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[ 0001] The present invention relates to a novel process for utilizing
enriched and highly enriched | evels of dopant gases for ion

i npl antati on processes. Background of the Invention [0002]1on
inplantation is an inportant process in sem conductor/mncroelectronic
manuf acturing. The ion |nplantat|on process S used In integrated
circuit fabricad DS ‘ R A EY
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a variety of ion species froma dopant gas. |onization of the dopant
gas generates_the ion species which can be subsequently inpl anted
into a givenF Ve 3]lsotopically emiched dopant gases have

emerged as WiglR1y US€dThe present invention relates to a novel process for utilizing

enriched and highly enriched levels of dopant gases for ion implantation
processes.

Background of the Invention

[0002] Ion implantation is an important process in
semiconductor/microelectronic manufacturing. The ion implantation process is
used in integrated circuit fabrication to introduce dopant impurities into
semiconductor wafers. An ion-source is used to generate a well-defined ion beam
for a variety of ion species from a dopant gas. Ionization of the dopant gas
generates the ion species which can be subsequently implanted into a given
workpiece.

[0003] Isotopically enriched dopant gases have emerged as widely used
dopant gas precursors in the semiconductor industry. As used herein and
throughout the specification, the terms “isotopically enriched” and “enriched”
dopant gas are used interchangeably to mean the dopant gas contains a
distribution of mass isotopes different from the naturally occurring isotopic
distribution, whereby one of the mass isotopes has an enrichment level higher
than present in the naturally occurring level. By way of example, 58% 72GeF4
refers to an isotopically enriched or enriched dopant gas containing mass isotope
72Ge at 58% enrichment, whereas naturally occurring GeF4 contains mass
isotope 72Ge at 27% natural abundance levels.

[0004] By using a dopant gas at a given flow rate that is enriched in a
desired atomic species to be implanted, an ion beam is produced with higher beam
current in comparison with a corresponding non-enriched dopant gas utilized at
the same flow rate. As an example, for a given flow rate, 58% 72GeF4 enriched
in mass isotope 72Ge at 58% enrichment can produce a beam current twice as
high as a beam current produced with naturally occurring GeF4 having mass

isotope 72Ge at 27% natural abundance levels. In other words, twice as many



dopant gas precursors in the sem conductor industry. As used herein
and t hroughout the specification, the terns "isotopically enriched"
and "enriched" dopant gas are used interchangeably to nean the dopant
gas contains a distribution of mass isotopes different fromthe
natural ly occurring isotopic distribution, whereby one of the nass

i sotopes has an enrichnment |evel higher than present in the naturally
occurring level. By way of exanple, 58% 72CGeF4 refers to an
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[0007] In addition, isotopic enrichment of a desired atomic species to a
sufficient level for producing the required ion implant dosage can eliminate cross-
contamination problems with other species. Today, many of the ion source tools
are non-dedicated, meaning that several different atomic species are implanted

using the same tool. By way of example, naturally occurring or non-enriched



[0007] In addition, isotopic enrichnment of a desired atomi c species to
a sufficient level for producing the required ion inplant dosage can
elimnate cross-contam nation problens with other species. Today,
many of the ion source tools are non-dedi cated, neaning that several
different atom c species are inplanted using the sane tool. By way of
exanpl e, naturally occurring or non-enriched gernaniumtetrafluoride
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manner that introduces less overall gas. Additionally, less consumption of the
enriched 72GeF4 also translates into less fluorine ions available for etching
chamber components and depositing tungsten onto source filaments.

[0009] Such process benefits have prompted users such as semiconductor
fabs and foundaries to replace conventional non-enriched dopant gases in their ion
implant processes with corresponding enriched and highly enriched dopant gas
analogs. Generally speaking, in the microelectronics industry, because the ion
source tools have previously been qualified to operate at established processing

parameters demonstrating the ability to precisely and reliably produce acceptable



wafers with the required inplant dosage, the ion inplantation
processing paraneters preferably are to remai n unchanged when
utilizing the correspondi ng enriched dopant gases. 1000101However,
not wi t hst andi ng t he above nenti oned process benefits, sem conductor
fabs and foundaries are encountering difficulties using the enriched
dopant gas analogs in a manner that does not significantly depart
fromthe previously qualified operating paraneters of the ion source
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[00012] I n a fWF:sipeaisp et to thigeteho totér usthfg idthedon bsihedcaapant gas is
including the cathode or source filament, where they can deposit tungsten and
potentially cause glitching and short the ion source. As tungsten deposits, the
atomic or molecular fluorine is released and is available to continue the so-called
“halogen cycle” of etching additional tungsten walls. As a result, end-users are
observing that employing a fluorine-containing enriched gas may in some
instances shorten source life by accelerating the halogen cycle.
[00011] The aforementioned problems are potentially compounded when
utilizing higher levels of enriched dopant gases. Accordingly, ion implant users
may not be achieving the process benefits of isotopically enriched dopant gases
originally intended. There is an unmet need for an ion implantation process that
can realize the process benefits of utilizing enriched dopant gases that eliminates

the aforementioned problems.

Summary of the Invention



provi ded, conprising: introducing the enriched dopant gas at a flow
rate sufficient to maintain stability of the ion source, wherein the
enri ched dopant gas has an enrichnent |level in an isotope therein of
90% or greater than natural abundance |evels; operating at a reduced
total power |evel of the ion source in conparison to a power |eve
utilized for the corresponding | esser enriched or non-enriched dopant
gas at the flowrate; and ionizing the dopant gas to generate and
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[00014] In a third aspect, a method for using an isotopically enriched
dopant gas for an ion implant process, comprising the steps of: selecting a dopant
gas having an atomic species to be implanted into a wafer; selecting a mass
isotope of said dopant gas to be enriched at least 90% above natural abundance
levels therein; providing the mass isotope of said dopant gas in a subatmospheric
storage and delivery container; introducing the mass isotope of dopant gas at a
flow rate sufficient to maintain stability of the ion source; operating at a reduced
power level of the ion source in comparison to a power level utilized for the
corresponding lesser enriched or non-enriched dopant gas; and ionizing the dopant

gas to maintain a beam current as produced using a corresponding lesser enriched

or non-enriched dopant gas at the flow rate.



[ 00016] Fig. 1 shows an ion source apparatus incorporating the
principles of the present invention; and [00017]Fig. 2 shows the ion
source apparatus of Fig. | incorporated into a beamline ion-inplant
system Detailed Description of the Invention [00018]As used herein,
unl ess indicated otherwi se, all concentrations are expressed as

vol unetric percentages ("vol % ). [00019] Al though it has been

recogni zed that one of the_ advantages of using isotopically enriched
dopant gases BriefiDescription-of e INRwWiBgs overal | flow of gas in
conparison t enr ' Wy
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anal og at r e?&ﬁﬁ?] A \{\fg.rZas 8\%’-8 the ion source apparatus of Fig. 1 incorporated into a

beam line ion-implant system.

Detailed Description of the Invention

[00018] As used herein, unless indicated otherwise, all concentrations are
expressed as volumetric percentages (“vol%™).

[00019] Although it has been recognized that one of the advantages of
using isotopically enriched dopant gases is the reduction of the overall flow of gas
in comparison to non-enriched dopant gases to achieve similar beam currents,
limitations exist for utilization of the enriched dopant gases. Attempts to reduce
the flow rate of the enriched dopant gas to maintain the qualified ion beam current
levels may not be possible because the necessary reduction in dopant gas flow rate
destabilizes the ion source such that the plasma cannot be maintained.
Accordingly, the ion beam current level cannot remain within an acceptable
qualified range when utilizing the enriched dopant gas analog at reduced flow
rates.

[00020] The present invention also recognizes that lowering the flow rate of
isotopically enriched dopant gases beyond a predetermined threshold causes the
ion tool to destabilize, whereby the pressure in the chamber reduces beyond a
critical threshold. The reduced pressure means insufficient collisions between
electrons and the dopant gases are occurring to sustain the plasma and operate the
ion source in an arc discharge mode. In other words, the mean free path for
collision between electrons, ions and neutrals is increased. For example, it has
been found that reducing the flow rate of 58% 72GeF4 by 30% or more in
comparison to its corresponding lesser enriched version of 51% causes the ions

source tool to destabilize as a result of reduced pressure in the ion source tool.



[ 00020] The present invention also recognizes that |owering the flow
rate of isotopically enriched dopant gases beyond a predeterm ned
threshol d causes the ion tool to destabilize, whereby the pressure in
t he chanber reduces beyond a critical threshold. The reduced pressure
means insufficient collisions between el ectrons and the dopant gases
are occurring to sustain the plasma and operate the ion source in an
arc discharge node. In other words, the mean free path for collision
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[00023] In a first embodiment of the present invention, the ion implantation
process can be operated by reducing the total input power to the ion source. The
reduced total input power level is lower in comparison to the total power level
employed with a corresponding lesser enriched or non-enriched dopant gas. As
used herein and throughout the specification, the phrase “reduced total power
level” means the total power level input to the ion source that is associated with
ion implanting an enriched dopant gas at a given flow rate to produce a beam
current substantially similar to that produced using a correspondingly lesser
enriched or non-enriched dopant gas at the same flow rate. The flow rate of the
enriched dopant gas is intended to remain substantially the same as the flow rate
of the lesser enriched or non-enriched dopant gas to ensure at least a minimum
pressure is achieved and maintained which is sufficient to sustain the plasma
throughout the ion implantation process. In this manner, maintaining the gas flow

rate avoids ion source instability. Generally speaking, the percentage by which

the total power level is reduced relative to the power level employed with the



process can be operated by reducing the total input power to the ion
source. The reduced total input power level is |ower in conparison to
the total power |evel enployed with a corresponding | esser enriched
or non-enriched dopant gas As used herein and throughout the
specification, the phrase "reduced total power |evel" neans the total
power |level input to the ion source that is associated with ion

i npl anting an enriched dopant gas at a given flow rate to produce a
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The reduced L, power, | evel. i s, sel.ected $0 that net_t.otal power
Tput - made. bR e T By RERink AR RGPl Be BB, Peve
t hat mai nt ai Bfficidhes btteicatitlyed dvpasiasie iFIdRYd sQfongenal ahatht @omanitaih ons
as when utilizing the |l esser enriched or non-enriched dopant gas

Det er mi nat i opubstangaldy,dejspme igrebrapeericst a3 PrpuRksly nealdiedwithythe 8aBt i on
of nunerous s apl i,pel wdi iani i | Ci £ :

apeoi 11 ¢ dopaiiets dbfeng gAE MRS st HakoAiel Waf o I ARE PR il 1o

[ 00024] By opétedbn saured, darectiderdadirdotityals dpsigmad tb émentiortalie rédone gt | on
efficiency of the enftj ched Fci&pant_ s is |lowered a controll ed anmount
to maintain ORAIgRE HY Chee SAAPPRRIERS ¢ (I 4HPD 1YY iDus| y
qualified w H@petnﬁéht'ﬁ?!?ﬁ BRHuRRH o FAQR&RINs 3RS thel ARy BT MREMSemitBE from
reduced total power level that is input to the i'On source, directly
or i ndirect| the dathode diagynaltl d¢smnidnnteracisonidl thg enechedalopirg gasnBeausothe

efficiency of the. enriched dopant gas lonization effdciency i
dependent ” upSHITRS SR FATEIILROR P PR SRS MBI Mo YO BECEF ons
em tted frombhBercHtdansetel Baticiealdopate ol tHete@IRE idniditioh effitfency
enri ched dopant gas. Because the enriched gas contains nore dopant

atom ¢ speci exsngyeyidgnticel o1 sphstepialiysimilado Hiptvden emplpying the tegsenr i ched
dopant ions .the T i.oni [ ffLCi r i ' {cal or
substanti al | ;S}%ns(%hr%g P%rggélgﬁgﬁ?g?%\%?% t@r@rplfagi}%rhgh%ﬁ%ml cglggré{:a%é u(rglﬁ{é%%d or
non- enr i chedp@aibuslyiwitihihe noheadthedtd tesb@amichudr dphntams tahintdied.

previously wth the non-enriched or | esser enriched dopant gas is
mai nt ai ned. [Q?@é@k] I n W%@?@W@Wdﬁ% lonigagoq sHicraey 8n aé‘ﬂf‘ﬁ‘?;@éﬁb? on

. . i j toth
average nay R%Pééﬁdﬁ%haﬁcaﬁgﬁg ?‘153)@11{ @&ﬁ%ﬁg‘gmﬁﬁgﬁ?&gg@ﬁ%%&r o the

correspondi ng | esser enri non- enr e exact
i oni zati on eédriahicé ncyonserichdé depaht ghs. | BasixagdotizaidnyetHciendyewil yjepeaf

dopant gas and the |eyel qof enrigchnent of at dopant.gas. T
present invg?ﬂﬁﬁﬁp?@aﬁwﬁ VB 9} Oé?a%ﬁfaﬁag‘iﬂwéewﬁeﬁmf%ﬂ@m%ﬁ@q
dopant gas i gofinf %&é@ﬁ'h@%‘ré‘s@ﬁ'@iﬁbaﬁf&ﬁ i9psticdsly SRanfak&fis MR thdhrlBed

i ntroduced int'o the chanber, thereby reducing the adverse effects of
t he hal ogen dymintgasfer fleranphataiamg gs, asigss dree flopooesgntréduiced it thees

f1 uori ne-cant ai ning d t. h 72CGeF4 in which t 72
Ger man um 1 <Ore Berahy REneal Aesmt file Seds bR paRed vt 27 sREBR6, 1 o
an enriched heilin@fant PRocBRYhAIYEz& ﬂw}ir@%h@mm%a&ﬂaﬁ't enGMch hat i's

reduced by a factor of 2.5X yet still retain the beam current
as- qual i fi ed72felH invéhigtotheanass 7B @arn@sium isotope is enriched from natural

abundance levels of 27% to an enriched level of 70% may have an ionization



[ 00026] Nunerous neans for reducing the input total power to an ion
source are contenplated. In one enbodi nent, the power input to the
source filanent itself is reduced. In accordance with the principles
of the present invention, at |ower power |evels, fewer electrons are
emtted fromthe cathode, thereby resulting in | ess ionization of the
enriched dopant gas. The user can control the anount of given ions
produced during the process by preferablg sel ecting a predeterm ned

filament powsfiicagnoxhat s redecaddyy 4 faplonat 2bXorst still yséain Biehsam cumenidsow
rate of the [ : ) ]Ie(gr@fg S substantially the same as the
flow rate of %ﬂ%l%ﬁéﬁq@ﬁ@?@heegﬁglgé ess‘f;r enriched dopant gas to ensure
a mni mum pr 626 suf Nueheetus rheans dst reduciididbe ripas fRal pbher td draigrnt
power is reduced to reduce ionization efficiency of the enriched
dopant gas, CHEFeRY REICAPAte]: n§ anrembarrsnt.dhe PRYBEARDYL GhEeFaWEE at ed
fromthe hig a n L 10 ]{‘535} i ched
or lower enric %ﬁﬁggapgﬁgeggg& %s&géﬁdggigl%%ﬁ?gj@gﬁﬁsgﬂr n'?&?{emai ns
unchanged. Typieotin,fat losree powpoieesls,|fewed dedmns p@regettéd romibOed DAY
preferably fr.om 200-500W and .nor e, pref er abl rom 150- 350W The

ot el 111 oGS SR B (R P ye Gcheb P eiarthe vis Bhe
speci fic dopapirdase dhdint 86iveR idBPrdRRed fRiMthe PFRERDY fEdrdbl\e
degree of enrichnment of the dopant "gas. For exanple, in one

enbodi ment, e¢ldemgraquedsiempasdel] appei poaviesat whish thid ioameplaniatioess can be
mai nt ai ned in_t.he range of 175-350Wwhen .ion. inplantin hi ghl

"ot opi cal | y PetTIcod T dRarRlcRaRo 3Rl aoPly bdleRls MhRuviie,: a
fl1ow rate unglin@getle floGpateloF thesSLEnrRMEd 6NREEcP EnrftPBd E6FanE BRtonAled-
[00027] Furthermore, in accordance with the principles of the present

i nvention, opBrAMhEresyiEe syffigigntio sustaia the plasner Fhnblamentwawgsder i s
preferably c I f cat hode
and the corr g%d%%%gﬁoﬁg&uﬁﬁﬁ%@?at%g eﬁéﬁ%%fc&ootggﬁ ee%l?@g%@pggﬁgagh@%%gyhode. A

| ower oper at imgntiihingrieahumaig of dbpad toris@epeanrt diom i héget ynriohe® depdnbe
tenperature of the t s of the ion chanber. Lower

ungst en chanher |
t enper at ur es STSIHE gl eﬂn-ewa%ép%qrseneﬂéé@pwgg&réa acesulinte
reaction ki nSEdncféuI?éntE&?aiﬂ@ﬁﬂﬂgﬁ%egyeﬂ)ﬁica Bflehd ][gd%'f!deveis%nﬁ'ﬁ{ég% fm
tungsten wall etching that 1s occurri'ng by reaction of activ
fluorine to 100-4000/¥, atdftreblyErors REE5S68W mdredha pexferabl yt fivem [160850W.
tenperatures., The. net_.anount of . vol atjl e WFX speci es nerated.in the
bl nbma. phase TPEORURTICUAREY RarGhIH ELARL v EROR PoR. oo GBE adqpan
erosion. At saahilizeduc@didd ihﬁ:lrﬁi\'!/\%r&@% SAlthed& rteimariehHERSf thd\ophat ©
of WFx reduction to re-deposit onto the surface of the cathode is
reduced. Hengas, Honexamplaen onegubpdiment, vatdergsduskd phwetheremjion, tycl e
m ni m zes tugpgsten deposits_on the filanent, extendi.ng,t he
Ton source | TRBIHERT TR 28 bF polh e iR ER o 4 e S Sn SRS APl
previously quaalghfy gekopichily edrecho® ao@& b6\ &f720cF4 @6 587 5% Wnkiehaehtd@pant
gas Fluorine attack of chanber wall and Wre-deposition on the
cat hode can 8pyreteuRehanged Sewritsdesser enrichipd er nasperighegnaloger | ower
power that i ficie d 1.Ng: £ rature
and create r@gﬁg’}d ion?{%%*%e?lgﬁ%éﬁfﬁé?’g‘ﬁ%‘%o‘ggﬁ%%ﬁ 8\?26%;6235 eeé{?ge%g t he
i on source | idventiod)bpaathendb ifitinaddt wt $picbtepninvd iweg pbiver is prafedaBlym
current as qualified with the non-enriched or |esser enriched dopant
gas. [00028] SHECHPUSERE 19 TRjuch the teruperatiuead theeathode snd Hhrsorsspradiigen
t he tenperat f §r§"’é 2 t : 1
el ectrons frgﬁnlﬁ? é)frgfa%tgﬁo enﬁgeégjﬁ?{@?%tﬂg&dv%?oawrgﬁﬁgﬁgg% ﬁg@%%glgdnt
i ons that areathmiederapadturSheitllyiloatds yhe tehmpembue ofthe thrarentchamber

responsible fo erating.electrons that are accel erated. towards the
cathode o cHARLHGIEI SEMPRE ERRE IPRRCTABIS SN A1 BEY® SPRBEREA oni o
em ssi on t enpsal bk Sedubl thBle8GidnaRRet RS BENR LR bR OYBIL. NEH e BIARF8he rate

of tungsten wall etching that is occurring by reaction of active fluorine to form




Wiere Je = electron em ssion current density having units of

anps/cn2; A = constant (120 anps/cn2/K2); T = tenperature of cathode
having units of K, = Cathode work function having units of eV, and k
= Bol tzmann constant (11,600 eV/K). The above equation shows that the
nunber of el ectrons which can be produced and emtted fromthe
cathode (i.e., emssion current density) is directly related to the
tenperature of the cathode, which is heated by the source filanent.
By | oweri ng tvhiatiteeWjperspeaiesas oddutdicatein losae fenipevwenree| Ehd naamoaneof

enerated in the ner shown abaqve ich transl a nto | ess
overall enri aﬁGH e&%&ﬁ?ﬁf@%@fl&fﬂ? Bt W&ﬂﬁ%ﬂ@éﬂwﬁ%ﬁfﬂ hY Si2aK1PBh and
col I'i si on w Qi thsh SEahAteda® bREInONS shaPiubh MahBadad chlloddi S

manner, the present 1 nvention recognizes that reducing the power
| evel and temqmvemtmee thé rathef Wotrreductioh sovsrdeppsibBlorte thesufadophihe gas

ions so as tQ L nta sane, . be mcurr nt..in.conparison to that

b oduced i t FAEoRG Rt R, e S0Mer MR Kl ST e el
dopant gas. hﬁ%ﬁ%s@ﬁﬁ%&%dﬂeﬁ@;ﬁﬂ%&hé ARRRMHA theresy é}ﬁéﬁﬂl&ig&h@&)d PufeellFyer
operating tenperatures of the ion source chanber walls. Typical

ranges for t hdilggel mainginingthesamabeam gfranhas wrswosﬁmquélf@dawﬂeﬂwvval | s

h | d f
500C to. 11008 ORISR SR O R o BR L ER AT AR R arb®™

tenperature ®are- ﬂ@mg@loﬁroﬁrmé&@@de@a@%lﬁttheedsreﬁcallrdemfép&raks ngerahngher
enrichnment levels of the dopant gas will require |.ower ionization
ef fi ci enci esupderdowen pogeer 8}%%89691 Gent écnrefleceath@ operating Blgmeat emperature

enri ched dOPﬂﬁﬁr &gt%)re é’ﬁ%n%ﬂbﬁ' efél?enggééﬁ ﬁﬁi{r?\%‘ nd®kt Mg fB'ﬂ%l)é{];Fﬁ

qual i fied, reduci ng the tenperature o e 10on source
opti mal tenpéfathile bendficiallyrsyill provitlingshe samegzentn, cuorent dsequalied with the
dopant gas utilize he ion i ﬁ'pdlﬁant process, the degree of

enri chment off YA Bgﬁiesg)%maﬁtf BN E8%n reaction kinetics for the
hal ogen cycl foooisl_ exampb gresérﬁ 1RGSR R relMBAGED BetRESHREET M ned

reduced power setting as descri bed above, the reduced operati ng
t enper at ur e famperawledd she tourdedilemett ang gledmndzsm obemitii picairpedfrom thde

range of 400C t o, 900C ective Iant hi ghly
S0t op cal |y bR gl gVt D bor Sdpai forg T A AR c et
for a given KheuidanlethkRabrct flantahANeGRAn§bRM o Edolet&inB @lcdtrons that are
correspondi ngly | esSer enriched | evel of the dopant gas The | ower

t enper at ur e mcetehféed m@sd@he exthedecor opfilofe cureigiinersaseike tegperagire this
hal ogen cycl tf%ﬁs nd' A rteh%‘he %f'éct%gﬁé{é:e%era{ed%‘om L c?lﬁl%hg her

means for re ucmg ABr 10t he ron S0
interact and collide w1th the isotopically enriched dopant gas introduced into the

arc chamber to produce different ions and neutrals. For example, in the case of
GelF4 that is enriched in one of its particular stable 1sotopes, the generated ions
and neutrals may include Ge+, F+, GeF2+, GeF+, F2+, Ge, F, GeF2 and the
like. The emission current density from a hot cathode (i.e., the number of
electrons which can be produced and emitted from the cathode) is related to its
temperature by the Richardson-Dushman equation, shown below:

Jo= AT exp(-¢/KT) --------- 1)

Where J, = electron emission current density having units of amps/cm?;

A = constant (120 amps/cm®*/K?);

T = temperature of cathode having units of K;

¢ = Cathode work function having units of eV; and
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contenpl ated by the present invention. By way of exanple, in an
alternative enbodinment, a simlar effect of operating under a | ower
cat hode tenperature can be achi eved by reducing the bias voltage
between the filanent and the cathode. The flow rate of the enriched
dopant gas renains substantially the sanme as the flow rate of the
non-enri ched dopant gas to ensure a mninum pressure sufficient to
sustain the plasnma. The bias voltage can range between 100V - 600V.
| n anot her ekiroBeolt@mnntdoestimtd$1,600 tﬂd@@ can be reduced to range

bet ween 100 5V, or,. ern el 100 550V. 003

anothor enbodieAPvGRiatieh afl%\g%ﬁ@t Y clogiony wh ik

i on chanber r

pover | nput £ p DG %?*é‘ﬁ’ﬂi’ﬁnaeﬂéﬁﬁgﬁ‘?é‘ﬁ“ﬁ .Eé’?%&é%?%ne
t he pot enti ako theftémpemnase béthmrhddlaewhamhoﬁeateahﬁytHamnhwxﬁJIameml By By
reduci ng the_arc voltage by a predeterm ned anpunt, the energ
inparted to IOWCIIge tenReTgRTRPRIEGat0gR fewenelgelrpas are ggresated p the

sui tabl e redﬁfahhf—?ﬂ“ %fwnt ib%vé‘rxfrhl‘éﬁ 't}a?x?l%teQXnt% lggseo%%ha?f éﬁr{?;ﬁgd ﬂB&}?&iﬂgﬁs

preferably | Owers 1 e IoniZatron erficiency of t asna

enbodi nent,  gorlsWakg d{bl@ﬂh@eﬂtﬁ@ﬁ igtefdctibRaaYy c@If11sidﬁQNiﬁ|1 gnEeneesad dlscttdhs
fewer ions generated and reduced energy for each of the generated
ions. Wil e fies thepathodef Imdmmann@nﬁlemrmtweﬁm@m&cngmhwﬁw

hed d b t to . th
of o r espondiig HRdE AP PRSP aE e B A e P aminiotuci 168
non-enri chedy@park g‘é@fonﬁ 35 ia§ RefhatRRAThe SR%e béeﬁﬁ’ cﬂﬁéntQHQHﬁbaﬁiorﬂ%tthé(te

fluorine generated (including ions and neutrals) | ess. Because
fluorine is prqueediwsthra doorespoalingle hesserodnriched bahmgenrld;ﬁdlcb)paat gaswer

fluorine con ation_in the plasma phase results in |less occurrence
of the hal ogﬁfﬁ’%élm e, Bﬁw@gya%@% GHPRGE RYLT %%dpwgoweonemngour ce
life. Arc Vo{etnﬁ:%?a‘%m% of 118 uﬂ{ %%chhﬁ\é%bl?s“ TRical ARG fof Hi@o%@%étmg

150V. In another enbodi nent, the arc voltage "Can range from 50V
-140V. | n yetempeotives ofstint deti somne, chambetawalsvio thagddastregronragd ﬂﬂerlmttest

50V- 120V or 70V-110 V. Suit bI a t wi || det er

| east in par {°58sE4 r%r}getaﬁlgw g %%%Lf’nﬁ%ggsreéﬂ%?tﬁvsg i‘ﬁ a gl‘ttu

| evel . Gener ahbydlﬁeﬁﬁmertgmpb@weé camaﬁget fréiel 480C ty 9Obd@geenahlgy ﬂﬁ&@h@' e
at higher enrichment |evels of the dopant gas. [00032]In accordance
wi th the prihighpl esichhertdevely elsbadopany gt widreqisg lowegionigation ow r at e,
th t tot i i d
frgm”tehe gr 2&@@?}&‘8 es &%p%és%ﬂg 9t<§ Q)%IZ%QI Lé&%g@%xg%ﬁéﬁfﬁ&@l{lﬁo %@ gasTide

sour ce. Car efndintsie klﬁiidaﬂfbu@tfent?@qhe\df)usﬂjﬂ qudliffedethoreby addubi@gpies amet er s
for a given flowrate in accordance with the present invention

enabl es ext eff8¥IatgR of Higriewsquree The epdimad Fﬁ%ﬂﬁéﬁu{ﬁmﬂh A gt \eastin oyt
enriched dop ;ﬁla]fm r S may
be reduced tgﬂh Wgééfﬁ dgo%g tzg(%é éﬁalr ﬂ%t?gcﬁgsf ?%é%g%%g)gch of
the three paemrﬂatrmn‘soﬁthydbmmgaaﬁﬂlthe kmﬂucmdctiml Kinetes forttbe balegad |
total power. CEI th ex Jes tﬁ% i ot al ower l,evel ‘i\n be reduced
in conpari soP4% ¥H&*EBPY RN HERET & BRSSP R RGN
l'esser enri clggh s d&@&hlﬁﬁrab%%e%@@d%ﬁ oﬂé’étmg RengepAbetFR cdlBeR eI
total power reduces ionizati on efficiency of the enriched dopant gas
to maintain hotipstregourcas be nesatened th thavangb e€A0GH t;dQﬁQé‘dr@pcheb/hwhen

correspondi n ched or..non r|ch y
Che Thow 1 at Do mpTRGE A SR ORERR R B HEREH g oA Bt e TR
instances reggidhrieneRRAPeen oWRE3hYEK LAt ngaPAbi F%ieRg amay used to
carry out the present invention. Illustrated dopant gases i ncl ude

BF3, GeH4, Bowigesperdlimdy Bssapenaeheddpeshof tjvasiegani@m alm legyentempepatere of
stabl e i sot OR&u %nachimberew Liﬁ; rgduc the rgte% ha?ogéng ge qﬁer%b%rgn ting

dopant gas 1S al}gisuon ne- con al nrn SUC fOF I
extending the ion source life.
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reduced a predeterm ned anount in conparison to the levels utilized
when operating with a correspondingly | esser enriched or non-enriched
dopant gas. [00034]In regards to enriched GeF4 and ot her

fl uori ne-contai ni ng gases, operating the filament or cathode at a

| ower tenperature lowers the tenperature of the tungsten chanber

wal I's, thereby reducing the attack of the chanber walls via the
active fluorine ions. As a result, |less WFx species are generated
into the pl ast®P39hase. Otherimasags fonrpducing totnl pewerdathigs spwispareat ures

the kinetic ighenlaidfiy heQEbhQivdol SBYSRITI RN N8 Siathiade |

al so reduced overa X Te-deposi onto
cat hode sour embbﬁixmmgrm&mﬂhleafﬁzbyome&itmg uhtie d lowesaatiictie tbmpaatmﬁe dmﬁ

ext ended. [0 035 I n rTbodl he 72GeF4 i s sel ect at an
enri chnent 9@? i GROEH0S W09t R Comsbp PIATaAn. 496 g‘ﬁﬁ?@ﬁ%nt

I evel of 55%1‘11@ 1697t B Ehed Bofidt bAGeR AR shisiBSany e s%‘ﬂe aé‘ﬁ?es as

utilized with the correspondi ng non- e%rl ched dopant gas | ow
rate rangi ng flomortclfitie Sorsereivhed dpmnpgastte vbage a pyinimine pres:hn'e p&fﬁelent

| evel can be.red ce % in conparison t he i | power

ovel util i sSSP Peatasgir ddso Rytreea adshebittad BY SR Ched

dopant gas. GRERERNMBOITRER KA BIas PoIBIRE Cafh FahiemRnb r&rﬁé\é%leﬁwé%hbovequ' re
greater reduction in power level to decrease the ionization

ef ficiency 0575%eore@itﬁil’@ﬂiéfélygjd)%‘ﬁt— 68Y: Alter natl vel y, 72GeF4 havi ng

an enrichmen 2 0% ca

Cotal pover TLABHI T ST 84 R ® ShERTmas ¢fthe BESH) RS e AE v M
total power keMeh chdnbdrzaghé wadrélf!a pri&tespastimgurt @ eRlicedtd gbRer or
non-enriched, 72GeF4 dopant gas when the flowrate is in a range of

1-3 sccm | ninuf {0 108 SeMIRR r “AietyoHaes #e useghagicin ipdgiingd as heqrotgntiak
72GeF4 ) |
enr | CB{:H% ﬂ%eceﬁgﬁwe %geea'tﬂbtde ab&]ﬂle C%QIPEE&;\U@E dB%[réH%cfngn | nEOt a

power | evel y operating w 1 on put
power to thevslmgecbg o predat@ntinédahound the emaggy fmpmmeahm]nb eR@foso 400W
preferably 200 to

anot her enboﬁ?r}?éﬂ?dgg'PWeca‘?}?gg mnfgﬁgcegéf“gg@g CApdueH OOO%HF%‘%OWYR[Ithgg g]EIGg

at 58%or 0" pRligennfhed %uﬁﬁq)réﬂe}a%m%e&%@ fonhz%vish efﬁ‘cw%gp 0P YXsin%

sel ected such that the chanber wal have a reduced tenperat

rangi ng fr onboCndd0eCT, aldver Irmuzatloweffa:u@lcysf ihe pasnzrgsulsfin femem

to 3 seem ions generated and reduced energy for each of the generated ions. While the
amount of dopant ions produced from the highly enriched dopant gas is
maintained substantially equal to the number of corresponding dopant ions
produced from a corresponding non-enriched or lower enriched dopant gas, the
net amount of active fluorine generated (including ions and neutrals) is less.
Because fluorine is a precursor for occurrence of the halogen cycle, a lower
fluorine concentration in the plasma phase results in less occurrence of the
halogen cycle, thereby improving and extending the ion source life. Arc voltages
of the present invention can range from 50V — 150V. In another embodiment, the
arc voltage can range from 50V -140V. In yet another embodiment, the arc
voltage can range from 50V-120V or 70V-110 V. Suitable arc voltages will be
determined at least in part based on the type of dopant gas and its enrichment
level. Generally speaking, lower operating arc voltages are possible at higher

enrichment levels of the dopant gas.
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[ 00037] I n anot her enbodi nent, highly enriched | evels of 72CGeF4 can be
selected in accordance with the principles of the present invention.
For exanple, an enrichnent |evel greater than 70% and bel ow 80% may
be used. lon inplanting 72GeF4 at an enrichnment |evel between 70% and
80% and maintaining the sane range of flowrates (e.g., 1 to 3 sccn
as utilized with the correspondingly non-enriched or |esser enriched
GeF4 dopant gas into the ion source chanber, the percentage by which
t he power |e3@?03éhn He apesudreg Witk heprinaplesobihe preseniaryeation ks given

oot er abl y 17005 3Ew ekl BB SREEFRRS bR BBy 45 3P hinea
reduced pOV\IGIfroh‘rﬁtshelard soltage,faeds aiah yndipacictr sothrSilimeimabiical Tareful
sufficient ener to inpart adequate, ionization of the enri ched

72GeF4 to achflg @I&q{@a%aﬁfh?éae? PRSTaE RaERRRs dor argiven flgiratg &t | ow
enough to lo Jor % Jesé}fﬁ‘i’l}v%ﬁfik?rf&aiale's%%H&echSHE&Frgé H%gto'b@ the
manner such e hal ogen cycle eftfects are mnimze

resul t, undeachxe\cbddmhmmgt\&nnm ¢rhreheddomaugases. chamsempley otdhef thathogen
cycl e can be reduced wh cg t.he etﬁ%i che@ éGeF4 gﬂtlgi ke
convent i onal PWH‘@&E%@@Y f’ﬁ “B? ©dfter the aXerpll (ot magkely gk e
life to be exieprdrdephametist ﬁQbe lyereﬁdc%ﬁ%‘tgioq\%?ri}:tov%?aﬂecétaY‘béﬁ&Ut
having to reduce the flow rate” of e enriched dopant gases.
[ 00039] It shbubathissampldsrtist oo pDWat leivél qaebac@dlcqhm avorpstispt iodhe fosala

prinary desi ecti.ve reduced flow rate i sot opi cal

enri ched dopgﬂ e@%g&ﬁé%z@e%fﬁtcpg‘aﬁ?% ng\rﬁésaerteﬁgoll SHeP ePﬂalEeélrfiRPf‘ﬂgtl on
with a stabi bhgi T @ésctiohlih HEttb@I porPer@¥AI¥RY RRiAfioReSlcaRty bZihB@nSdRd
include but are not limted to argon, kryptaon, xenon, hydrogen,
various ot hefopansges tganaintainaibesayCureambrnaowld hayhbgeagrodused ustapilici zi ng

gas increas eé#l’%ﬁoécﬁé@hlé%&’ éﬁﬁ@xé& &Vﬁoglae‘i]ﬁcﬂgd (ﬂﬂ)ﬁmf%a %hér%fl the tﬂ%@v

m ni mum t hr es for “mai ntal ni ng rein the
i on source t eatesusftthé flor-biidhked andenr ched esmng@etmﬁdﬂelﬂsms ein@iy rat e
of enriched dopant gas introduced into the chanber, the total power
| evel input ¥B°DaRged on source may be set slightly hi gher than

descri bed | n(odya3pr evi Q4soRAGLMERLSmhPyhlyE Rot Gl hopekal el ne

identically enriched dopant 4) | uce In
t hi s manner, Iltustated Idapamghges aiql@a:tBEB Kietlde B2H6wad BIGiEr @ﬁmedopeme gases

t ff th t 58% 72
Cont rol 1 or mEpiHERT BT BptesEPI B OPesalcea bR gt & poca-aibpadiment,
species intr afé%g@hﬂga& 1) atﬂll@orﬁieaaas%ﬁm %ga@ E&dlieas@el:ﬁhﬁ)r hﬁﬁuﬁﬁ@g Gb s,

rate. As such e total nunber of rons that I's produced remains
const ant , enémflenlgdtlh@t brygheicthe ﬁ@n‘lop@m spera¢si if centemplated. dixhingles@f and

a1 ove 1 oss St U GRERARAFILER i BeakE st o Ot ERtRlehiRa

dosage. |n ope%ex@atet than85%, g&@f&ﬁ%ﬁ@ﬁ%,@team tIEn 7095 R étter! tRMES0%9 br 58%
in mass 72Ge can be co-flowed with 0.3 sccmof a stabilizing gas

(e.qg., argonpreater hap§er Fraichpd SieFdnrd gthenisptonisaldy ewriched dapanpggses n
conpari son tg.f cpﬁnﬁe?%ﬁgf ffrdn?vglm %Ea%[ Ea%tﬁurﬁl%z&z]ﬁ%féu% 1 sccm

w thout a stabilizin ernat i v evél

i oni zi ng 0. 7Us&rof. oﬁ“hé&%chaﬁﬁmvwdfhhé)GstSGmﬂlﬁ-fdopmﬁrgas gasismyd be
increased to a level that is substantl ally the same power | evel

enpl oyed wi t B2sgd eaﬂﬁ@wmﬂpﬁa P@é@éﬁer%mm%ﬁ%whrﬁbeamn@fldmﬁﬂ@wﬁﬂ e,

50% that is t hat
theQ 72Ce i on(s)fﬂa{%geg%?gr at e lﬁlpzfgl?m%%%ogerﬁgﬁ]mg%&? | nst %ces.
The speci fi creqoirid tmahmotmroétahahty afibe iomsouhes agwell as thehipesting nerhiyehiweg
but not limjied tq selectio d enri.chmen

dopant gas, %V%vaﬂﬁé@ap%ﬁt%?ﬁ tg faﬁ@%p?ﬁ? agheen ?@F@B?qtéﬁveg pFGefd in
stabi i zi ng Gy tofth@tahifh Belth SRRt ha? iOQ R AevibRMSH FrsViBud) the ion

qualified levels, total power and ion source temperature preferably should be
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[ 00040] I n accordance with the principles of the present invention,
the flowrate for the enriched dopant gas wi thout a stabilizing gas
shoul d be mai ntained at or above at least a lower limt to maintain
ion source stability, but should not exceed an upper |inmt beyond
which the pressure in the ion source chanber becones unreasonably

hi gh, such that reconbination reactions can occur. Specifically, the
dopant ions tend to reconbine to formthe neutral phase conpounds.
The net eff ecéducaha bedatermined ambuiited com@anusniie thedévejemiiizatl @thehons,
whi ch proportionalIy_EransIates_into reduced beam current avail abl e
for inpl ant aPPFAIRSWHERiQUESROREINELGETCEEIYHSS GRNOABMIhEGAMRANY 235 ¢ he
eniched donggiesaps i S 1RrdghtiRié B GRARINLAG oS ATUAR-Ehual e Bues,
operating at 'a flow rate that exceeds an upper |imt introdu gs
excessi ve f| opemteg thetfdarhére or oathedesattadowert thmpetaturevarvgenihe gerbparature of
hal ogen cycl ¢ effects . and short eni the . source Lif ner al | .
Speari ng. ¢ e HBETen GHATDSF BRT: AR s TREme RaaTP g TERend s it m
Operating at the LLivdALOMNSIOALEAY & B3uR URR WER spES&! ¢ 8érePiledPintd MR

hal ogen cycle effects if a fluorine-containing gas s enpl oyed.

Accor di ngl y, plasmappasenetidditomallypt redwesdi agthogde te@asmtwaftbfrnginbbjc wipdioys

fl ich I I f d : h
o over cors. U ot aEARRRT Y ke Eb S RePbuPefEits bRER JyBe ™

recombi nat i ofe-d€R&itd AdcrilalbFaihts thelc@hodé Sslkied fildment, thefebycabighg 8
enbodi nent, the flow rate ranges between 1 to 3 scan for 72CeF4

enri ched in 7orcougse lifsty b exdensiger when operated at reduced power

| evel s as de hhed. S ' [ I r ]I]Pﬁ
enriched gasﬁgfeo? \%}Een tﬁlegrfet)év\]g&dgﬁr}g&t ﬂ% 73?%12‘?1%%6%#39 %E g%%v{nl televel
dependent upbetwiche 5S¥heamid f708s. | Giveh MpGafd atanasmriphaegdsvel bB883% to 70%,

i ncludi ng the yarjouys, aforenenti oned key process paraneters. .

[ 00041] I t sh%‘i/ prapdaing dhesatsdangat v ralenss MiHaehweh the corssnogdingnd
vacuum act uaed elelhed Sb¥arfl g4 (S Ao Sa tdgideloh q 55QkEmge del i ver
the enriched ogant egas?{a I% a&;e)%’g?e(r)re%} erﬂéz) I rr%nt, t he ﬁ?}icljerre(r)
del i very devpeeentegmbyewbich thoypeoweailévabtan tayreBPuadas 5-20% iarvdngmrison to

disclosed in_ U.S. Patent Nos. 5,937,895; 6,045,115; 6,007, 6Q9;

7,708, 028; aHltf ppggsta @We&fqvelolftﬂw&ﬁcfﬂr %lﬁéorrﬁﬁ&ﬂémgalﬁw ﬁ%ﬁl&eﬁ By
reference in L t A j . i ntion
to safely deP?@wgbﬁ%@o(;]({pggﬁagd ﬁngl\%H?gP %&z@% #ge%érﬁcgﬁg%qg‘%%%ﬁ??gas

to an ion sotsgoire gi¥arn réduetign BiSgiwed loe@hwd dec@asstht dini@tian efficiency of

sub- at nospheric condition, the delivery gﬁwgﬁ al l ows the confined
enri ched dopditengigkedidopantgass Adlgrativelyy 7268kt hevipg apstigamentnd2Ge
di scharge i 121 L QE ragt ' d 0
Figures 1 and o700k Bdentrbe i MBRARE Wy X RO 1 BheRE s S

accordance W §% ihhempatissd @ s igfutthrel povesdsieliufiviesd fthé Sorsé@vAding
Specifically, in one exanple, the ion source apparatus 100 of Figure

1 can be uselfssesrenpeletl e map-envichied J26sH4 enantigss whepltemflowgatedsin 2 ons

into a sem conduc}f r, subst aiiﬁ' 72CGe ipns_are generat eg_(?]hérom
{ oni zat i on ofMBROT ILFoRs BRA Ao BELET POt ¥fich Do Intrkd SEP PEhed
712GeF4 is prej@sraPitiched 41QBUGEhol LR i§H'€ﬁérHEb’§HH@%ﬂ§ﬁt kN HB68r rod

delivery container 201 (Fig. 2) into the chanber 103 through inlet
line 113 as swyéansdiooby spereting Wik ageducien iminpuideesd tathegopice filanaane

rangi ng from,about 1-5.scc r ef er abl -3 he t ot al
bover Pever  THpER reges RaR b g T 4608 BB dedic s i Wk et to
the total poperferhityebous3sgwed with a | esser enriched or non-enriched
GeF4 dopant gas Generally ) ) )

FOOOSG] In another embodiment, the 72GeF4 is selected at an enrichment

in 72Ge at 58% or greater, a reduced filament power level of 200-500 W is

selected such that the chamber walls have a reduced temperature ranging from

400C to 900C and the flow rate is in a range of 1 sccm to 3 scem.
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speaking, utilizing higher enriched |evels of 72GeF4 will require the
total power level input to the ion source 100 to further decrease to
allow a reduction in the nunber of generated 72Ge ions per unit flow
into the chanber 113. [00043] The ion source 100 depicted in Figure 1
has various conponents, including source filanment 114 an indirectly
heat ed cat hode (I HC) 115 which serves as the ion source for ionizing
the enriched 72GeF4 into its corresponding ions. It shoul d be

under st ood od¥¥B7kui t athr énqtkrg@@l@ﬂlm@ﬁ Iy B’@é@ch@ﬂéﬂwlﬁ o BsF4can ban
be enpl oyed, ﬁg@&%&'ﬂ{ Nordh e v@ﬁﬁ[%dagfgﬁﬁp?% oF RS &gﬁfﬁg &Fo% FaFh %qn%l{a

sour ces and asna sources Yy SOUI’CE

shown) resi Sbh‘éﬁthq&uﬂi‘@mlesrelgﬁgﬁiﬁln 70%mdbfeldua$mmnal/%me@| Iolnoned in
close proximty to the cathode 115. The fil ament

negati vel y bﬂlagléatmgei’%@?F\ﬂeat% eppghreent fygkbetween 7&%: ami %‘P\%s 3¢ appl i ed

to the filanmgpt %Llllg@r % V,

heat the fil amel}]t'%Jﬂ kﬁllgiltﬂé nin ETE?AI? htgéj({%g plr %\c/glusr cf %gu@%’%gﬁllthc@kl y

i solate the cattspdadihgly ronenritinel (Hrlessel’rmlmbhwd Gel4 ddghit gakhirtortkelisned
erabl sel ected to, | ower the t enper,at u

ower | evel f f the
P hode: 115 SORh ARt e A bt DYoHRiEa thaRe T 14 FLbe e e g Fostates
Lo 3G €ve t bk Sl T8l SRAGE e Lo 1 AREhAPLE: oo vl |5

and source filament 114 tenperature are al so reduced
mtigating t hbmadVéf3§@%@fﬁcx‘ablydf75t3ié“halhdglme pgﬁtf¢rebly[10@(3ﬂ3‘}VThe

reduced powe tenp auses fewe tr to b r.at ed
from the oat HYBERL 1S PR Fa BriF I T ibeFubl (iR P S RAREHE

bei ng prOdUC@lﬁfﬁEfeﬁﬁéﬂeﬁ%)etbélﬁq b Ad@eteGOhizhtSdnQIT thé &ltichBE 7D66S RtRBieve
el ectrons fromthe cathode e cathode 115 al so produces Iess

el ectrons mrweweedamplmé@saeﬁef BRGe, bat ydilew gaguslrto lawss chamberyeal

current can 0

Gora (e, o ISR ook B B ERRARSOR e é%%%fogemm&ts
non- enr i chedafeaiirhized. As ZZ&?@ltn@ﬁdemaéd deposioin theign 3burdd thanger blthe
abundance | eyels from non-enriched GeF4) whereby the |ife of the ion

source 100 j §al e&%w&k'ocaaéeae%%wﬂle@)flsméglge erighed 1 24sFta dnlikas
gener at ed '“%@@nmf‘&w%@é e AR MRIPEIHs Yh ERn sBELEIR @lang the

tungsten cha
extended when using higher enriched dopant gases without having to reduce the

flow rate of the enriched dopant gases.

[00039] It should be understood that if reduced gas consumption is a
primary design objective, a reduced flow rate of isotopically enriched dopant gas
may be introduced into the chamber in combination with a stabilizing gas.
Ilustrative examples of a stabilizing gas include but are not limited to argon,
krypton, xenen, hydrogen, various other inert gases and any combination thereof.
The stabilizing gas increases the total minimum flow rate of gas to at least the
minimum threshold required for maintaining a minimum pressure in the ion
source to sustain the plasma. In response to the lower flow rate of enriched
dopant gas introduced into the chamber, the total power level input to the ion
source may be set slightly higher than described in the previous embodiments in
which the flow rate for the identically enriched dopant gas (e.g., 58% 72GeF4) is
not reduced. In this manner, the relatively slightly higher power increases the

1onization efficiency of the dopant gas (e.g., 58% 72GeF4) in a controller manner
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[00046] Still referring to Figure 1, the emtted electrons fromthe
cat hode 115 accelerate and ionize the enriched 72GeF4 to produce a

pl asma environnment wthin the chanber 112. The flow rate of 1-3 sccm
is sufficiently high enough to maintain stability of the plasnma in

t he chanber 112 during the ion inplant process. The repeller

el ectrode 116 builds up a negative charge to repel the el ectrons back
towards the enriched 72GeF4 to collide therewith and sustain

i oni zati on ofto pHget e redpred nppberal 72Ge dopast spagineinirodined phta dirrchamber
envi ronment kS _maiNtain i h rc,chapbgr 112 at. a sure ..t hat
ot no. sut t P RCYRERAED AL pdh 7 A PR e o of 7268 S b

[ 00047] Repel pesduebetinadamndtdf, aiabling eletfeail dureatdsiquli®e to be achieved
substantially dianmetrically opposed to the cathode 115 to nmintain

i oni zati on ofnd ABIEHPed fEyIsAbGImAmplantgtipnecesh apHsEa tecfmiqueradows dess

el 1 e ned 8o BARpy S r A FHE LACHL SeyPRGK Mol dfseb BHAIS SARER. ©

wel | defined®on I'S ex rom ou arc cha
112. The ext Odtdccm725eFt amn aclichdesat kextlradG8Yoin redse GG dan BREb-8oded
suppressi on el, itioned in front of the extraction

ctrode 119 pa
aperture 117.‘”1%&-1%15?%0 %tgtéﬁ%liﬂéﬂa% cg-sftﬁ%‘ﬁﬂ)é%PBWereIPlé@tSP%‘Héfsmi@éseénd

119 have res th M@ ' ' ' /
T17 Tor Cextr obt on 0P R EbHEEROR 1 RS ed BolBleRLARL Al ERRIEEU e )

shows t he i orcawwitheutapyenliting g0 Aledmdtivgly, ehelpovree tavplowbtreidnizintgd. 2

beam |ine ion-i stem. The enriched 72GeF4 at, 55% o .
oroater ts | NTURUAA YR BUG OobsetBon hphERaiey BrOGerBaIeA PG thats
i ntroduced i BhttaAfallPheSAHE ?Sw@ﬁl%%l%&npl&@d‘%’iﬁ{ @C&E@,f,&mmg?esé& ERdegd
into the chanber to 1onize the 72GeF4 "as has been described. Fl ow

control devi d2Ggiibofier exemiplel e shatasmtoiesed ebaqus L Isesns infethochimber, i s
450, 10, Nt i bty WA SRELE OB A5 Rl Bl 8 o,
beam at the ¢gificgmbination of various key design variables, including but not limited to
selection of dopant gas, enrichment level of dopant gas, flow rate of enriched
dopant gas, selection of stabilizing gas, flow rate of stabilizing gas, temperature of
the ion source chamber and total power level inputted to the ion source may affect
the ion source life.
[00040] In accordance with the principles of the present invention, the flow
rate for the enriched dopant gas without a stabilizing gas should be maintained at
or above at least a lower limit to maintain ion source stability, but should not
exceed an upper limit beyond which the pressure in the ion source chamber
becomes unreasonably high, such that recombination reactions can occur.
Specifically, the dopant ions tend to recombine to form the neutral phase
compounds. The net effect can be an overall reduced number of generated ions,
which proportionally translates into reduced beam current available for
implantation to achieve the required dosage. Additionally, if the enriched dopant
gas is a fluorine-containing gas such as 72GeF4, operating at a flow rate that
exceeds an upper limit introduces excessive fluorine into the ion chamber, thereby
worsening the halogen cycle effects and shortening the source life. Generally

speaking, the upper limit for the flow rate should not exceed 5 scem. Operating at
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current which is maintained simlar to the beam produced froma

| esser enriched 72GeF4 or non-enriched GeF4, an ion beam extraction
system 201 is used to extract the ions fromthe ion source chanber
113 in the formof an ion beam 121 of desired energy. Extraction can
be carried out by applying a high voltage across extraction

el ectrodes. The extracted beam 221 is transported through a nmass
anal yzer/filter 205 to select the 72CGe species to be inplanted. The
filtered i onobbeawOTemanan shpinessacerieratien of the helegen eick eftbet3062 and
transported t0 the suyrface of a.target workpiece 209 .positioned in
an-end st at i Shosigeqfinfies R bRCACHRIELIRE TN RET b BNl e
into the workpicespréRfhbly&itpléPéRowoBEiditd IdvelshEamopaltigheequal tobrand
penetrate the surface of the workpiece 209 at a specific depth to
form a regi o8 HhapHescaadp pEercame éary souEde ipgtebiityad @hpr balew Srsesrado

[ 00050] I n anﬁ@ntéai%?éc:aﬂ'fb!iﬁat(ﬁoog%%g-gﬁggz{}ﬁg)e%ﬁ%uﬁ@ﬁtj I%H&‘i’loﬁzﬁ?f ﬁre‘?érregg% or

hi gher enric sintr ow rate ranging from about 1-3
sccm wher eby einbedibieas tieflove edte tdnged bdtas@ant told decanfbr TPGeBhtdrintied &il5 i s
reduced. The_bias voltage can range between 100V-600V. In this
manner, the féPCAbm’2 &t BACEHBFYPPSTALSY At eUsed ROMET EsYPs apdescriaed

dopant gas_1Qg e S RRhbIL Hdvw Bitel h’&&ﬂich@? gﬁ%@@%& thd v Shd B

nunber of 72 Ge 1ons to naintain the as-qua eam current.
Fur t her nor e, upjree flogdutes dvilliba slepanidetgmpoa tleadpesifia idroingrl artatigrepratass e  of

t he cathode 115, .thereby reduci t he .adverse effects of the hal ogen
cyol - [ 000551 HFEdiEp e B LA PGB TR EOCSF A PGl ¢ ag | n
the ion chanpaifl3 can sheuld BWRhess@od iR 8t eibl 48dsHERE Biorage and
Specifically, the potential difference betveen the cathode 115 and

t he chanber weduum datuatedsdelizanyctsdice can beiatilézed delsteesand delierdhe entighed ge

of the present inpventiaon n_range..from.5QY-.150V.. By reducing the arc
Vol tage by adppasEEe e aeTr ARECal LRI Rk T % ne

el ectrons gepahmefihlly0@ilga¢ BPBeaxalt® 4nd ak atuest inAJ.SUPAtakNosl educt i on
of the arc voltage preferably |lowers the ionization efficiency of the

pl asma to maPABaSHo N ahkon A008609:IGE08, @ aadi BEPEAHT.all|of vdighdret o t he
nunmber of co i : ' '

non-enri ched[l%ﬁﬁﬁg@%e@%%%%ﬁ%%‘i@e@g& %ﬁﬁreb{’l%ﬁr’g%ﬁ{gﬁg %gmr?g)? esent
anmount of acinvestidd tucafehedegipaes admblled Aolvudiend thossichadldopant galts hni S
less, resulting in | ess occurrence of .the hal ogen cycle, thereby

i mprovi ng an@nes?’t‘@ﬁd%ntt %pqegﬁlr%%}dgg)_q 3tiains a[sgg@g‘? Sﬂk‘?‘é"r FRaditag: the ¢
shoul d be undarshpadiddidlowd Me SRMREDai@Rd Abph Gad¥odRw AbH MOLJIAGE:
and the input pover to the cathode 115 may be reduced to | ower” the
overal | t ot athrpmhehe finidutischerge i@e ianh irdo theden a@@ratThe reduction in

Cotel pover, ek, Cna S R B R 7B, BRI S
apparatus 100 in accordance with the principles of the present invention is shown.
Specifically, in one example, the ion source apparatus 100 of Figure 1 can be used
for producing an electron beam for implanting 72Ge ions into a semiconductor
substrate. 72Ge ions are generated from ionization of enriched 72GeF4 at 55% or
greater 72Ge. The enriched 72GeF4 is preferably introduced from a sub-
atmospheric storage and delivery container 201 (Fig. 2) into the chamber 103
through inlet line 113 as stream 102. Stream 102 can be introduced at a flow rate
ranging from about 1-5 scem, or more preferably 1-3 scem. The total power leve]
input to the ion source 100 is reduced in comparison to the total power level

utilized with a lesser enriched or non-enriched GeF4 dopant gas. Generally
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[ 00053] While it has been shown and descri bed what is considered to be
certain enbodi nents of the invention, it will, of course, be
understood that wvarious nodifications and changes in form or detai
can readily be made w thout departing fromthe spirit and scope of
the invention. It is, therefore, intended that this invention not be
limted to the exact formand detail herein shown and described, nor

to anything | ess than_ the whole of the invention herein disclosed and
herei naft er &Pekiggutilizipg higher eprichedsyelpal BAGeF Wil raauizsnthe s potspant

gas, conpri S'l&%l '%ngut rrtgiﬂrll? gﬁ%&g&ggp@ﬁ@ﬁg?ﬁ clre%géeg) ﬁﬂw}edga o }é 1k flow

rate sufficieéent I'n e 1on source, erein the
enri ched dopanibgast deasratd 7RHedbuwsgity uhielely into the chaaieppe3.t her ei n of
90% or greater than natural abundance |evels; operating at a

reduced tot al'{dwbr | edBf 1Brsopke 1DBHeriisH e FigirebhpararioBheqmpancist al
pover |evel Eﬁc%&di k& ﬁlgrﬁgﬂtf 19SRANHREY NekiES SRR RVIHEN EE5 Qhiich

non-enri ched pant gas;
serves as the ion source for ionizing the enriched 72GeF4 into its corresponding

ions. It should be understood other suitable types of ion sources known in the art
can be employed, including, for example, the Freeman sources, Bernas sources
and RF plasma sources.

[00044] The power supply source (not shown) resistively heats tungsten-
based filament 114 positioned in close proximity to the cathode 115. The filament
114 may be negatively biased relative to the cathode 115. A current is applied to
the filament 114 through the power supply source to resistively heat the filament
114. An insulator 118 is provided to electrically isolate the cathode 115 from the
arc chamber wall 111. The reduced power level is preferably selected to lower
the temperature of the cathode 115 yet maintain adequate ionization of the
enriched 72GeF4 to achieve the required implant dosage of 72Ge. Ion chamber
112 walls and source filament 114 temperature are also reduced, thercby
mitigating the adverse effects of the halogen cycle.

[00045] The reduced power and temperature causes fewer electrons to be
generated from the cathode 115 which translates into less overall 72Ge ions being
produced from interaction and collision with the generated electrons from the
cathode 115. The cathode 115 also produces less electrons which are of lower
energy. In this manner, the same beam current can be produced as with a
correspondingly lesser enriched GeF4 (e.g., 72Ge enriched at 50-52% from
enriched GeF4) or non-enriched GeF4 (i.e., 72Ge naturally occurring at 27%
natural abundance levels from non-enriched GeF4) whereby the life of the ion
source 100 is extended as a result of less free fluoride ions generated in the
chamber 113 and lower temperatures therein along the tungsten chamber walls.
[00046} Still referring to Figure 1, the emitted electrons from the cathode

115 accelerate and ionize the enriched 72GeF4 to produce a plasma environment
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ionizing the enriched dopant gas to generate and maintain a beam
current as produced using the correspondingly | esser enriched or
non-enri ched dopant gas at the flowrate. 2. The nethod of claiml1,

further conprising: operating the ion source at a reduced
tenperature in conparison to the correspondingly | esser enriched or
non-enri ched dopant gas at the flow rate; and operating at the

reduced total power |evel é reduci ng arc voltage, arc bias, filanment
power or a caitimieichamberdgofThe low rakpeofied pesen wrsufficiently high enousle fo
conpri sing t odUC|ng
the enri chegln?Ill tgilrlll{}’ ltfﬁ.)gllt&'%? t%@%g{vé Iﬁiéltlé)éhélh{t}g ific:d]ﬁ% tirigélylm? !

sccm 4. Th @r(meish citheqépellleaémtaodeme rbailas tqhe negutwe b gelapepél tgas
conprises 72GeF4 at. anp enrichnent, | evel in at | east 55% 5.
The nethod ofleEiranshaes iwardnibe caBrhsd @GsE4 ﬁm@lgé%ﬁe@wvl@\ﬁ@ﬂapﬁ@m
reconbi nati o | 5
o b T iERRh gP TR R P TRk b B e R e
reduced t ot amapdamed irﬂhebroadnambmsb@ a‘t(a\mmssm@thatremmnszalfﬁanme:bf I ci ency

he enrich
of the enric mea(ljntzcxiin sta%ﬂlty of the ion source 100.

[00047] Repeller electrodes 116 are preferably configured substantially
diametrically opposed to the cathode 115 to maintain ionization of the enriched
72GeF4 within the chamber 112. The arc chamber wall 111 includes an
extraction aperture 117 through which a well defined ion beam 121 is extracted
from out of the arc chamber 112. The extraction system includes extraction
elecirode 120 and suppression electrode 119 positioned in front of the extraction
aperture 117. Both the extraction and suppression electrodes 120 and 119 have
respective apertures aligned with the extraction aperture 117 for extraction of the
well-defined ion beam 121.

[00048]  Figure 2 shows the ion source apparatus 100 of Figure 1 incorporated
into a beam line ion-implant system 200. The enriched 72GeF4 at 55% or greater
is introduced from gas box 201. The enriched 72GeF4 is introduced into an ion
source chamber 100 where energy is introduced into the chamber to ionize the
72GeF4 as has been described. Flow control device 219 which includes mass
flow controllers and valves is used to control the flow of the enriched dopant gas
at the desired flow rate of 1-3 scem.

[00049] Upon generation of the desired 72Ge ion beam at the desired
current which is maintained similar to the beam produced from a lesser enriched
72GeF4 or non-enriched GeF4, an ion beam extraction system 201 is used to
extract the 1ons from the ion source chamber 113 in the form of an ion beam 121
of desired energy. Extraction can be carried out by applying a high voltage across
extraction electrodes. The extracted beam 221 is transported through a mass
analyzer/filter 205 to select the 72Ge species to be implanted. The filtered ion

beam 207 can then be accelerated/decelerated 206 and transported to the surface
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gas in a controlled amount to maintain substantially the sanme ion
beam current as previously qualified with the | esser enriched or the
non-enri ched dopant gas. 7. The nethod of claim11, further
conprising the steps of: operating the ion source with enriched
72CGeF4 conprising at |east 75% enrichment in 720e; operating at
a reduced tenperature in conparison to the correspondi ng | esser

enri ched or non-enriched 72GeF4 dopant gas at the flow rate, wherein
t he tenper at of e tavfettiekpiore Fpasdicnhdimber endatdtion 240 der ibglanteiondd@E t o

900C; and ' he bi.as_bet v fil h f th
on source.  T80° e BRIE SR e B votRBrE P+ R B8t Ob3B R ng

at the reducegiiehdih 4a\Wehettaty Bk sRFEH T tRYwORSIcRE DODatd sg@ci'ﬁ%‘ﬂ%?th% c
voltage in the ion chanber giy a predeterm ned anount. . A nethod of
,esm;@ﬁc;j

usi ng an enr fohediregspanith e e¢ta¢abgnd physical properties.
[00050] In an alternative embodiment, the enriched 72GeF4 at 55% or
higher enrichment is introduced at a flow rate ranging from about 1-3 sccm
whereby the bias between the filament 114 and the cathode 115 is reduced. The
bias voltage can range between 100V-600V. In this manner, the net ionization
energy imparted to the enriched GeF4 dopant gas 103 in chamber 113 is reduced
to generate the desired number of 72 Ge ions to maintain the as-qualified beam
current. Furthermore, the reduced bias voltage creates a lower temperature of the
cathode 115, thereby reducing the adverse effects of the halogen cycle.
[00051] In yet an alternative embodiment, the arc voltage in the ion
chamber 113 can be lowered a predetermined amount. Specifically, the potential
difference between the cathode 115 and the chamber wall 111 is reduced. In one
embodiment, the arc voltage of the present invention can range from 50V-150V.
By reducing the arc voltage by a predetermined amount, the energy imparted to
the electrons generated from cathode 115 is reduced. A suitable reduction of the
arc voltage preferably lowers the ionization efficiency of the plasma to maintain
the amount of 72Ge ions substantially equal to the number of corresponding 72Ge
ions produced from a corresponding non-enriched or lesser enriched 72GeF4. In
this manner, the net amount of active fluorine generated (including ions and
neutrals) is less, resulting in less occurrence of the halogen cycle, thereby
improving and extending the ion source life.
[00052] Alternatively, it should be understood that any combination of
arc bias, arc voltage and the input power to the cathode 115 may be reduced to
lower the overall total power input to the ion source 100. The reduction in
total power level enables users to realize the process benefits of ion implanting
enriched and highly enriched dopant gases.
[00053] While it has been shown and described what is considered to be

certain embodiments of the invention, it will, of course, be understood that
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introducing the enriched dopant gas at a flowrate in a range of 1 to
5 sccm wherein the enriched dopant gas consists essentially of
72CeF4 having an enrichnment |level in an isotope of 72CGe greater than

55% operating at a reduced total power level in conparison to
a total power level utilized for a correspondingly | esser enriched or
non-enri ched dopant gas; operating at a reduced tenperature of

the ion source in conparison to the corresponding |esser enriched or
non- enr i ched vaopsrmodjasatens pidclidnges indoan ondetail can readibnhezinade wikout

dopant gas tq mmi.ntain beam current.as.produced. usi ng a .

corr espondi ngePtts o St eharot AR mlslhnedin Berete inesded et
10. The met hads Giveatici 16t De limite e theCXap fofrh BAA ORASIT BéreMGhbRA ah@n
source whereby ion chanmber walls have a reduced tenperature ranging

f rom 400C t o doBoibed, ok EngavEliingless thap e whele ef heiarenton bersigrdizahosed hed
or non-enric o . flowrate by reducing the bias voltage
bet ween a fi P’%?r%%?ﬁgﬁgl%&%gfihode of the ion source. 11. The met hod
of claim9, wherein the step of operating at the reduced power |evel
occurs by operating at a | ower arc voltage, |ower arc bias, |ower
filament power or a conbination thereof
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12. The method of claim9, wherein the enriched dopant gas consists
essentially of 72GeF4 having a highly enriched |l evel in an isotope of
72Ge of 75%or greater. 13. A nethod for using a highly isotopically
enriched dopant gas for an ion inplant process, conprising the steps
of : selecting a dopant gas having an atom c species to be inplanted
into a wafer; selecting a nass isotope of said atom c species
to be enriched at |east 90% above natural abundance |evels therein;
provi ding the enriched nass isotope ofClgimsd dopant gas in a

subal meoerc, St o S5 R0, 6L eSSBS, ookt Lo00CE NG Lhe.
mei ntai n stabilitntRidubie thshrRA 865ant gas at a flow rate sufficient to maintain
stability of the ion source, wherein the enriched dopant gas has an enrichment
level in an isotope therein of 90% or greater than natural abundance levels;
operating at a reduced total power level of the ion source in comparison to
a total power level utilized for a correspondingly lesser enriched or non-enriched
dopant gas; and
ionizing the enriched dopant gas to generate and maintain a beam current
as produced using the correspondingly lesser enriched or non-enriched dopant gas

at the flow rate.

2. The method of claim 1, further comprising:
operating the ion source at a reduced temperature in comparison to the
correspondingly lesser enriched or non-enriched dopant gas at the flow rate; and
operating at the reduced total power level by reducing arc voltage, arc

bias, filament power or a combination thereof.
3. The method of claim 1, further comprising maintaining the stability of the
ion source by introducing the enriched dopant gas at a flow rate equal to or greater

than 1 scem.

4, The method of claim 3, wherein the enriched dopant gas comprises

72GeF4 at an enrichment level in 72Ge of at least 55%.

5. The method of claim 1, further comprising the step of avoiding

recombination reactions by maintaining the flow rate at or below 5 scem.

6. The method of claim 1, wherein the step of operating at the reduced total

power level comprises lowering an ionization efficiency of the enriched dopant
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operating at a reduced total power |level of the ion source in
conparison to a total power level utilized for a corresponding | esser
enri ched or non-enriched dopant gas; and ionizing the enriched
mass i sotope of the dopant gas to maintain a beam current as produced
usi ng the correspondi ng | esser enriched or non-enriched dopant gas at
the flowrate. 14. The nethod of claim 13, wherein the flow rate
does not exceed an upper limt at which reconbination reactions
occur.  15. SThB hrantigledrmepnjtermpmtaijisabantially éhe sgmedoubesan Purent ag

reduced tenp . LD ?g%ﬁi : nding.non- enri.ched

dopant gas a?ﬁ%%{fsﬁi 1%11?13 e. tﬁ%fésgfzﬁgmrfeeﬁ%{h%% gl%gijn ,Opa %in the
enri ched dopant gas is 72GeF4 having an enrichnment in 72G at 55-60%
17. The methaod of ¢claim 13, wherein the enriched dopant gas is 72CeF4

havi ng an enri chmaif methorislam s durtheycomprising theestipe €8 t ot al power

| evel is reduced . I; Qgﬁgg;' : 0
utilized for the %Ern?fés ?){Pr?é%]g essfgr%ng}lérhlg%Hgge%g:ﬁ%%r?sgﬁ%%ﬁagg?%&F4
dopant gas atnaclmhemin d@e;of about 1-3 sccm 18. The nethod of claim

13, wherein the enriched dopant .gas is 72GeF4 having an enrichnment in
72Ge at a range OPP?GE%%E‘ ﬁ%ceﬁg%%%ﬁrufedpépnww tgé%cfmf?él? ID80- 30%

| ower than tms&@mahéd%f%bnl&ghbﬂege@dem dbpsht $9¢ 5QROAPH G, WESER the

enriched or non-enriched 72GeF4 dopant.
temperature of the ion source chamber walls range between 400C to 900C; and

reducing the bias between a filament and the cathode of the ion source.

8. The method of claim 1, wherein the step of operating at the reduced total
power level occurs by operating at a lower arc voltage in the ion chamber by a

predetermined amount.

0. A method of using an enriched dopant gas, comprising:
introducing the enriched dopant gas at a flow rate in a range of 1 to 5
sccm, wherein the enriched dopant gas consists essentially of 72GeF4 having an
enrichment level in an isotope of 72Ge greater than 55%;
operating at a reduced total power level in comparison to a total power
level utilized for a correspondingly lesser enriched or non-enriched dopant gas;
operating at a reduced temperature of the ion source in comparison to the
corresponding lesser enriched or non-enriched dopant gas at the flow rate; and
ionizing the dopant gas to maintain a beam current as produced using a

corresponding lesser enriched or non-enriched GeF4 at the flow rate.

10.  The method of claim 9, further comprising operating the ion source
whereby ion chamber walls have a reduced temperature ranging from 400C to
900C in comparison to the corresponding lesser enriched or non-enriched GeF4 at
the flow rate by reducing the bias voltage between a filament and a cathode of the

ion source.
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19. The method of claim 13, wherein the enriched dopant gas is 72CeF4
havi ng an enrichnment in 72Ge at 58%or greater, a reduced fil anment
power level is in a rang e of 200-500 W the chanber walls have a
reduced tenperature ranging from400C to 900C and the flowrate is in
range of 1 sccmto 3 sccm 20. The nethod of claim 19, further
conprising operating at a lower arc voltage in the ion chanber while
mai ntai ning the power input to the filanment and arc bias unchanged so
as to reduce the total power level in conparison to the total power

| evel utili Zeiq f OrThtBrPﬁetﬁch 6@&&:}8{‘@, iuﬂr%réil? ﬁ'l%eslfepe&{oipgﬁﬁgg A b8 P0G Iim%&:d

dopant gas.
level occurs by operating at a lower arc voltage, lower arc bias, lower filament

power or a combination thereof.

12.  The method of claim 9, wherein the enriched dopant gas consists
essentially of 72GeF4 having a highly enriched level in an isotope of 72Ge of
75% or greater.

13. A method for using a highly isotopically enriched dopant gas for an ion
implant process, comprising the steps of:

selecting a dopant gas having an atomic species to be implanted into a
wafer;

selecting a mass isotope of said atomic species to be enriched at least 90%
above natural abundance levels therein;

providing the enriched mass isotope of said dopant gas in a sub-
atmospheric storage and delivery container;

introducing the enriched mass isotope of said dopant gas at a flow rate
sufficient to maintain stability of the ion source;

operating at a reduced total power level of the ion source in comparison to
a total power level utilized for a corresponding lesser enriched or non-enriched
dopant gas; and

ionizing the enriched mass isotope of the dopant gas to maintain a beam
current as produced using the corresponding lesser enriched or non-enriched

dopant gas at the flow rate.

14.  The method of claim 13, wherein the flow rate does not exceed an upper

limit at which recombination reactions occur.
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15. The method of claim 13, wherein the ion source is at a reduced
temperature in comparison to the corresponding non-enriched dopant gas at the

flow rate.

16.  The method of claim 13, wherein the enriched dopant gas is 72GeF4
having an enrichment in 72Ge at 55-60%.

17. The method of claim 13, wherein the enriched dopant gas is 72GeF4
having an enrichment in 72Ge at 55-70% and the reduced total power level is
reduced by 5-20% in comparison to the total power level utilized for the
corresponding lesser enriched or non-enriched 72GeF4 dopant gas at a flow rate

of about 1-3 sccm.

18.  The method of claim 13, wherein the enriched dopant gas is 72GeF4
having an enrichment in 72Ge at a range of 70-80%, the reduced total power level
being 20-30% lower than the power level utilized for the corresponding lesser

enriched or non-enriched 72GeF4 dopant.

19. The method of claim 13, wherein the enriched dopant gas is 72GeF4
having an enrichment in 72Ge at 58% or greater, a reduced filament power level
is in a rang e of 200-500 W, the chamber walls have a reduced temperature

ranging from 400C to 900C and the flow rate is in range of 1 sccm to 3 sccm.

20.  The method of claim 19, further comprising operating at a lower arc

voltage in the ion chamber while maintaining the power input to the filament and
arc bias unchanged so as to reduce the total power level in comparison to the total
power level utilized for the corresponding lesser enriched or non-enriched dopant

gas.
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