration of Figure 8 wherein commonly available flow controllers

140, 141, 142, 143, and 144 have been added. An example of a suitable
flowsontalier would be the Type 1179A mass flow controller avaidaal€s: /42150
from MKS Instruments of Andover, MA. Flow controllers 140, 5 141, 142,

143 and 144 allow the flow rate of each gas to be accurately monitored,
which is particularly useful when etching continuously rather than using

etqﬁw&ﬁx%%ﬁl;ggosmg@ Rlg, %e{a;'%@fﬁ%aﬁgﬁy@é?xs%@ér&&k%&iﬂ%%m%e of the

flow can beggo uced by opening valve 101, controlling the flow of xenon
iSRS He St O EB RATIRHAL AT AR P Gephie Patven B chtifaciisg, been
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flow of the mixing gas l,gsbn flo ontr(gltlgr 14 d|t0 al
Veniion 13 not e%mé\ C os 1 they are
d|fﬁjor ow can e provi y opening va ve an con r

f|oWwH@ﬂ@vm@@m@H@m@ewenga%@mmhm@m&he
apparatus using the vacuum pump 128 by opening valve 115.
Furthermore, at 115, to control the conductance of the vacuum pump

128, and hence adjust the rate that the etching chamber 126 is evacuated
by the 15 vacuum pump 128, a butterfly or throttle valve could be added to
valve 115 such as the Type 153 available from MKS Instruments of
Andover, MA. Figure 13 shows a simplified controlled flow apparatus, in
which the expansion chambers shown in Figure 12 have been removed
along with all of the supporting valves and pressure sensors. The flow
controllers 141 and 142 associated with sources 119 and 20 121 have
been replaced with a single flow controller 150. Also shown is an
additional valve 151 which provides the ability to isolate the flow controller
145 from source 120, This same valve could be added before flow
controller 145 in Figure 12 as well. Unlike the apparatus described in
European Patent Application No. EP 0 878 824 A2, the apparatus in
Figure 13 does not employ a reservoir to provide a continuous flow of
xenon 25 difluoride gas. With sufficient exposed surface area of xenon
difluoride crystals, the production of xenon difluoride vapor is sufficient to
etch continuously. Methods of increasing the exposed surface area of
xenon difluoride crystals have been described

8



above in connection with Figures 9A, 9B and 9C. The terms and
expression which have been employed herein are used as terms of 30
description and not as limitation, and there is no intention in the use of
such terms and expressions of excluding equivalents of the features
shown and described or portions W9302/25697 PCT(US01/42180 -22
thereof, it being recognized that various modifications are possible within
the scope of the invention claimed. Although particular embodiments of
Ciam‘@ present invention have been illustrated in the foregoing detailed
——description, it is to be further understood that the present invention is not
to be limited to just the embodiments disclosed, but that they are 5
1. capablerhingmernuistieaappementscmedijisatipnerneistHbstitbitiangaddous
mat%l?aimﬁr% r(iééri'h%:ching apparatus utilizing an etching gas generated from a
nongasegus naterial comprising: an etching chamber for receiving a

sanfEteNhe SRABRETSRINBEEHING ehadiiRe 1B eirhssiestidesfielitng chamber
beiifP MM BsIBILREGIL Wit rArNQEUEIB UMD gaSQURE LS PIYrs6 Rt S itk RieBinY said
etd%g; %girst expgnsion chambgr in se!ective fluid com_mu_nication wit_h said
sotrce of etching gas and said etching chamber, said first expansion
chaf &t BERaGarfirdemiar donaiestivn foid vacutwmigrlinpingnssairteoukig of
etcfhifgf ﬂbﬁa@ﬁ%ﬁ@ﬂ_ﬁcﬁhb@i[ﬁﬁéﬁ%ﬁeﬁg@Iﬁ'tsfr@fﬁ@ﬁiidremrﬂ@@hhﬁtghgr@ﬁ@% fluid
id. C [ ; . ng expansion chamber in
o RO O o R T o
frorag3thgieHashernsai PRe saideNsardisriE RishiDe SRBVARG a second fluid
CONBRSHONI D ML Bh MBI NTsSRILES, FRRI-setaMe Jiishcamnasti@Burce of

etcﬁﬁcag%éﬁdSH&“%WJ{&%@?%%%@P%S@E"%%% nd said source of sald o a
etcni g gas;, w Qreln sald first expan5|_on champer ﬁ)ay e se ec_lvely i
secald cilite OMMIBEHT Jaid RMIY dHEmBEr SRt UBHOSaRFARSt fiwil connection

beigp MaeekanLx alosi ¢ai@badtshtheepapgemilysaid source of said etching gas;
wherein said first expansion chamber may be seilectively evacuated through said
etching chamber or through said first fluid connection exclusive of and independently
from said source of said etching gas, and wherein said second expansion chamber may
be selectively evacuated through said etching chamber or through said second fluid

connection exclusive of and independently from said source of said etching gas.

2. An etching apparatus according to claim 1, wherein said eiching gas comprises
xenon difluoride and said source of etching gas comprises a vacuum tight container

holding xenon difiuoride crystals.

3. An etching apparatus according to claim 1, further comprising a source of mixing
gas in selective fluid communication with said first expansion chamber and said second

expansion chamber,

4. An etching apparatus according to claim 3, wherein said mixing gas comprises
nitrogen,



from said source of said etching gas, and wherein said second expansion
chamber may be selectively evacuated through said etching chamber or
through said second fluid connection exclusive of and independently from
said source of said etching gas. 2. An etching apparatus according to
claim 1, wherein said etching gas cgprises xenon difluoride and said
source of etching gas comprises a vacuum tight container holding xenon
difluoride crystals. 3. An etching apparatus according to claim 1, further
comprising a source of mixing gas in selective fluid communication with
said first expansion chamber and said second expansion chamber. 4. An
5 etchhGEBParAEE ALt aRPBAIRIRP AT hE RS Eaf FritkitRjyidst and second
exp@moprises-etrogenpist vAizdichohgrapparatamacbardieg to claim 3,
wherein one of said first and second expansion chambers comprise a
variable volume expansion chamber. 6. An etching apparatus according to
8. clal FiHAIeRPRETAIHFsPEFIWRE IR SBPaRsivh TR mERirs ligkipnd sécond
expawopriseahas ableh volumeexpansion chamberpdndonetchingapparatus
according to claim 3, wherein said source of said etching gasis in
selective fluid communication with said etching chamber. 8. An etching
7 appur&iGEaR RHARYHD MERTTPIHABI R cmBFEIRY SHEWRBFRSfieAld Stching
gas toinresdtetivbdhvie eorsaichsativcevih said etchimpgaas aad said etching
chamber and a vacuum pump in selective fluid communication with said
etching chamber. 9. An etching apparatus according to claim 8, further
8 coMpriIiNd SHRACEIT AARRAYNG A HARCtERIFUBRIISIDRiBtRIA GoRtToller
conisxittetohinghaaibepand afsetdrdchow gantolesatdmedtgdchetweerand a
vacRHARANGH fiBang dasand saidirishing Shambrnlhpetching
apparatus according to claim 8, further comprising means for controlling
the conductance of said vacuum pump. 11. An etching apparatus
9. accardituyite cppardivebereidigaid seurce, dirgtehbwgngasingamyprisesdirstixing

gas INLSREANG var B Hahcartaingrs Halding Rald SISHING 9% SALIESY fow

controlier connected between said source of mixing gas and said etching chamber.

10.  An etching apparatus according fo ciaim 8, further comprising means for
controliing the conductance of said vacuum pump.

11. An etching apparatus according to claim 7, wherein said source of etching gas
comprises first and second vacuum fight containers holding said efching gas, said first
vacuum tight container and said second vacuum tight container each in selective fluid
communication with said second etching chamber, said apparatus further comprising a
first flow controlier connected between said first vacuum tight container and said etching
chamber, a second fiow conirofler connected between said second vacuum ftight
container and said etching chamber, and a vacuum pump in selective fluid

communication with said etching chamber.

12 An etching apparatus according to claim 11, further comprising a source of
mixing gas in selective fiuid communication with said etching chamber and a third flow

controlier connected between source of mixing gas and said etching chambér.



vacuum tight container and said second vacuum tight container each in
selective fluid communication with said second etching chamber, said
apparatus further comprising a first flow controller connected between
said first vacuum tight container and said etching chamber, a second flow
controller connected between said sgcond vacuum tight container and
said etching chamber, and a vacuum pump in selective fluid
communication with said etching chamber. 12. An etching apparatus
according to claim 11, further comprising a source of mixing gas in
seI fluid communication with a|d etching chamber and a third flow
cor oI SEAn RREEF B ACa A6 1Ak e BT PR gesre for
con&h&ﬁmérezsnm:.tmmﬂsmg wpparatesraecording to claim 11, further
comprising means for controlling, the conductance of said vacuum pump.

tchi t di t |ai furth
14, oA e E B SR BT S I Sele A T R TR PRERRGH, s o
satdsah@?fn@@@ﬁpawgi@ntl@héﬁm@@perM@ewhobeMmtsmmmtmam!ser and

said R &3RRIBG aRNaRaNSaRsording to claim 1, further comprising an
automatic heating and control apparatus for controlling a temperature of

said etching chamber, a temperature of said first expansion chamber, and
15. a teWpeidtinge aprsriusesorrt dewpimsiameHanibgred Gomprsiobimy automatic

heaw@fﬁst%moggmmsc@mo%wm@%qemp&%%%%m'&é%@ 9k mber, &
led to said e £ch| chamber. 17. An etchlng é)ﬁaratus according to

temB% F RirRercs ﬁ?&%\orrés?aﬁmbgeés Alhl BpE4lGs YobpiePRsend

expmet@ﬁﬂn@%hamber 18. An etching apparatus according to claim 1,
further comprising means for analyzing gasses drawn from said etching
Ch?iKnE er. 19. An etchin ara&us accordf to claim 1, wherein sajd flrst

T SERAR I PERARIBAS FIAVE & THBO%I SRIARISY AFPBIERIRFS 10K
Couﬁpﬁéwaalsl atsdordishptobetaim 1, further comprising a third expansion

17. An etching apparatus according to claim 1, further comprising a residual gas
anaiysis apparatus coupled to said etching chamber.

18. An etching apparatus according to claim 1, further comprising means for
analyzing gasses drawn from said etching chamber.

18. An etching apparatus according to claim 1, wherein said first and second

expansion chambers have a fixed volume.

20. An etching apparatus according to claim 1, further comprising a third expansion
chamber in selective fluid communication with said source of etching gas and said

etching chamber.

21. An etching apparatus according to claim 20, said first expansion chamber having
a fixed volume squal to A, said second expansion chamber having a fixed volume equal

to 2A, and said third expansion chamber having a fixed volume equal to 4A.



chamber in selective fluid communication with said source of etching gas
and said etching chamber. 21. An etching apparatus according to claim
20, said first expansion chamber having a fixed volume equal to A, said
second expansion chamber having a fixed volume equal to 2A, and said
third expansion chamber having a fpged volume equal to 4A. 26 22. An
etching apparatus according to claim 20, said first expansion chamber
having a first fixed volume, said second expansion chamber having a

22. Se%metém%g MBH&F&%@Q&&@#&UW&&W@@%@MQP&@%H&%\H%é}ﬁﬂgﬂwavmg

said first, second and third fixed volumes bemg equal to
a ﬂr%(r,]%( % #Jrgpe said second expansion chamber having a second fixed volume, and
said third expansion chamber having a third fixed volume, said first, second and third

fixed volumes being equal to one another.



