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SOURCE. Field of the Invention The present invention relateﬁ%%ﬁggﬂﬁﬁly to
sem conduct or inplantation and nore 10 specifically to a nethod and system
for inplanting icosaborane, triantaborane, and sarantaborane ions into

sem conductors. Background of the Invention Conventional ion inplantation
systens, us opi ng wor kpi eces such as sem conduct qf I e an ion
source thatG?B%@%%S a desired dopant el enent which is th3ﬁ§nﬁﬁﬂg%@glerated
to forman ion beam of prescribed energy. The ion beamis directed at the
surface of the workpiece to inplant the workpiece with the dopant el enent.
The energetic ions of the ion beam penetrate the surface of the workpiece
so that they are enbedded into the crystalline lattice of the workpiece
material to forma region of desired conductivity. The inplantation

process is typically perforned in a hi gh-vacuum process chanber which

prevents dispersion 20 of METHOD&ANDSYSTEMEORI t h resi dual gas

nol ecul es and whi ch m niyp ) ‘lfM 8551 1 i of the workpiece
by airborne particul at esm%A?(;ggéﬁgzenerlgggaﬁ?@?m&) nost i nportant
vari abl es used to define an inplant step for a particular species. lon
dose relates to the conceptyatign. of i apted ions for a -1 13 June 2005
WO 02/ 48425 PCT/ GBO1/ 0543@433?%%%@@%&&?0@ fa4i61y  Typically, high
current inplanters (generally greater than 10 mllianps (M) ion beam

current) are usethdfollowing .3 ®aentiaidpaadt Spplidhtich corBEnWRsGstel Bithe ashigileant er s
(general ly c?&gbl e up to about | mA beam current) are used for |ower dose
appl i cat i on8* '8 PSS ¥HERUAR: A% 1comeratesl bygpterasre herpiatap driheydisd hegmfully set

seni condyct efrhdevs. Padnt N6, 16716349 HOEky chbiGed IS Rhwﬁ%ﬁdﬁzﬁ & nli s PEam
determ nes the deqr ee of depth of they I mpl ant el%iﬁ?ons. i g eﬁ’earnggjh

processes s B#pntarplicptinneser se @461 B fifed @etolrg it hd@9NvehtidediDEGEORANE IONOr
devi ces SOURCE. _ .

Field of the Invention

The present invention relates generally to semiconductor implantation and more
10 specifically to a method and system for implanting icosaborane, triantaborane, and

sarantaborane ions into semiconductors.
Background of the Invention

Conventional jon implantation systems, used for doping workpieces such as

semiconductors, include an ion source that ionizes a desired dopant element which is then

15 accelerated to form an ion beam of prescribed energy. The ion beam is directed at the surface

of the workpiece to implant the workpiece with the dopant element. The energetic ions of the

ion beam penetrate the surface of the workpiece so that they are embedded into the crystalline

lattice of the workpiece material to form a region of desired conductivity. The implantation

process is typically performed in a high-vacuum process chamber which prevents dispersion

20  of the ion beam by collisions with residual gas molecules and which minimizes the risk of
contamination of the workpiece by airborne particulates.

Ion dose and energy are the two most important variables used to define an implant

step for a particular species. Ion dose relates to the concentration of implanted ions for a
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require inplants of up to a fewmllion electron-volts (M\, d{‘(@'z‘oﬁssr‘a' | ow
junctions may only denand energies below 1 thousand el ectron volts (keV),
and ultra-shallow junctions 10 may require energies as |ow as 250

el ectron-volts (eV). The continuing trend to smaller and snaller

sem conduct @i Hayhses requires inplanters with ion sour 8‘?/ %Hﬁ% ,F]Oﬂtl nue
to deliver hi gher eamcurrents at | ower energies. The ﬁer eam current

provi des the necessary dosage |levels, while the | ower energy | evel s

permt. shallow inplants. Source/drain junctions in conplenentary

nmet al - oxi de 15 sem conductor (CMOS) devices, for exanple, require such high
current, |low energy applications. Conventional ion sources utilize an

i oni zabl e d n as ,that is. ained either directly froma source of a
- conpr essed g{g %erng | naua%réﬁ“i}“ag%céﬁ\’/gﬁhﬁ?@d1”%‘3?‘?"‘63 (Eppppibgreate Hiapd @
el ements ar ﬂﬁmmn?‘”(“@)mn P& alveho Ut sE) for ﬁ%h'db&@”'fh’fp%as; whilth e lcBrent

anti nony (S@%}p nd arsenic (As). Mst of these source elenents are
commonl y us If“ﬁerf) aqeially F%Paﬁlﬁdlp ‘@é@@‘ﬁds“%?ﬁn @eal rreheed for lawecdost s

al nost excl ggpieglons provi ded in gaseous form e.g., as boron trifluoride
(BF3), or as a conpound in solid (powder) form as decaborane (BioHl4).
Decabor afie ( BLOHPBynesRy s dse & cantrelyerstiprdepthdn ﬁmmeozrdﬁctble:bdicmﬁ‘dae erekgyfobr bor on

ol ant s baeauneRaLR JFHGE A%, ARLEGNL B (BLALLA ihen, vapor zed and

i oni zed can provide a i on corrpr M. Such
a source |5H®pevg}apﬂoyesmsmcalak EhoﬁeOISed‘ﬂo@dﬂnﬂﬂS@%ddaWeﬂmﬁrsgﬁmbmlc@ﬂﬂcvﬁHe@CeSSes

used to cre junctions.,. becau ca_bor_ane i on beam
can inpl ant %%1&11’3 IPI% 'y fiyg t%%tc o eﬁgfmwﬁfst%%c‘m“{eéﬁﬁ Ox¥glupciipngmay

monat om ¢ bonlpderhand elna@ms bélowadtbdshileledd@E AURE(KEVE AL GRAGLARSG, fiRiRAY! ©

br eaks llljé) into ten indivi boron atons of roughly one- tenth t he

origi na be’&ﬁXEH‘é‘Feg“g}‘e%festaﬁg’%rzéBFlée‘ém-V%iﬁéf)June 2005 WD 02/ 48425 PCT/ G

BO 1/05477  sur fBgesontif@nd @R G8NnRBet bR SRMidr el nddonti&fort ddVRSs r@cﬁm%per gy of
a dose-equi val ent npnatom c
mplanters with ion sources that continue to deliver higher beam currents at lower energies.

The higher beam cuitent provides the necessary dosage levels, while the lower energy levels
permit shallow implants.. Source/drain junctions in complementary metal-oxide-

15 semiconductor (CMOS) devices, for example, require such high current, low energy
applications.

Conventional ion sources utilize an ionizable dopant gas that is obtained either
directly from a source of a compressed gas or indirectly frorﬁ a vaporized solid. .Typical
source elements are boron (B), phosphorous (P), gallium (Ga), indium (In), antimony (Sb),

20 and arsenic (As). Most of these source elements are commonly used in both solid and
gaseous form, except boron, which is almost exclusively provided in gaseous form, e. g.as
boron trifluoride (BFs), or as a compound in solid (powder) form as decaborane (B gH4).

Decaborane (BgH,4) could be an exc_:cllent source of feed material for boron implants
because each decaborane molecule (B oH,4) when vaporized and ionized can provide a

25  molecular ion comprised of ten boron atoms. Such a source is especially suitable for high
dose/low energy jmplant processes used to create shallow juncéions, beceusc a molecular
decaborane ion beam can implant ten times the boron dose per unit of current as can a
monatomic boron ion beam. In addition, because the decaborane molecule breaks up into ten

individual boron atoms of roughly one-tenth the original beam energy at the workpiece -
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boron ion beam (The individual boron atoms of a singly chargpd.dggaborane
nol ecul e (B1lOHx+) of 10 identical boron atons accelerated with a voltage V
each have an energy of eV/I0, and thus the ion beam can be extracted at 10
times the required energy). This feature 5 enables the nol ecul ar i on beam
to avoid the transm ssion | osses that are typically brought about by

| ow en¥Pgy/4$43h beam transport. Recent process and i oRCEGBPEES4Tpr ovenent s
have enabl ed the generation of ion beam currents that m ght prove in the
future to be sufficient for production applications of decaborane

i npl ants- Keys to such inprovenents are ion source cooling nmechani sns that
10 prevent dissociation of the decaborane nol ecul e and fragnentation of the
desired parent nolecular ion (BioHx ) into borane fragnments and el enent al
bor on. sirfecedili tichoran bertrdagpoated ades aines @ endrofaAuCp;vakidCo@Sorhidat shown in

U S. Patent . 6,107,634, | ow densi .plasma i s maintained to prevent
the pl 2ol o Beapt " (PG HEA e s R ARPaP b Y SbPl G- A e P RRGTIEHEL on. 15 As
st at ed (BblY'S of TQiiduitzalBdr6@a®hRlabQ@W i Gith QRSIthdd B eAHARRIMELRES i | | 11 kely
requir i ants with inplant energies as |low as 250 eV. At such | ow

e oraon i npl. S .
ener gi 8¥/1% %, s e S PEHEICHR @b Qg es thpeaessentgyddbisdetere Usi ng even

st ab e- edabled nedhidle O ARNOFAREr ol WBIGARL radsBERNANIOQYs nSEM &Pi&gﬁlf&%% (TPl ant

t hroughput will decrease unless inplant doses can be ncreased for the
sane | &Pl bylpwigaraléamcetrifasaport. | n addition, it will be desirable to

increase 20r4B8 ptRBRERI,E ) | | s, Wit hout i.ncreasing the
energy levels o theS I ndi v%ﬁfg%p}%\%&%ﬁgg%vgﬁg%?eﬁg?ea%ﬁ]ga[fonﬂéggrbﬁgI y, these
are obfweents it might progeentthd fivernt oo, sufftienrafioy pafdutde ippheaiohont The present

e B LR T A2l TEAERL A8 bORLESH L BT, oL et bor anes
det@boprarrat disscantiponf g ukecaot e Gidae: aid lpaRiRiioBof 3 d34RA pARAR5 .
molecular ion (BoHx") into borane fragments and elemental boron. In addition, in known
decaborane ton sources, su-ch as that shown in U.S. Patent No. 6,107,634, a low-density
plasma is maintained to prevent the plasma itself from causing such dissociation and
fragmentation.

15 As stated above, future ultra shallow junctions in semiconductors will likely require
boron implants with implant energies as low as 250 eV. At such low energies, ion beam
current densities will necessarily decrease. Using even state-of-the art decaborane implant
technology, semiconductor implant throughput will decrease unless implant doses can be
increased for the same level of jon beam current. In addition, it will be desirable to increase

20 the ion beam energy transport levels without increasing the energy levels of the individual
boron atoms implanted. Accordingly, these are objects of the present invention.
Summary of the Invention

The present invention provides a method of implanting ionized higher order boranes
into a workpiece, comprising the steps of:

®» vaporizing and ionizing decaborane in an ion source to create a

plasma;



(ii) extracting ionized higher order boranes wthin the plqﬁgp %EB@ygh a
source aperture to forman ion beam (iii) nmass analyzing t un eamw th

a mass anal ysis nagnet to permt a selected ionized higher order borane to
pass therethrough; and (iv) inplanting the selected ionized higher order
borane into a workpiece. A nmethod of inplanting ionized icosaborane
(BZOHX), triantabor@he @Baummgum&mdmg&ab&mt&h&k@m%h&ﬁﬁQﬁﬁind@Rﬂgﬁamﬂrkplece
i s provided, conprising the steps of (é) vapori zing and ioniziRhg
decaborane in an ion solfce 50y ™t o clPdgfmahioppeama; (ii) extracting

i oni zed i cosabor ar@]) t nisaniralieiha IR ioARAmSARA LR 89[mFCt'é6|y “hi gher
order boranes") within the plasnma through a source apertufe (12 to form
an ion beam (iii) nassP%fﬂ'e\‘ipW fefitgd tamized higheripedemboriatetopassalisetmaghysi's magnet
(127) to permt ionizedaggosaborane (B20Hx+) or -3a 13 June 2005 WO

-02/ 48425 PCT/ GBOL/ 05477 one of the other higher order boranes to pass

t her et hr ough; and ??') ipansing thegelested iooedegher balesahaiaing a( B20Hx+) or one
of the other higher ordggmgg&gnes into a workpiece. The step of vaporizing
and ionizing the decaborane conprises the substeps of (i) vaporizing
decaborane in a vaporizer (51) and (ii) ionizing the vaporized decaborane
in an ionizer 5 (53). Brief Description of the Drawings Figure 1 is a
schematic, partially cross sectional view of a first enbodi ment of an ion
source for an ion inplanter constructed according to the principles of the
present invention; 10 Figure 2 is a cross sectional view of a connecting
tube of an alternative enbodinment of the ion source of Figure 1, taken

al ong the |ineg paitd of implanting ionized icosaborane (ByHy), triantaborane (BaoHy), and
sarantaborane (BqoHx) into a workpiece is provided, comprising the steps of (i) vaporizing .
and ionizing decaborane in an ion source (5O to create a plasma; (ii) extracting ionized
-1cosaberane, triantaborane, and sarantaborane (col-lectivély “higher order boranes”) within
the plasma through a source aperture (126) to formn an ion beam; (iii) mass mﬂﬁing the

ion beam with a mass analysis magnet (127) to permut tonized icosaborane (B,6Hx") or

-3a-




Figure 3 is a partially cross sectional view of the ionizer pPrti %QSOf t he
ion source of Figure 1; and Figures 4 and 5, taken toget he|3, 8?@ pl ot of
current versus atomc mass unit for an 15 ion beam obtai ned using the ion
source of Figure 1, showi ng the presence of icosaborane, triantaborane,
and saranta onponents. Detailed Description of a

Enbodi nent g@%“ nvention Referring nowto Figures 1- ?E@]&;%W‘gsgﬂgr aw ngs,
and initially to Figure 1, an ion source 50 conprising a vaporizer 51 and
an ionizer 53 are shown; constructed according 20 to the present invention.
The vaporizer 51 conprises a non-reactive, thermally conductive sublinmator
or crucible 52, a heating nediumreservoir 54, a heating nmedi umpunp 55, a
tenperature conérol |.er. 56, and a nmass flow controller 60. lonizer 53 is
shown in ror®e ofjthe giher highazpkdgr oranes tapassiherethiughismd (ix) impaatiagithe émined] v fr om
the' ionizerickabaid (8 . S ed of
quartz or stainless (s?gglg?%lgﬂeqtftrtllgeecgli%gféggre‘gd%ggglr%g%?#e%r%ﬁ%ﬁe&%g% tube 62
i s surrounded vBEerizing gud isnizingiby decaiosanh eomprisasithe sutsteeatt(i)d@poraingng

subst anti al | t] : f., -4 13 Ju 2005 WD 02145425

PCT/ GBOL/ 054&%&&% ggghrdu{:a?%+zgp%5] ?)[%dch)t\f/i? %ggm t%aowr‘i' %{i'zr?gge ORNCP 8RR cavity
66 for contdP®ing a source material 68. The container is preferably nade

of a suitable non-reactive (inert) material such as stainless steel,

graphite, quartz or boron njt.side and. .whi i S, capable of holding a
sufficient anount of source H& FFWPQHBW%EQE’EE@A%BS%% (B1OH14). 5 The
decaborane is vaporized through a process of sublimtion by heating the

wal I's of the coitgaienet a 6¢heitdaiid) partiRBAirbdI GedBAHl YBW/E aGRGHeRibBGhehtbraBSEr VoI 1
54. Decaborane is rf‘f“)‘(’gi cally available in fine Bowder form having a vapor

pressure of & UG 0Ty 1BBHANteF BRRSEYCARd Acerrding totthe piddiplestof tBaEseonpl et el y
vapori zed degah@smne exits the crucible 52 via feed tube 62 and enters

mass flow control|ler 60, which controls the flow of vapor, and
10 Figure 2 is a cross sectional view of a connecting tube of an alternative

embodiment of the ion source of Figure 1, taken along the lines 2-2;
Figure 3 is a partially cross sectional view of the ionizer portion of the ion source
of Figure 1, and
Figures 4 and 5, taken together, are a plot of current versus atomic mass unit for an
15  ion beam obtained using the ion source of Figure 1, showing the presence of icosaborane,

triantaborane, and sarantaborane components.
Detailed Description of a Preferred Embodiment of the Invention

Referring now to Figures 1-3 of the dr_a_twings, and initially to Figure 1, an ion
source 50 comprising a vaporizer 51 and an ionizer 53 are shown, constructed acéording
20  to the present invention. The vaporizer 51 comprises a non-reactive, thermally conductive
sublimator or crucible 52, a heating medium reservoir 54, a heating medium pump 55, a
temperature controller 56, and a mass flow controller 60. Ionizer 53 is shown in more
detail in Figure 3. The crucible 52 is located remotely from the'ionizer 53 and connected
thereto by a feed tube 62, constructed of quartz or stainless steel. In the disclosed
25 embodiment, the feed tube 62 is surrounded by an outer single-chamber annular sheath 90

along substantially the entire length thereof.



10 thus neters the anount of vaporized decaborane which is q5g5to t he
ionizer 53. Alternatively, in a second enbodi nent of the i ven ion, the
feed tube 62 is provided in the formof a capillary tube and sheath 90 is
provided in the formof a coaxial dual-chanber sheath, conprising an inner
sheat h 90A ed by an outer sheath 90B (see Figur heat i ng
medi um may ﬁgﬂ%ﬁﬁggd into the inner sheath 90A (Il ocated ?g%k%?gggﬁt t he
capillary tube 62) and punped out of the outer sheath 90B (located radially
outward fromthe inner sheath 90A). In this second enbodi nent, the nass
flow controller 60 is replaced with a heated shut-off valve (not shown)

| ocated at the feed tube/ionizer interface, and mass flowis increased or

decreased by di rg_&%lq\g ,g}lgﬂ;ngl ng, the tenperature of the reservoir 54. 20 The
i oni zer 53 is showWh®Mf ?é’r%’é‘{eéﬁ‘lco‘i‘ﬁn%ﬁd&f*‘éo@‘gWéﬁiwoié?m%ﬂ&érrpr| ses a

general |y cbindgfaeahl 6800 1e iR iprEBABE MY oPNRMARE nARSSRE (H%”t i ng

flange 98, both in the preferred enmbodi ment constructed of al'um’num The
al um num bod?at’?@l push apypinlgssipjee], geaphide, gRararer bgroe pitlideragd phichagenehie 400 fed by

inlet 102 angfd 4 ufRQnt Qrgo §§ﬁgﬁ\é%te}1%sucm:%cabg%£ gBdbE?.é 96 via outlet

106. The cool | ng medi um e water or any ot l e fluid having
hi gh heat5 capaci e déﬁhl@rmtlswpamtdemmglmmbces@ofpatﬂsmgﬁwayﬂeqnng)uied-&lls a

cont i nuous r rough t the ionizer
body 96. Al%t?%&é\tlj% tm@%rlégn“él %%6&% u%/?P %qumt“ﬁgw Sﬁmﬁ?‘:"f’%m’%adém in
phant om i n Rygcalie adilablben ﬁribﬁ}iomd@xyfoﬁﬁha@%ga?ﬂ@oméb@uraﬂﬂo akapiit hdig out er

periphery of the body in an%/1 nown configuration to insure that the entire

body is ef f SURRARYG akbh e at 180°¢3 Completehomoriapgderaporguraxitptir capibly #5477
Cool i ng t he vopdy Q6 sm%eérstms ﬂB\b%oﬁthEF@)t Ridn CORIIRGhe QS of &’g,hﬂgéd at

tenperatures that w1l acconmodate decaborane pressure W't hi
i oni zat i18n dhameesars the hrapunt of belz@l@mbbganhwgﬂqh is|provided! th thenotfizzundl t hat t he

onizer 53 Shoul gl bl 0ESh ek BIRGIANG Ror, B AU (L 055 than 350

C and preferably an
provided in the form of a capillary tube and sheath 90 is provided in the form of a coaxial

dual-chamber sheath, comprising an inner sheath 90A surrounded by an outer sheath 90B
. (see Figure 2). The heating medium may be pumped into the inner sheath 90A (located

15 adjacent the capiilary tube 62) and pumped out of the outer sheath 9OB (located radially
outward from the inner sheath 90A). In this second embodiment, the mass flow controller
60 is replaced with a heated shut-off valve (not shown) located at the feed tube/ionizer
interface, and mass flow is increased or decreased by directly changing the temperature of
the reservoir 54. :

20 The ionizer 53 is shown in more detail in Figure 3. The ionizer 53 comprises a
generally cylindrical body 96 and a generally annular base or mounting flange 98, both in .
the preferred embodiment constructed of aluminum. The aJumiﬁum body 96 is cooled by
means of entry cooifng passageway 100 fed by inlet 102 and exit cooling passageway 104
which exits body 96 via outlet 106. The cooling medium may be water or any other

25 suitable flmid having high heat capacity. The entry and exit cooling passageways provide
a continuous pathway by which water flows therethrough to cool the ionizer body 96.
Although only a fragmented portion of the pathway is shown in phantom in Figure 3, the
pathway may extend near and about the outer periphery of the body in any known

configuration to insure that the entire body is effectively cooled. .
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5 prevent dissociation and fragnmentation of the ionized dqup ragﬁ
nol ecul e. Referring back to Figure 3, within the confines o Hhe S%izer
body 96 are an extension of the feed tube 62, surrounded by annul ar sheath
90, term nating at ionization chanber 108. Wthin the ionization chanber
reside a ho e 110 and an anti- cathode or repelle hot
cat hode 110“%%%%$%ges a heated tungsten filanment 114 10 iﬁ&%%ﬂ%%%ﬁ by a
nol ybdenum cyl i nder 116 and capped by tungsten endcap 118. The heated
filament 114 is energized via power feedthroughs 120 and 122 that pass
through and are electrically insulated fromthe al um num body 96. The
repeller 112 is also electrically insulated fromthe body 96, via a
thermal |y conduc&ive electrically insulating material (such as sapphire)

whi ch physi cal | y“edigItas"ody @S inspiss fhat the ipnizabonechamber 108mesides on 15 chanber
108. I n openhghietired thet Mﬁawﬁrﬁﬁdhaé%@égefa?gﬁﬁe&%wmmﬁ tﬁle'iéllgﬁﬁ%&ahﬁ%g the

ionization chanber via feed tube 62 at zer 1nle en t

tungst en fi [thayisisutlicendy kigh.clibagheze fouad dat the dmizey Shshoaldieinparitaiord 20k a
potential diffeLENERWASK 1 122 ~d.he fi t emts
el ectrons t ﬁat’ﬁ aaglgeﬁ)gra&aito ggrtF %%Asg?%}' g%%*k? ?pdapcr?z&‘éaﬁfjg’ﬁtﬁ%ﬂgqé 3@%“51 Jiﬁﬂﬁs endcap
118 i s saf f ipsivendisyocktiat entl fizgnednecivn ofthd mnizad deabdrane holeduld. urn enits

el ectrons into ionization chanper 108 that. strike the yaporized gaé
nol ecul es to cr e%%}gm%ﬁgéﬁ%ﬁﬁg(“ﬁee ’%ng‘ﬁbtg‘? congings Qft H’él'rz?r?"gi‘)ﬂgﬂf’&%rra i's
thereby cr eattesbjonfof g fodd tGbe 62) sirfunBRIY abBul@shéas @ ermbd=0AE hi6nigiaber

e 126. The plasnma includes decaborane ions 25

t hrough source apﬁ{t%g_ . C )
(Bi oHx' ), whPeni(8s Within thedopzatiop qhamher resideachobenthods 11OaRd 7BRBHK' ), wher e
X i's an int egrdde obRpéIRr 282, THe RALARE NG ARR ' 13, an
integer up to 450 agd ;arantaborane iong (B4gﬁgﬁggﬁﬁﬁg$%p§h§§%gﬁainteger
up to 580 apyraypdedihy apmelybsenyp cxlindai) 16 ahdheapped byvonistineodeap The Tier m

"i cosabor ang..idiSid ' - s, and/,or cl uster
of tap deonfe SuuBEFTEER chelstREl K Bub el LR B BRERTRAR,

i ncl ude -6 a8l Juelect@G insulated from the aluminum body 96. The repeller 112 is also

electrically insulated from the body 96, via a thermally conductive electrically insulating
material (such as sapphire) which physically couples the repeller to the cooled ionization
15  chamber 108.

In operation, the vaporized decaborane powder is injected into the jonization
chamber via feed tube 62 at ionizer inlet 119. When the tungsten filament 114 is
energized electrically by application of a potentiél difference across feedthroughs 120 and
122, the filament emits electrons that accelerate toward and impact endcap 118. When

20 the endcap 118 is sufficiently heated by electron bombardment, it in turn emits electrons
into the ionization chamber 108 that strike the vaporized gas molecules to create ions in
the chamber.

A low-density ion plasma is thereby created, from which an ion beain is extracted
from the chamber through source aperture 126. The plasma includes decaborane ions

25  (BioHx"), where X is an integer up to 14, icosaborane ions (Bgon+), where X is an integer
up to 28, triantaborane ions (B3Hx "), where X is an integer up to 42, and sarantaborane
ions (B4pHx ™), where X is an integer up to 56, all of which are implantable into a
workpiece. The term “icosaborane” is intended to includé both B,gHy molecules .and/or a

cluster of two decaborane molecules. The term “triantaborane” is intended to include .
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WO 02/ 48425 PCT/ GBO1/ 05477 both B3oHx nol ecul es and/or a C{S,Uftnﬁl‘ Oaé t hree
decaborane nol ecul es. The term "sarant aborane” is intended 4 c% ude both
B40Hx nol ecul es and/or a cluster of four decaborane nol ecul es. The
extracted ion beamis then nass anal yzed by mass anal ysis magnet 127 to

permt only,J ving a prescribed charge-to-nmass rati 5

t heret hrougﬂ}.oqﬂﬁseﬂgow density of the decaborane/i cosabor%ﬁi%ﬁﬁg%ag in
chanber 108 is in part provided by the relatively | ow arc di scharge power
mai ntai ned in the source (about 5 watts (W at 50 mllianmps (m\)). The
constituency of the lowdensity plasma in ionizer 53 is shown in the graphs

of Figures 4 and 5 V\/m ch t aken together show a plot of current versus

atom ¢ nass uréll for the conponents of an ion beam obtai ned using
the ion sourPd BypH FF‘Q F‘éesla"dfﬂsaélﬁﬁwpflthfﬂ‘f freghormiegualesyles Biti teinglual def i nabl e

k ©hkn 5 4,
and BaOKK and. BAOTR Tl quro o B AR R B PR B R <

observed at d¢cEporang molgeidest ke ﬂxg’é@abmn Apan psehén m&s eims‘medr eylmats ad@§sis AVU. | n

Figure 5, rved at 350 AMJU and B4oHx 15
pegk is obsrgﬁ&ﬁ%q rogéhf@ly%%%ﬁw Usescﬁ%% ﬂ" SBHOHP®E gure 1 in an
i on i npl &nt e!re,retlamugnt"ﬁheéovdémmhgomfahedmcﬂmh&sat(drﬁe pheMme th H@BE)108 $s in

i npl anted i mw%?%vg &‘Eéeﬁ he no gul e breaks up at the workpiece
surface such't y @tﬁ)’e}é’f"‘@% %5 ?ré?lp‘ﬁ‘(eﬁﬂiafr%a‘?@dﬁmefo'bfﬁ%(apéﬁﬁh t he
energy of theas (Wnatlsomaniagpoupanf atons (in the case of B10HL14). Thus, the

beam can be 20 transported at ten tinmes the desired boron inplantation
ener gy, enabling %FV‘SEW%W@WWW%%Pwrﬂmmvmsqréﬁmfsiheamn the grephs

1 < e O H f
transni ssi oef#g&éﬁandsw@a%hh& R'Ebg ax&i% gﬂhepff E&?@g&é{&&%{;& ?ﬁl%&'hnﬂ”' to

current delivers ten tinmes the dose bécause the
charge pBr (AWMU dyske qomponantsafan fonttisam obfaired nmngtha farcsobea nf FlgmieantAs

Wi T ogar o b e p e R RReS MR kgL et B ARG arbnBn R A Chat 15

extracted fcosabbhee (BasH:Q duFigere thardUkH s andr BugH aindtigass & hA8gure &, thé bel i eved

that the decaborane peak is observed at 117 AMU, and the icosaborane peak is observed at 236

AMU. In Figure 5, the BygHyx peak is observed at approx1mately 350 AMU and B4oHx

15  peakis observed at roughly 470 AMU.

Using the source 50 of Figure 1 in an ion implanter, an entire decaborane molecule

(ten boron atoms) is implanted into the workpiece. The molecule breaks up at the
workpiece surface such that the energy of each boron atom is roughly one-tenth the energy
of the ten-boron group of atoms (in the case of BjgHys). Thus, the beam can be

20 'Lransported at ten times the desired boron implantation energy, enabling very shallow
implants without significant beam transmission losses. In addition, at a given beam
current, each unit of current delivers ten times the dose to the workpiece. Finally, because
the charge per unit dose is one-tenth that of 2 monatomic beam implant, workpiece
charging problems are much less severe for a given dose rate.

25 With regard to the icosaborane (BagHx) component of the ion beam that is
extracted from the ion source through source aperture 126, it is believed that the
icosaborane is being formed by the irradiation of decaborane with H or H; ions within the

tonizer 53 of source 50. Under specific source conditions, decaborane vapor in the

ionizer 53 results in an adjacent sub-spectrum from mass 130 AMU to 240 AMU (see
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i cosaborane is being formed by the irradiation of decabor ar]@yvi tg E%or H2
ions within the ionizer 53 of source 50. Under specific so r¢8e 8 itions,
decaborane vapor in the ionizer 53 results in an adjacent sub-spectrum
frommass 130 AMU to 240 AMU (see -7 13 June 2005 WD 02/48425

PCT/ GB01/ OSﬁ,LZ?? {igure 4) that appears to be simlar to the decaborane
spectrum T 30,2/4 % i on beam extracted t hrough the ion gﬁﬂﬁ@%"“ﬁﬂérture 126
includes, in addition to the fragnented decaborane spectrum a fragnented
decaborane "diner" (also referred to herein as a dual cluster of nol ecul ar
decaborane or icosaborane (B20Hx)). lonized icosaborane (B2oHx') is 5

i npl antabl e at energy per boron atom of bel ow 500 eV, and even as | ow as
250 eV, at _boron particle currents as high as 1.6 mllanp (nd). Using the
sour ce 50 ofignfegh) that 4ppeays trbeisimilar tepthe decaborangspesituin:. €Thiug,abaionbeare i on
(tventy DOT oflr2leR Midugh thd iBRLRRLGHCh N £2d NEWIR! LGRS 1o BCH AR RESAKS up at

the workpiece surtace su energy of eac ron I's roughly

one-t went i eti¢vabdranebfectmmy gfraphentddaletabenby “dimed(algy @efepred fo dkeinss { durl t he case

of B23Hx). Th t he beam can be .transpo at twenty tines_the, desired
bor on i npl a%\-ltu %?Iiocgﬁn °§eﬁ5‘ﬁb@°a RGO Wﬁ“@%ﬁa&e @%&?ﬂ)bvy’m?er‘?ﬁf Avang; Bublt) s
si gni fi cant inpgambld A BSdiESEer 66roh @SSESF below FVEV, b bvedhs 18wk ¥§Me R aAM
current, each unit of curregit delivers twenty tinmes the dose to the

wor kpi ece. PTTHAPFYCIe cgesesgs Bisp Az - miiyep 58d)-uni t dose is one-twentieth that
of a nonatoni ¢ hedp théPIuRRS0 of BighRI 1RIaE i iRRBRGH A RO RSB AL fguch | ess

severe for a given dose rate. The nmass analysis magnet 127 can be adj usted,
as i s known(tVefty heromatpmsyisimplanigd intoghe workpieps cFhetion byeakls upat the par t i cl es

havi ng a chgh@emetds ' L L0 ific r Accordingly, the
mass anal ysi éﬁ%%ﬁsg?@%%gé%éﬁgéé‘én% tr}gglézg%t% génﬁéognr_r{s? &%g%yhoé? %P’r%rlnéelg{}ﬁ%r
decabor dhe ¢mBiYal die twenty-barem ponpnLatdB Girite che af Bs$ ). MEa] the beaghcanBei | |

AR N T A A
beam implants without significant beam transmission losses. In addition, at a given beam °
current, each unit of current delivers twenty times the dose to the workpiece. Finally,
because the charge per unit dose is one-twentieth that of a monatomic beam implant,
15 workpiece charging problems are much less severe for a given dose rate.

The mass analysis magnet 127 can be adjusted, as is known in the art, to permit to
pass therethrough only particles having a charge-to-mass ratio within a specific range.
Accordingly, the mass analysis magnet 127 may be adjusted to permit either molecular
decaborane (B1oH14) or icosaborane (BagHx) to pass therethrough. Still further, @hg: magnet

20 may be adjusted to permit passage therethrough of either of the other higher order boranes
{BoHx and B4oHy) in the ion beam, )

Electrons generated by cathode 110 which do not strike a decaborane molecule or
one of the higher order boranes in the ionization chamber to create a decaborane or
icosaborane ion move toward the repeller 112, which deflects these electrons back toward

25  the cathode. The repeller is preferably constructed of molybdenum and, like the cathode,
is electrically insulated from the ionizer body 96. Walls 128 of the jonization chamber
108 are maintained at local electrical ground potential. The cathode 110, including
endcap 118, is maintained at a potential of approximately 50 to 150 volts below the

potential of the walls 128. The filament 114 is maintained at a voltage approximately



El ectrons generated by cathode 110 whi ch do not strike a de%gﬁorﬁgﬁ%
N er to

mol ecul e or one of the higher order boranes in the ionizati
create a decaborane or icosaborane ion nove toward the repeller 112, which
defl ects these el ectrons back toward 25 the cathode. The repeller is
referably ted of nol ybdenum and, |ike the catho |
gl ectricall W}é‘{f’?gt ed fromthe ionizer body 96. Wlls 1 gT"ng]?%g-’
i oni zation chanber 108 are maintained at |ocal electrical ground
potential. The cathode 110, including endcap 118, is maintained at a
potential of approximately 50 to 150 volts below the potential of the
walls 128. The filanment 114 is maintained at a voltage approximately -8 13
June 2005 WO 02/48425 PCT/ GB01/ 05477 between 200 and 600 volts bel ow the
potential offciMien ¥i9Fad 00 yats briqw theypejentipfitzepadcagi flBeThnlzezeveltageen t he
filament 114; L ARad ' : 1.0 the | ectrons
emtted f ro%f%c%%%g{;@@%&éﬁ#i Cl eﬁ?f:@c%!egl?leﬁgé%%m%gmf% ' H&r i oni cal | y
~emit el ect elspzons pmbted fiwmi hafikakentan seificietitrhed@adedp TR ihemnismcallg emb0

provi des a | chani sm f.or .coptrolling the operating tenperature of
the cruci bl (eégg‘g",rngé“s‘%ﬁ Hsgl) pRmbEr Bl f eod tube 69 & hr ough whi ch

vaporized decabDiedoesquaes@preiides bSomRy mechaaReh fhH¢auaiing bR opamiger 53. The
heati ng medium 70 is heatg]gr?g/i t(k%:ﬁ the reservoir 54 by a resistive or

simlar healiRGeBIreNEht cag 8 1y ofghe Rediube ¢ hetigh hichryaparizesher at ur e

control meadeabaERIPaseSoitd VAPSHAA thSigh ARG 5. PR &inxgﬁlgﬁuxﬂ%‘%’é ns as an
i nput tenperature feedback fromthe reservoir 54 via thernocouple 92, and

out puts a cB8FHgdoYIthy) Eip sserveir B hY # Frgistvecarsimilagieating clementi§@rndieminditlyad bel ow,
so that thg.heahideg rEdi | r [ eat ed t itable

t enper at ur e. ea_The h[_{e%grti ng t‘J:rrhtt:-izIﬂ ?%urﬁk %&[@g%fgﬁgé%&%eﬁg?ﬁb% %‘Hw 8?'1%8? %’??é sui tabl e

medi um (€. gwhichgbipias 3s arhiaput penapeiaties feadtick) fromelat resapecs4 yla thiEhwocouple | S - heat ed

Lo2 ¢ ST S b o E o3t o hEnEROCK 2088 Yo e Pt 0
tube 62 t hr dubketinhertinmOm in Teare@tvdir iDheated (s QNaBRAerMpekdtuan
The heating medium 70 comprises mineral oil or other suitable medium (e.g.,
water) that provides a high heat capacity. The oil is heated to a temperature within the
15 20° Cto 250° C range by the heating element 80 and circulated by pump 55 around the
crucible 52 and the feed tube 62 through sheath 90. The pump 55 is provided with an
inlet and an outlet 82 and 84, respectively, and the reservoir 54 is similarly provided with
an inlet 86 and an outlet 88, respectively. The flow paitern of the heating medium about
the crucible 52 and the feed tube 62, although shox:;rn in a unidirectional clockwise pattern
20  in Figure 2, may be any pattern that provides reasonable circulation of the medium about
the crucible 52 and the feed tube 62.
Referring back to Figure 1, the crucible cavity 66-is pressﬁrized in order to
facilitate material transfer of the vaporized (sublimated) decaborane from the crucible 52
to the ionization chamber 108 through the feed tube 62. As the pressure within cavity 66
25  israised, the rate of material transfer correspondingly increases. The ionization chamber
operates at a near vacuum (about | millitorr), and thus, a pressure gradient exists along
the entire length of tﬁe feed tube 62, from the crucible 52 to the ionization chamber 108.
The pressure of the crucible is typically on the order of 1 torr. |

By locating the crucible 52 remotely from the ionization chamber 108, the material
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inlet and an outlet 82 and 84, respectively, and the reserv { 321, g
simlarly provided with an inlet 86 and an outlet 88, resp etV 039 The
flow pattern of the heating nedium about the crucible 52 and the feed tube
62, al though shown in a unidirectional clockw se pattern 20 in Figure 2,
may be any t hat provi des reasonable circul ation i um about
t he cruci bl gﬂg ?‘gﬁé the feed tube 62. Referring back to %F:a{tj;?gu , the
crucible cavity 66-is pressurized in order to facilitate material transfer
of the vaporized (sublinmated) decaborane fromthe crucible 52 to the

i oni zati on chanber 108 through the feed tube 62. As the pressure within
cavity 66 25 is raised, the rate of material transfer correspondingly

i ncreases. The ionization chanber operates at a near vacuum (about 1
mllitorr), N tHeRle cavipytods heanally latsrl: thessbyerevidingnghermplly sabisi re | engt h
of the feed dnViéhnRs: uﬁaffgé&&ﬂethg{eﬂﬁybxg ufe i ?%he 18111&%&)!1 et l;e?t }T\Q% ﬁ,hﬁ@ber 108.
The pressure of the crucible 1s typically on e or on. By

| ocati ng thée@PQE@PIBIOéﬂEZMézmaeinG rmhlcfhmelpmaessaﬂf dmabccrhmrsbﬁ'rmal{oﬂ t he

mat eri al 2/ /05477 thin crucible
cavity 66 is 31% ng%fzéglggogfmc‘gpm?ﬁ% e%]tmél eéa"frﬁg}MWﬁfqnyag?’hbl e
envi ronment chabdra08 @ch tigh adgaeetoemae:raqt(hmmm 1 QA By dintaitin gft. As

such, the ﬂg&)eraturﬁl of the ru0| ble cavity 66, in which t process of
decabor ane JTBRSHEELH CVBQ,‘E’GF% cehopang during fansiorida “Beriﬁéff”élﬁﬂé‘??ﬂb?fﬂﬁ t he
operating taRRL@l &t tl.ﬂfe 62NR doRftingdtbh BNhemtl &BRboskESh It hevaPbi M dE9r €€ of

accuracy (within 1 Q Also, by maintaining a constant tenperature of the
vapori zed decaboﬂ'h%@mcﬂ'éﬁaiurfgmmfdiﬁs poeantrpls thefemperniopeatfithereredfitdnfeandtha  t he

heated 1 eed iyl oy U0 EARENSARLA Ol NG BLIASRATOSM ha 01 LN vapor

occurs. The tenperat ure cont T erature of the
cruci bl et052 medhm degervdie 8 Fhebroc6@lhy? woss ttmltémpﬁgathﬂee:f d;aeesaltvbm Moafd t he

heat 10, ! U5 e RAIERKAS: TS e R P o2
si gnal 93 t oorthdlet respoadsxb i€ inporTtddbidk8ignsiGn a Khéwi SERMRE By dMifutting control
signal 94 to the reservoir heating element 80. In this manner, a uniform temperature is
provided for all surfaces to which the solid phase decaborane and vaporized decaborane
15 are exposed, up to the location of the ionization chamber.

By controlling the circulation of the heating medium in the system (via pump 55)
and the temperature of the heating medium (via heating element 80), the ion source 50 can
be controlled to an operating temperature of on the order of 20° C to 250° C (+/- 1° C).
Precise temperature control is more critical at the crucible, as compared to the end of the

20  feed tube nearest the ionization chamber, to control the pressure of the crucible and thus
the vapor flow rates out of the crucible.

Because the plasma density using the inventive source is kept low (on the order
10‘°/cm3) to prevent dissociation of the decaborane/icosaborane molecular structure, total
extracted ion beam current will be low when using a conventionally-sized source aperture.

25  Assuming a comparable beam current density, the aperture 126 in the ionizer 53 of the
present invention is made large enough to insure an adequate ion beam current output.l A
lem? (22 cm X 4.5 cm) aperture permits a beam current density of about 100 microamps
per square centimeter (i A/cm?) at the workpiece, and up to (less than or equal toj 1

mA/cm? of extracted beam current from the source. (The actual focused beam current
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controller responds to this input feedback signal in a kno
outputting control signal 94 to the reservoir heating eleﬁﬂ%gﬁ§%£bFn this

manner, a uniformtenperature is provided for all surfaces to which the
solid phase decaborane and vapori zed decaborane 15 are exposed, up to the
| ocation of i zation chanber. By controlling the circulation of the
heat i ng nedi Lﬁh%"?fg?he system (via punp 55) and the temgpy?&ww t he
heati ng medi um (via heating el enent 80), the ion source 50 can be
controlled to an operating tenperature of on the order of 20 Cto 250 C
(+/- 1 C. Precise tenperature control is nore critical at the crucible,
as conpared to the end of the 20 feed tube nearest the ionization chanber,
to control the pressure of the crucible and thus the vapor flow rates out
of the crucilgliveredpeibagoekpitre isnksniractionsf thy tataiengpctaddeamvertiiye source is
kept low (o [ LS8 i SSOCI at i on

decabor ane/?‘%@g %?%ﬁ:gabéq(? Aﬁgé)pg%s?b&%nlf?e “P% (e “é]}%f]} I‘gﬁlefdoan beam
current wil Bidblx" bewm eiment afsboy 560 pAraV(thOﬂ@ﬁcbymsﬂmldwﬁ‘eﬁergﬁajmert ure. 25
Assum ng a conp éab e lbeam current ens éﬂ t he $%rture 126 in the ionizer
53 of the pe SAE VAT PRTIE S pl‘%:{; SAGRIFRG i nsure an adequate ion

beam cur 5ent OUIﬂwordwfﬁIy lt@i@ﬁf&d%&b@ﬂh%ﬂﬂﬁﬁn@lﬂ}tO@&ﬂh&tH&@%@% R ford beam
current denmtzﬁof ab ut 100 m croanps per square centineter (pA/cm at

t he wor kpi elEPianting deps ?féne(?ré%"éab@ﬁaé‘ﬁ hgy begp described) Wﬁh [ﬁﬁf%mmﬁfde%%?ﬁ%mt ed
beam currenty rﬁfn@rﬁowaeersi@}krtﬁﬁerst@-chﬁaﬁﬁfs aderib RS m&amég 13 June
2005 WD 02/ 48425 PCT/ GBOL/ 05477 deliveret to t ce isonly a
fraction of thene t"d?*ﬁ!‘)ﬂe@(@mé@@te*élwbéamrtmﬂarembpt)mﬁp@dtsanbﬁdélem and thabout 5

cne are pos§eglt6|u?r %@Qﬂ&a %ﬁf&gg anmlﬂgs% u\‘\% yy | el dleglﬁgﬁgéo + beam

current of ut 5 e wor ]ol ece. ULE)
i npl ant é@'s, reepﬁettoItlwfgegomgécwmptmnswﬂmst c(epmxhg)fr&ra thﬁ”@pre&fﬂxeﬂﬁ%h&lﬁ 5

Accor di ngl Yy LI an i nproved nmet hod and system for
i npl anti ng oFeca‘E%’F éOIg’F’?gg@gﬁﬁ?cQ‘&i‘@rﬁ%v%@@n described. Wth the foregoing
descri ption
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in mnd, however, it is understood that this description is de y by
way of exanple, that the inventionis not limted to the &§$EP8&®§$

enbodi ments descri bed herein, and that various rearrangenents,

nodi fications, and substitutions nay be inplenented with 10 respect to the
foregoi ng description wi thout departing fromthe scope of the invention as
def i ned OPH@“Fgllomﬁng clains and their equival ents. PCT/EBASIINe 2005 WO
02/ 48425 PCT/ GBOLl/ 05477 Cains: 1. A nethod of inplanting ionized higher
order boranes into a workpiece, conprising the steps of: (i) vaporizing
and ioni zing decaborane in an ion source to create a plasm; 5 (ii) .
extracting ionized higher order boranes within the plasma through a source
aperture to forman ion beam (iii) nass analyzing the ion beamw th a nass
anal ysis magnet to permt a selected ionized higher order borane to pass

t her et hr oblims:and 10 (iv) inplanting the sel ected ionized higher order
borane into a workpiece. 2. The nethod of claim1l, wherein said step of
vapori zing and ioni,zi ecaporane in an ion source_ conprises the substeps
of (i)(a) vapgfi Zi ﬁd“%@%da"g‘d’?la ting 1gnized highsf Pelgbosngs (g t BprkPses.zi ng t he
vapor i zeccodpaigingmaneps 6f: an i oni zer. 3. The nmethod of claim 2, wherein said
hi gher boranes include icosaborane (B20Hx), ‘triantaborane (B30Hx), and

sar ant abor ane (B40Hk) afBOWHRF ¥idioripas depltnsdn ah ismisperde hi gleercasraler bor ane
is ionized icosaborane {gpkx') 4. The nethod of claim2, wherein said

hi gher_ boranes incl ude i cosaborane
5 (it}  extracting tonized higher order boranes within the plasma through a

source aperture to form an ion beam:
(iii)  mass analyzing the ion beam with a mass analysis magnet (1o

perinit a selected ionized higher order borane to pass therethrough;

and
10 V(iv) implanting the selected ionized higher order borane into a
workpiece.
2. The method of claim 1, wherein said step of vaporiZing and ionizing
decaborane in an ion source 'comprises the substeps of (i)(a) vaporizing decaborane
- in a vaporizer and (1)(b) ionizing the vaporized decaborane in an ionizer.
- 3. The method of claifn 2, wherein said higher boranes include icosaborane

(B2oHx), triantaborane (BsgHy), and sarantaborane (BsoHx) and wherein the selected

ionized higher order borane is ionized icosaborane (BagHx ).

4. The method of claim 2, wherein said higher boranes include icosaborane
{B2oHy), triantaborane (B3Hx), and sarantaborane (BaoHy), and wherein the selected

ionized higher order borane is ionized triantaborane (B3oHx .

5. The method of claim 2, wherein said higher boranes include icosaborane
(BaoHx), triantaborane (B3oHx), and sarantaborane {B4Hx), and wherein the selected

ionized higher order borane is ionized sarantaborane (BaoHx .
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(B20Hx), triantaborane (B3ol-Ix), and sarantaborane (B40Fk15%@nd §8 rein
the selected ionized higher order borane is ionized triant 7 f
3011x). 5_ The nmethod of claim2, wherein said higher boranes i ncl ude

i cosaborane (‘B2oHx), triantaborane (B30Hx), and sarantaborane (B4oHx), and
wherein the selected ionized higher order borane is ionized sarantaborane
(B4oHx') - MO@895ne 2005 WO 02/ 48425 PCT/ GBOL/ 05477 6.pcHimoiedaiod of
claim2, wherein said ionizer is provided with an ionization chanber,
further conprising the step of actively cooling walls of said ionization
chanber: during the step of ionizing the vaporized decaborane. 7. The

nmet hod of claim 6, wherein said step of cooling said ionization chanber

wal I's maintains a tenperature of said walls below 350 C to prevent

di ssoci ati on of vaporized decaborane nol ecul es. 8. The method of claim?7,
wherein said tenperature of said walls is maintained between 300 C and 350
C. 9. The nmethod of claim2, wherein said source aperture is sized to

provide a focused i om Qﬁ@ghqyg{ 100- 500 roanmps (A) at a
beam current densit eof c 1 nﬁ&F?gﬁ%“%g%mgﬁﬂ%re ceﬁ?FWE@gW" & cnR) . 10.

The met hod 'B¥zapenghamber vx/nerféﬁkmrsammqnhahmemmmvaﬂﬁﬂﬁﬂfmg waild hi n, gai d
i oni zation sﬁ@f@ﬁgﬁfon%ﬂa&lg'& or dﬁ{m the sgep g}j?, omzmg3 the vaporized decaborane.

7. The method of claim 6, wherein said step of cooling said ionization
- chamber walls maintains a temperature of said walls below 350° C to prevent

dissociation of vaporized decaborane molecules.

8. The method of claim 7, wherein said ternperature of said walls is

maintained between 300° C and 350° C.
9. The method of claim 2, wherein said source aperture . is sized to
provide a focused ion beam current of between 100-500 microamps (pA) at a beam

current density of < 1 milliamp per square centimeter (mA/cm?).

10.  The method of claim 9, wherein said plasma has a density within said

ionization chamber on the order of 10'%cm”.
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