METHOD OF FORMING ULTRA-SHALLOW JUNCTIONS FOR SEMICONDUCTOR DEVICES
BACKGROUND 100011 The present invention relates generally to the field of semiconductor devices
such as inteyR&8I8EIRE6RE%s, and more particularly to the formation of ultra-sH&IBWSIM8HSHEYor such
semiconductor devices. [0002] In PMOS-type semiconductor devices, semiconductor substrates arc

doped of mplagied WIDBRSP FORMPRELEFIEASSREILONE JU SRUPRIRY FRIcions o

integrated circuit transistors, etc.). In conventional ping processes, oron ions are first

implanted at relatively low implantSEONEGEEND, BT ORD BTG ESre electrically activated by
thermal annealing to form the junction. [0003] One issue associated with the use of boron ions in

forming such junctions is that the ions may diffuse into undesirable locations in the semiconductor
substrate during subsequent annealing steps; i detrimental to the performance of the
semiconductor device. Crystalline defects created during implantation of the boron ions may be at
least partially responsible for this diffusion phenomenon. [0004] One method for reducing the

magnitudel WU deShrabressarorvartiesionlatrraoasrahly topladteldot semicsmdadiisiprieessuete thermal
annealing g%ggﬁ%e_Mam@,daﬂH%&% ins mav Ady aRiagReHRY BFLIRS@RINgs hecaljRoRlattice

damage created during boron ion implantation, which in turn may reduce the boron ion diffusion upon
annealing 854 sHBNGIBAYREO¥EHEESN of shallower junctions in the substrate. It has further been
suggested that the diffusion of boron can be even further reduced by separately implanting both

carbon angoidegingnenadEa}pe samicaneiictalesitstradficonductor substrates are doped or
implanted with boron ions to form ultra-shallow junctions (e.g., source or drain junctions
for integrated circuit transistors, etc.). In conventional boron doping processes, the boron
ions are first implanted at relatively low implantation energies, after which the ions are

electrically activated by thermal annealing to form the junction.

[0003] One issue associated with the use of boron ions in forming such junctions is that
the ions may diffuse into undesirable locations in the semiconductor substrate during
subsequent annealing steps, which may be detrimental to the performance of the
semiconductor device. Crystalline defects created during implantation of the boron ions

may be at least partially responsible for this diffusion phenomenon.

[0004] One method for reducing the magnitude of undesirable boron diffusion involves
the implantation of fluorine ions prior to the thermal annealing step. The implanted fluorine
ions may advantageously act to stabilize the silicon lattice damage created during boron ion
implantation, which in turn may reduce the boron ion diffusion upon annealing and allow
for the formation of shallower junctions in the substrate. It has further been suggested that
the diffusion of boron can be even further reduced by separately implanting both carbon and

fluorine 1ons into the semiconductor substrate.

[0005] While the implantation of fluorine and/or carbon ions may allow formation of
shallower junctions, the use of multiple implantation species may adversely affect the
efficiency of the manufacturing process. For example, while conventional junction
formation requires only a single implantation step (e.g., of boron ions), processes in which
other species are implanted require additional separate implantation steps. In the case
where boron, carbon, and fluorine are to be implanted in a substrate, three separate
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[0005] While the implantation of fluorine and/or carbon ions may allow formation of shallower junctions,
the use of multiple implantation species may adversely affect the efficiency of the manufacturing
process. FoWV&xAWHIR1eile conventional junction formation requires only PSTHYEMINEREion step
(e.g., of boron ions), processes in which other species arc implanted require additional separate

implantatigmstapstdhdhegase Wiake beIan.cakanARd uaiing aseta beinalagsskinsosubstrate,

three separate implantations may be required. Between implants, the m?ﬁ%p;lets and other components

of the implAStERPHNE LB YL RETSFBAdoqrtssPIoN (RE hRrdidcnideasssuptiie speeiestséisy implanted.
Additionallyy yyithvRresentiiRim apyreaesbnalpih fREH:FRRABIBEONRAY HRkteR HH{eyapyspurce feed

material, which means that between implants, a relativel%i: time-consuming sequence must be followed

in which tieddBEred fours iaedhmatrdabshireesantdhah bsBimpepsitsRe Haly fheMeaterial is
inthdUCG%cﬁﬁdrHﬂ@g%&%i&é%dé reustad e SHEMMARYCH 80 LAR i@%ﬁﬁi&i@%?fﬂ@@ﬁ@%&dﬁ the

invention relates to a method for producing a doped region in a semiconductor substrate that includes
performin@&WFalim@mﬂpgée%ltnt&ﬂwé%%aﬂ@l GuBterdneagcind Bt it Semiconductor
substrate to form a doped region. [0007] Another exemplary embodiment of the invention relates to an
apparatus for forming doped regions in a semiconductor substrate that includes a stage for holding a
semiconductor substrate and means for implaftiiydlédkorane duster molecule into the
semiconductor substrate to form a doped region. [0008] Another exemplary embodiment of the

invention rRIgiR} toxk MEIABHIOLRIGSHAIRE: 3 SERIROBHISIEHRSS Naving rehaliadunstion region

that includes providing a first gas and a second gas in a container. The first gas includes a first dopant

and the sedfd §REIGAILYESH CUKBISEPH SRR T e hiehiste aRssTBNRES FHb kapplagttHerivst and
second doRANtE IR FosRICRRRYEERIWRSIEatR iSRG ntdoNs iR JRBR R oL ARt iFSRA off between

the steps of implanting the first dopant and implanting the second dopant..
doped region.
[0007] Another exemplary embodiment of the invention relates to an apparatus for
forming doped regions in a semiconductor substrate that includes a stage for holding a

semiconductor substrate and means for implanting a carborane cluster molecule into the

semiconductor substrate to form a doped region.

[0008] Another exemplary embodiment of the invention relates to a method for producing
a semiconductor device having a shallow junction region that includes providing a first gas
and a second gas in a container. The first gas includes a first dopant and the second gas
includes a second dopant. The method also includes implanting the first and second dopants
into a semiconductor substrate using an ion. The ion source is not turned off between the

steps of implanting the first dopant and implanting the second dopant..

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIGURE 1 is a schematic diagram illustrating components of a system for

producing semiconductor devices according to an exemplary embodiment.

[0010] FIGURE 2 is a flow diagram illustrating steps in a method of forming a shallow

junction in a semiconductor substrate according to an exemplary embodiment.



BRIEF DESCRIPTION OF THE DRAWINGS [0009] FIGURE 1 is a schematic diagram illustrating
components of a system for producing semiconductor devices according to an exemplary
embodimenVOP(1F1630RE 2 is a flow diagram illustrating steps in a metHSalOfSYIHRE EShallow
junction in a semiconductor substrate according to an exemplary embodiment. 100111 FIGURE 3 is a

cross-sectjgp@i Viep QLR POTEOR QbsseuticarteiPbsUlRIral 8EeQiSRIANGEMRIaY embodiment.
100121 FIGURE 4 is a cross-sectional view of the portion of a semiconductor substrate shown in

FIGURE 3¥RESHIENG ATFSEaBFamSmRadibsién step. 100131 FIGURE 5 is a cross-sectional view of
the portion of a semiconductor substrate shown in FIGURE 4 illustrating a second dopant implantation
step. [0012] FIGURE 4 is a cross-sectional view of the portion of a semiconductor substrate

shown in FIGURE 3 illustrating a first dopant implantation step.

[0013] FIGURE 5 is a cross-sectional view of the portion of a semiconductor substrate

shown in FIGURE 4 illustrating a second dopant implantation step.

[0014] FIGURE 6 is a cross-sectional view of the portion of a semiconductor substrate

shown in FIGURE 5 illustrating a third dopant implantation step.

[0015] FIGURE 7 is a flow diagram illustrating steps in a method of forming a shallow

junction in a semiconductor substrate according to another exemplary embodiment.

[0016] FIGURE 8 is a cross-sectional view of a portion of a semiconductor substrate

according to an exemplary embodiment.

[0017] FIGURE 9 is a cross-sectional view of the portion of a semiconductor substrate

shown in FIGURE 8§ illustrating a dopant implantation step.

[0018] FIGURES 10-12 illustrate various components of an ion source configured to

deliver intact cluster molecules into a semiconductor substrate.

DETAILED DESCRIPTION

[0019] According to an exemplary embodiment, a shallow doped region is formed in a
semiconductor substrate (¢.g., to produce an shallow junction for a semiconductor device)
by co-implanting a plurality of dopant species into the semiconductor substrate. According
to a first exemplary embodiment, multiple source gases are first mixed in a container that is
coupled to an ion implanter, after which each of the dopants are implanted in succession
without the need to purge the ion source (according to other exemplary embodiments, the
ion source may be purged between one or more of the implanting steps). According to a
second exemplary embodiment, each of the dopant species are included in a single molecule

which is implanted directly into a semiconductor substrate. In this latter embodiment, the



100141 FIGURE 6 is a cross-sectional view of the portion of a semiconductor substrate shown in
FIGURE 5 illustrating a third dopant implantation step. 100151 FIGURE 7 is a flow diagram illustrating
steps in a M¥Mae#i3deAing a shallow junction in a semiconductor substraRCACEAHHYSI ¥nother
exemplary embodiment. 100161 FIGURE 8 is a cross-sectional view of a portion of a semiconductor

substrate aeeMAINGIRRAKSRPIREK SERQAIMENh AR vl WRE & s diflpRsegienal view of the

portion of a semiconductor substrate shown in FIGURE 8 illustrating a dopant implantation step.
100181 FIDSOIRSESREL #94pdHiQ® various components of an ton source configured to deliver intact
cluster molecules into a semiconductor substrate. DETAILED DESCRIPTION 100191 According to an
exemplary[egbpdimientxanspiatip ehitepod segidssisitedetbin proeidicondhicitngehstrateh(r] dorto
produce an shallow junctign for a semiconductor d vicgz)qt%/ co-implanting a plurality o Jio ant species
0 the seIATERBULL T QT SHAAT OB 1 o5 5 S L TR ey RGBS FIER ST ce gases
are first miédriinecacintaihar tbat ¢ ionylledtmas iardorplagtera aiieicohictkeaphaof the dopants are
implanted in successjon withoyt the. need to purge the ian source (according to.other exemplary
i s s e Ao A SR b i e —
to a secongrexsmplpry@nbadinentheactdab tiaiddpantispaaidsneiedn dgaipehimeasihplegndiecule
which is implanted dirfectlexljnto a senfic nductor substrate. In this Igtter embcidimen the

101 Source o1 pr 1ously-1rnp antcd sourcc gas (according to otncr excmplary ¢m odlrnents,

the ion source may be purged between one or more of the implanting steps as may be

desired). According to another particular exemplary embodiment, a method is provided in

which multiple species are implanted simultaneously into a semiconductor substrate. It

would be desirable to provide a method that utilizes any one or more of these or other

advantageous features as will be apparent to those reviewing the present disclosure.

[0021] FIGURE 1 is a schematic diagram illustrating a system 10 for producing
semiconductor devices according to an exemplary embodiment. The system 10 includes,
among other features, an implanter 20 having an ion source 60, a gas box 50 for dispensing
source gases to the ion source 60 and a magnet 40 for directing an ion beam 64 at one or
more semiconductor substrates or wafers 200. The substrates 200 are provided on a
platform 32 (e.g., a support, stage, susceptor, etc.) or other structure within a chamber 30

during processing.

[0022] The ion implanter may be any suitable ion implanter now known or hereafter

developed for use in semiconductor fabrication facilities. Examples of such implanters are
available from Varian Semiconductor Equipment Associates of Gloucester, Massachusetts;
from Axcelis Technologies of Beverly, Massachusetts; and Applied Materials Inc. of Santa

Clara, California.

[0023] Within the gas box 50 is a container 52 (e.g., a vessel, gas tank, cylinder, etc.) that
is configured to store and deliver high pressure gases or other fluids to the ion source 60 via
a delivery line 62. For example, according to an exemplary embodiment, the container 52 is
a conventional high pressure gas cylinder, with an elongate main body portion having a
neck of reduced cross-sectional area relative to the main body cross-section of the vessel.

The container 52 may include a valve head assembly including a valve (manual or
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implantation parameters arc selected such that the various species arc implanted at the proper depth
and location. 100201 The exemplary embodiments described below provide an advantageous method

for forming W@248a1ldw2Punctions for semiconductor devices that is more ef{cl&pt2A%10EHS0
labor-intensive than conventional methods. According to a particular exemplary embodiment, a

method fop fesming suthiarabalipudrciiana AlQWaHhEIMRINREQN praGasaitelgroceed without the
need to shut down the imglantation equipment and purge the ion source of previously-implanted

source gadfABEEIAAY td BEFONENBRE PR BABEdRANAG? IMESBRSEr AR A) Be gk pdtRfeen one
or more ofiihedmplaniiegSiaps asimay/es dFsae AreNding: R REMRRY garticular exemplary

embodiment, a method is provided in which multiple species are implanted simultaneously into a
semicond r substrate,.lt would be desirable to provide a method that utilizes any one oy more of
these or oA AT e R R P DR BaHr UL EuelbG B B P sclosure.
100211 Flthispeisih g ppacitemaii diagratuuin siraiing @ @ysden LA M rsprokucing@endisoridudtor
devices acco[ﬁ?] t X ] i entlgTh ystemy 10 i Qéf S, among (i% r features, an
implanter 2bh \‘/i%%%aé?ﬁf% %ﬁ@rﬁ%ﬁ%ﬁy 8450 %?ﬁs%ge%saiﬁ§ r?():%t%ngé%%‘ t6§ Se’(?grf’lstoﬁrce 60
and a magneird difotadingststowdiicioarb éasorpératt dhe asfenarecdamiconduaiatisybstiates or wafers 200.
The substrates %OO arc]éarcfvidedt ng Igat{orm 32 % %a su%)ortétsta e, susce g)r, etc.) or other
structure Withinra chambe 1%15Ur|ﬁg bf}) éeosrgﬁegaful 6 e TS |H1Sp anter My ek a%]f Slrable ion
implanter row dasoriedihErSaitetcdeNNelapedsio P 8ise subsamicgihdrictpreiabricatiore fgwcilieagtxamples
of such mplaniers.are avallable fm yarian emicanducior Fuipment Assogiates.qf Glowcester,
MassachuSetts. Hom AXCels TeC nol%lgies of Beverly, Massachusetts; an Rpp% aterials Inc. of
Santa Clamadeatifortridch@f2 SID YV ithier¢theagasdgns dlsiarpticohtadtan &P de gphgsiedsealsghsitank,
cylinder, etc) (hat = epnfured 19, store and deliven bigh pressire gases rater.fluids tg fne fon
source 60 Via & dehvery fife 62 For exampPe, accor f% 0 an exemplary embodiment. the container
52 is a corvenitbnanjghessive had sylinaeronvithisas eiprgate gramdabshyepartprebavioftieeneck of
reduced ngﬁ%' %%?%gﬁ'@%%@%‘ﬂ%ﬁé@%%@ ﬁ?dﬁiﬁﬁ aﬁgs%%ta{?%r? e Yesehy 5. optginer 52
may include‘a valve head assembly including a va anuaf or

from ATMI, Inc. (Danbury, CT) under the trademark VAC, featuring an interiorly disposed

regulator element for dispensing of the active gas at a pressure determined by the regulator

set point. Other fluid storage and delivery systems may also be used, including, but not

necessarily limited to, systems such as those described in U.S. Patent No. 5,704,965; U.S.

Patent No. 6,743,278; and U.S. Patent No. 7,172,646. According to other exemplary

embodiments, the device 52 may have any design or configuration suitable for the storage

and delivery of the source gases or materials described herein (e.g., it may be a gas storage

and dispensing vessel or container holding the neat active gas to be diluted for use).

[0025] The fluid storage and delivery system may alternatively be constituted and/or
arranged, in any suitable manner, ¢.g., as a supply structure, material or operation. For
example, the active fluid source may include a solid physical adsorbent-based package of
the type described in U.S. Patent No. 5,518,528. In other embodiments, the active fluid
may be liberated from a liquid solution, or be generated by an in-situ generator, or be
generated from a reactive liquid as described in U.S. Patent Publication No. 2004/0206241
published October, 2004 for "Reactive Liquid Based Gas Storage and Delivery System," or
be obtained from a reactive solid, or from a vaporizable or sublimable solid. In general, any

appropriate source or supply of the active fluid can be used. In a specific embodiment, the



automatic) and associated pressure and flow control elements (e.g., in a manifold arrangement). The
container 52 may also include a pressure regulator and/or other features to facilitate the storage and
delivery of SW@ré@0gazt3¢o the ion source 60. 100241 According to an exerREEBESEWHGEiIHENt, the
container 52 is a fluid storage and dispensing apparatus such as a vacuum actuated cylinder (VAC)

similar to thase drRFENBER NI BARALNRNG MGGl b B8 NOs G3d3NE; 208445 Patent

No. 6,089,027, the entire disclosures of which are incorporated by reference herein. According to an
exemplary&HsbBiRsert; 198%Re ' Hoghdepraty Sirrenrattsatat R IR IRED ESSBmM such as that

described in U.S. Patent No. 5,518,528 (a sub-atmospheric pressure active gas storage and
dispensing 023sel) 1 Gdi ¢ praciescis iy dloaisalie frecurdotMiskadveD anbuityb I To WSy dhadey e

trademark SDS, . wherein active gas ig sorptively retained on a iC SO t and selectively
Zoorbed (LIRS SHFTOPBIAPURSIG o SEUUT A HERTINE VBRI N DS E A B & neat active
fluid sourcentorprses agasipiagiadelidispensiogniassblaidt ehiygtdesnmbae dmidt&ifdaient
6,089,027 ta Luping Wang, et al, and reiall ilable from ATM|, Ipc. nbury CT) under the
adiemark ONE SR R NG b e S BN R B LhShEr S Salibe gas at a
pressure detenmioedchydheviegptaiall getcpinéd Qtharclid dtasagEMiNd Beifvarypsysiavils may also be
used, inclyding, but not necessarjly limited tq,.systems such as those.described in U.S. P t No.
570,965 1 ST GE i 2SI UGB R, AP0 i S BT 8 Rt Sdmptary
embodimentg\ltierdaxiee 52 may have any design or configuration suitable for the storage and
delivery of the source gases or materials described herein (e.g., it may be a gas storage and

dispensin el inenLhalding the ne i e di A ) The fluid
storage aﬂgl %Zﬁvegegggt&gﬂrﬁ (?Jr\gﬁ g@%ﬁ{éﬂ\%)&ggp&gﬁ;ﬁﬁﬁgﬁ@ﬁﬁo@tggagg{gﬂé%?’l s Pg%%gséé itable manner,

e.g., as a suppipetictaze anhistansmgeitens Folekatinpie ddverdsihia LR Boowtseonwdy include a
solid physisgl.a03Q f’c'ﬁ[i?lﬁ?fcg B Qgﬁﬁjf[W@t?'(ﬁ’(%ﬂ?ﬁ%g?ﬁl%yﬁhf A1 NPpRyp38.528. In other

embodiments, the active fluid may be liberated from a liquid solution, or be generated by an in-situ

generator,Mﬁ@@@éﬁ@tﬁb(ﬂoﬁﬁW@T@dtﬁ@ﬁi@ﬁh%%¥c@5éﬂﬁﬁ@5§w&@ﬁuﬂ%éﬂon No.
2004/ 0206?6@51@6%@*1‘%&56’?%«%99@%&%g%eﬁﬂ'ﬂi%ﬁéﬂwg%ﬁﬁ@r‘it%aﬁ&?fﬁ%e%@ﬂﬂ%&@ﬁery

System," or be obtained from a reactive solid, or from a vaporizable or sublimable solid. In general,

any approb]r{&té’@@n‘?ééégél}!gpwﬁf H@@Qtﬁﬂ@‘ﬂ@@;@rﬂq@%@@fdﬁ,Wé%@kdﬁiﬁ-&ﬁﬁﬁdﬁ@ﬁtﬂ% active
fluid sourcg igcpdes & [BIERTRN SYUSIE: RBEESENNES b ene RANERAMNG: PyRif%4R iSsued June 29,

1999 for "High Capacity Gas Storage and Dispénsing System." 100261 Liquid precursors and/or solid
precursors28EBREF 4 :Sitablate et s @didieShRatipé dnfecaiton AAGYY.AQRitPaklivatipoNerecursors

into a CVDRkfages 9P Yaperigep ot APFRGRYIAIS 878 FECRE ASlsiIalt AraReHRhiaRed
through volumetric metering to achieve reproducibility during CVD, ALD or RVD metallization of a VLSI

device. Solergredusemoniddisrdia Bpedfimpcgetighed Heprets cUHCASATMI's ProE Yap (ATMI,
Danbury, Connecticut, USA) enables highly efficient transport of solid precursors to a CVD or ALD
reactor. [0028] The ion source is fed with a source gas that include the elements to be implanted

into a semiconductor substrate. The ion source forms a plasma that includes ions generated
from the constituents of the source gas (c.g., B', F) using applied clectrical energy. The
ions are then accelerated toward a target (e.g., a semiconductor substrate) included in the
chamber 30. The depth of penetration into the substrate is determined by a number of
factors, including the energy of the ions, the type of ion species, and the composition of the

substrate.

[0029] FIGURE 2 is a flow diagram illustrating steps in a method 100 of forming a
shallow junction in a semiconductor substrate according to an exemplary embodiment.
FIGURES 3-6 are cross-sectional views of a portion of a semiconductor substrate

illustrating various dopant implantation steps.
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100271 Depending on the form, e.g., solid or liquid form, of the precursor, preferred precursor storage
and dispensing packages include those described in U.S. Provisional Patent Application No.
60/662,515 WPQW80Y4291767] filed in the names of Paul J. Marganski, et HCEUSZPSIIIAFOR
DELIVERY OF REAGENTS FROM SOLID SOURCES THEREOF" and the storage and dispensing
apparatus \gagHsIk esaiibed ndd 1 Rate i miadfinddr thsstRalentwa P2 PGkt ERe Bt
5,704,967; U.S. Patent 5,707,424; U.S. Patent 6,101,816; U.S. Patent 6,089,027; U.S. Patent
ApplicationnBUGIdR o Zoomroiged 9.2 skensretd efanivemnieatepgentiahBleMsH 28/858,509
[Publicatioghien Z0PRAGRE 1991 RO EsPa B 21RNEAP BUGRHION dPIA2R208mtb e LAiacisauragpf all of

which arc hereby incorporated herein by reference, in their respective entireties. 100281 The ion

source is fRFNANE Qotir & FaRI IharRdincHe desradtagdondhes sermatemisrabodimentidthaor
substrate. g{ipgtigfR o\ Gﬁrﬂpﬁ@é &I@ﬁ&ﬁtﬁﬂ%&ﬂ%ﬁﬁ@&cm@rﬁ%ﬁm&%@m m(ﬁpg&mm&of the

source gas (eéﬁ}élB, F-P using applied electrical energy. The ions are then accelerated toward a target
Qe

(e.g., a sefdic & Lppstrsgidn cRrfe i Wl Beh Ut iaapts Brehulstsol A the

substrate igndeierategalPyR NdMP &L Atipsiars (BoNsliagikaansrgyief thadaps sthedyaaef ion
species, and the comFosition of the substrate. 100291 FIGURE 2 is a flow diagram illustrating steps in

a method #058 Bf fskanird tq allamonmitinde shoniratefhigomaticior e isstratddsdsithing s chrebetplary

embodimesye drifaldhe=sidtecrban prasscatsdinnRhviews of a portion of a semiconductor substrate
illustrating various dopant implantation steps. [0030] According to a step 110, a semiconductor
substrate ier 00 (illustrated, e.g.,.in FIGURE 3) is provided int agpamber 30.9f an ion
pianter 0 o TR 25 e A T RE R BRSBTS Sitiden in the form
of a silicorcumafiicaceqdihg tommexteidplashoembodifbd iR BACC oAditg dm g tloeanessemiplary embodiments,
the subsirate,may, compriss other sutable, semiconducting majerials,sich ag.sllcpn.germainum
(Si-Ge) or gallium arsenide &gaAéa) RAdidRal y, the Subs fate may InClUde otfier a%rs and/or
materials, mohhdiru}hnﬁkadyoeddmdB@)@, layers max_ﬂetkieﬁii_m:pfdwﬂmmm;cberﬂawgdlsimbel adapted to
exemplary S B MO Do B o b G B B I B8 et o
suitable cootaiteew . g.bltreltayitaseiie pesheweh ins FIGHd REs drjbé&toord g toean e mplary

embodime &2 yr ases-arc pr directly into-the iner. According.to another
exemplarygébm gg?r%[g? V\?ge I(%§r ﬁ%r@’ o;%;r%’%ﬂgé%gu%%ﬁ Ir\npoa[yiltb(ae8 %Ia{)[/&v%e’da %&?agrr%%ﬁ%tﬁ%m ber and
optionally mdmt@kdd for concentration before being fed into the ion source with a blending/metering

system such as those described in U.S. Patent No. 6,909,973; U.S. Patent No. 7,058,519; U.S. Patent

NO. 71063 afnch e 8o Felni Ny 2R JPARELTHA SOUISR ARS6S AR fokeciad pased on

the desire antations to be made. For example, according to a particular exemplary embodiment
in which b&esrexegmplsnaeaeddingfihe herscaler expantapiambedins BUNSIEEOBR1 WHPTHAYGases

may be intrpdpigedJnia lbsapiiaingned (vih s &5 OaF Praviding the-baranind fiyariag algms and

the CH4 gas providing the carbon atoms), with the partial pressure of BF1 to CH4 between
approximaifedyrautaings 2 (it iheBiitean oratidn by hremandJluptsestame apdotet Bxetplary

embodim eﬂ‘&v@(ﬁﬁg %%I%Bﬁlﬁ?ogﬁi' reetHR %QP@QP&%%@@FBFE‘ ¢8-CH,4 between approximately

10:1 and 1:4. Other suitable ratios may also be used according to other exemplary

embodiments depending on the desired implantation characteristics.

[0033] Any suitable combination of gases may be used according to various exemplary
embodiments. According to another particular exemplary embodiment in which boron,
carbon, and fluorine ions are to be implanted into a substrate, fluorocarbon (e.g., C<Fy where
1 <x <6 and 4 <y < 14) and boron-containing gases such as boron trichloride (BClz) may
be mixed in the container. Other potential source gases that may be used to provide the
boron dopant species include boranes (e.g., B{Hy, where 2 <x <18 and 6 <y < 22) and their

derivatives; borohydrofluorides (e.g., B{HyF, where 1 <x <18, 1 <y <22, and 1 <z <26),
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[0033] Any suitable combination of gases may be used according to various exemplary embodiments.
According to another particular exemplary embodiment in which boron, carbon, and fluorine ions are to
be implanteW hf8%/d293fate, fluorocarbon (e.g., CF y where | < x < 6 and R€T/USTHBQASO
boron-containing gases such as boron trichloride (BCIl) may be mixed in the container. Other potential
source 9a%%?o%%&ﬁ%x@ﬁﬁb’i%ﬁe%}%@@gf@%&Q@P@W§9%9t¢§ ipelydegborangg (..o Wily where
2<x<18 and 6 <y < 22) and their derivatives; borohydrofluorides (e.g., 13,,FlyFz where 1 <x <18, 1
<y <22, dhd 1k aid hey dshigtamsoRpepAlIGHEs ¢adfhardopinptivighdrer s BiBE where B 12 0 <y

< 36, and § sefettddHrandrhgicaerivalives; parpa dbierdsaanddhsicdenyptivgs Bdkd; (BF2)3BR
where R is selected from PI-13, CF3, and CO. Large boron_hydride clusters may also be used

according 16 8HEIRRHINR Y ERRbHYi AR PR SR AV BRI BUtaPrlferdiere X208 Yhany ¥ x+8 as
described derexamplesind) Or BateptApplicstion: e AbbRdLeS 8i6P ublication ey ARQEExL63693), the

disclosure of which is incorporated herein by reference. 100341 Other potential source gases that may

be used to roride/tHE 13bbibs ivslontis: tierdbpai Spemeirdibes A iSrpiss (e.g., C'I-ly where

1 <x <10 and 4 <y < 30) and their derivatives, fluorohydrocarbons (e.g., C'l-lyF, where 1 <x <5, 1 <
y < 20, ang0d3dp <Hhapuldingit srivaipdes; ihiermhajdgemsspecias(rlgthRykbowhedéRiigaierine,

bromine, or iodine and | < 4and | <y<10), a R,, It should also be under d that source
ey it Iyt e ol e R S B KRk W I

m rovide other pant’sp e.g., arsenic,

phosphoraisivatiies) fanebaptirocnipaccopditg iR thacexemplary, émbodidtentsl The: pattyular
dopants and spurc ases maxttgﬁla lected basercj on any ko ¥gﬂe1%{c% factor,gf Olglcludlor}g the

. nd tneir vatives, 1 OgCN SPECICS. (C.2. : orme 10¢
chemical stability of the Gas mixture incthe Bontainerand its Afect on ion Source partormance and

lifetime. 1063int Amnlylstitabke amdn ey of Khuaed Yasedtsiayukbalkeblactierdiogditheasmuscexemplary
embodiments. Fqor exam maqre than,two different sour ases, may be provided in tge container
(o0 a calish e T R B e T T R LR vy be

included intkmsapie qintane indaceo ridgiomdng) ecnbiabling entshallcctopgiisymeanp didirpeatided in a
single source %%ﬁi@% i,(%OBFZ an S3 : 0036&%% step 1120 t(?g co(riltoainer 5%55 instzfllle into the gas

. t .
box 50 of thé ibf implan eP4b> ACesY m% 6 ah ex mp?gf/ceembg%ﬁfme%fa,nt}ﬁg container b2 may include

features (dagtotivrdadedicptinedtonscetcthbiiatyarttbopiguradute cotheledhwiconsaihées 5dct the delivery
line 62 anqotlg)sp{%\c/ideer g%%%h&n%oﬂnp%%on between the container 52 and the delivery line 62.
100371 Accord)lng 8N exemplary emebodﬁ'ment, each of the dopants are implanted in the substrate
separately in succession. Because all source gases are already included in the same container 52,
there is nol $&¥ toAShuswEble thatiber odetEcHErERs thaycohtartetcenidipasiaitametibereBuesybetween

implant steps,JaRIRAL, 1938 QMRS oK GRRIAR0 G ALR-ALcaIR el AU SIe LR MAANRlithe
spectrometer which is tuned to a particular magnetic field
container (e.g., a carbon source gas, a fluorine source gas, and a boron or other dopant
source gas may be included in the same container). According to other embodiments, all

dopants may be provided in a single source gas (e.g., (BF;);BCF3).

[0036] In a step 120, the container 52 is installed into the gas box 50 of the ion implanter
30. According to an exemplary embodiment, the container 52 may include features (e.g.,
threaded connectors, etc.) that are configured to couple the container 52 to the delivery line

62 and to provide a fluid tight connection between the container 52 and the delivery line 62.

[0037] According to an exemplary embodiment, each of the dopants are implanted in the
substrate separately in succession. Because all source gases are already included in the
same container 52, there is no need to shut down the ion source, purge the container, and
restart the ion source between implant steps. Instead, ions from the source plasma are

accelerated and enter a magnetic spectrometer which is tuned to a particular magnetic field
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which selects ions according to their mass and charge; only those ions for which the spectrometer is
selective (e.g., C ions) will be directed to the substrate. Once the first implant is complete, the
spectromete¥ WAPHEIRtAhed to a different field strength such that it is selechR¢d S H8EBHHAype of
ions included in the plasma, and so on. [0038] In a step 125, the first set of implantation parameters

are selecteghfen RefsioPRecET It Bed MBlIRRIEE iHE HhgsutsiigiolhRmasgnatangother

components of the ion implanter may also be re-tuned as may be a%%opriate to select for the desired

mass and YISEHRAPSIShE dBl5shY bty impRieyitkbs. dirrstad dedrasiyiditadeisndmitietic field of

the implante,mayibeodditstethe TR RaRiGuatiMpatiatianoaraieters falesies vaageording
to a 'number of factors, |ncludin%,the desired concentration and implant depth in the substrate, the

species bdinyiFfprEriea sasensbiireoddensdisdrded i hrpbirar1a8thie %Rccording to an exemplary
embodiment in which carbon is the first species to be implanted and a CH4 source gas is included in
the contained3s], the anselanlst o direr gyt dfaynbaselteighiontnye aryatlechetfeeehcapproximately 1

and 50 keV to obtain a concentration in the substrate of between approximately 1014 and 1015
oo/ 3PS S SRS SpABS AHRER) S0 IS0 S s B 2k LBA 30 shown in
FIGURE 4intpé&fitst slapahiodémplantechthroydit afippststace 202 ofdhethsdbsiatiend@0atals indicated

by arrows 21%0 fltge ired itn%glantati n de éh an concelntr%tion. ,?,[re ion, or area. 2 Oﬂf fPrmed in
the substrate 29¢ that ntiddesthe Gesiey ?j%ht S%ffecg? (131}5878p3ﬁ s%n ithiFthe “séfriiconductor
microstructhempaned ingytdandyseed pléritepabiodirneintpthst dtish gapant e sreg kantd dioyar depth
greater than th%{de th of th ultrﬁé allow Jclfn Iiontﬁo ge {%rglduced.tA cordirgp. to fthteé eﬁmplary
embodimefits, thedirst dopant May be ithplanteddo & deptn 1688 than of equal t'the d&pth 'Bf the
ultra-shalloke gustiare johbaparackibenig] 30ahtada thte ik, ghebionpiantatj anatiameiarssare selected
for the Se‘:{%‘é’o? ISCIES A0 B2 implanted INfo G Substare, The St 215 and.ather CQ{HP?J‘n%gAS of the
ion implanter may SIS0 B TetNEd 88 may be appropriate 1o select for %hg ESir8d fass an energy of
the dopantbe @ Hnplamte g4 ig intledadoeal dratingtyviaktade, ancimpignetiofielc gfythejnelanter may be

adjusted). Nptably, the on sehice.And.ine dellvery,line 62 265 ol Aurged between implantation steps.
As described above, the par icular Implantation parameters selected may vary according to a number

of factors. thcsobdingcto e exem plamoembadin 6ht andibicivfiserirais thepdeedhehspacies to be
implanted ailind a%@[e 0 rggp%assoglilgglo%qee[grisn the container 52, the implantation energy may be
etwee

selected t¢Have a valde n approximately 1 and 50 keV to obtain a concentration in the

substrate of between approximately 1014 and 1015 ions/cm2 at a depth of between approximately 10
and 500 niMPktekga step 130 shown in FIGURE 4, the first dopant is implanted through a top

surface 202 of the substrate 200 (as indicated by arrows 210) to a desired implantation depth
and concentration. A region or area 220 is formed in the substrate 200 that includes the
desired dopant (e.g., carbon dopants) within the semiconductor microstructure. According
to an exemplary embodiment, the first dopant is implanted to a depth greater than the depth
of the ultra-shallow junction to be produced. According to other exemplary embodiments,
the first dopant may be implanted to a depth less than or equal to the depth of the ultra-

shallow junction to be produced.

[0040] In a step 135, the implantation parameters are selected for the second species to be
implanted into the substrate. The magnets and other components of the ion implanter may
also be re-tuned as may be appropriate to select for the desired mass and energy of the
dopant being implanted (e.g., the accelerating voltage and magnetic field of the implanter
may be adjusted). Notably, the ion source and the delivery line 62 are not purged between
implantation steps. As described above, the particular implantation parameters selected

may vary according to a number of factors. According to an exemplary embodiment in

9.



100411 In a step MO shown in FIGURE 5, the second dopant is implanted through a top surface 202
of the substrate 200 (as indicated by arrows 212) to a desired implantation depth and concentration. A
region or ar®02P98id ¥dthed in the substrate 200 that includes the desired 86FAN2M%05818rine
dopants) within the semiconductor microstructure. According to an exemplary embodiment, the second

dopant is ipplanirebinideriiearaliRde dephmpiiadirahdanant sliiRQual RGaerdiRg 1p ether

exemplary embodiments, the %ggﬁth of the second implant may be greater or less than that of the first
implant. 160824"R sHolld HYBEHERN SRaY WD B SRRSHCArR IR hEaiig Bebresi described as being

implanted geauentiaidyyas dhe {63tant eand dopanisatieanacivalbaeeoulipsir ather exemplary

embodiments, the order mgy be rexersed. Additionally, where other species arc to be implanted in
place of o RPEIARHA 1 !CarB8A Khd/nHGatirms adribodgy wramBrsexgaashHn by a8drmplish such
implantatig{ga8ktdfie parameters selected for the implantation may vary depending on the species to
be implanted). [0043] In a step 145, the implantation parameters are selected for boron ions to be

implanted jnto, the substrate. The magn ﬁ#th r components of the ion | p\gnter may also be
roumea a0 oot e B, T B o S SR (RN DB S BN Pted (..
the accelesatiiage\iitagetiaansubsagrenicdi@ldind ihwecdiplaniew sBEh2 e adjusied)imydaabliothécigh source
60 and the delivery line 62 are not purged betweepn implantgtion steps. scribed above, the
partioular M BT HE e R BB R R B Do e A B Pt R cording to
an exempldeyirethboptimenigin fiviodhdoadpants) tivétlihirths petiesiduceimplantad aad a Bécpsdivpce gas is
included in the container 52, the implantation energy may be, selected tp have a valye between
pproxmaBN A S0 R BRSSP D L et b Skt S ek ety
1014 and »01lfe ifirss/dopanat dtbheyih addoedwecn atheraxionaitly zmbddoBmartbndiptis of|@44] In a step
150 showréeigolfthlrlIleP}E %% %orgn i?ena fi}rocri SI na}gg}ltrtlrgéﬁg {arts?? rE%fa,[ce 202 of the substrate 200 (as
indicated by arrows %) 185 Geire implantation c?ep Ahd'Concehtration to form a doped region 224

and a junction 240. According to an exemplary embodiment, the boron ions are implanted to a depth

less than tm%ptﬂt@mmédiaﬁmbm%ﬁwmbéﬂmrbm@n@ rﬁlmmdm@etbe@m@seﬁbmlpﬂakgﬁing
embodiments; Hhe AERIN-AfIE BOIRD AP AR 06 B ﬁﬁEeEé%{oé%ﬁ%éﬂé‘%(g@}fdﬂié*ﬂg Jigtand/or

second implants. Advantageously, the first and second implanted species (e.g., carbon and fluorine)

are intendeycwresyraibodraeifthicndhummy » subsespde nd dditieaiy. sibere H5h§oe%)ds 8rfould be
understoog,that the.cempesitiap 6’155P%J&&lﬂ%%@%a@ﬂ&'n%‘h/&laﬁu\é?{%{eYVé%ﬁﬁp&%? Yodfiese may be a

greater concentration of boron atoms at the top of region 224 than at the bottom thereot) and that
there may ssfaraied teragrorop b reiehgar landagvetr 2 giba Fergnasgioalectadifertheciude carbon,

fluorine, a%ﬁ%@ﬂi%&?“?ﬁ?%éﬁ&fﬁ@nJcﬁ)é)él&h% gg\{%@g@ws feature of providing a mixture

of source gases is that the iori source can run continuously throughout the co-implantation process.
This saves the time required for shutting down, changing feed material and re-starting the source. In

order to cHARAEY splBcieteand erbrn AN RN sHATIE Hrtg AR sl M §R081a8R B d%er supplies

need to baxgiunedindieh isRimuchTastenpiecass hdord sAMPISHS; IorBOWheHMRARY ghange. For
batch implant tools, in which multiple wafers are loaded onto a large rotating disc, it may be

advantagettit 16 TedyR-tha IRrsRe SRRIETNE WK thE bR MMAGHSIS AR BoRUSLBRINSS are
re-tuned, anghredieinrediatelheainvbreapexhaonpplartaiono Mibismpylanremiesme required for
unloading and reloadin%; the wafers may be eliminated.. ,

adjusted). Notably, the ion source 60 and the delivery line 62 are not purged between

implantation steps. As described above, the particular implantation parameters selected

may vary according to a number of factors. According to an exemplary embodiment in

which boron is the third species to be implanted and a BF; source gas is included in the

container 52, the implantation energy may be selected to have a value between

approximately 0.1 and 20 keV to obtain a concentration in the substrate of between

approximately 10'* and 10'° ions/cm? at a depth of between approximately 5 and 200

nanometers.
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[0047] It should be understood that in-situ cleaning methods may also be employed, as described, for
example, in U.S. Patent Provisional Application No. 60/888,311 filed February 5, 2007 and
InternationaM@A4% kpMcation No. PCT/US2005/038102 filed October 21, E0ESIE@dRIsures of
which arc incorporated herein by reference in their entirety. For example, deposits may be removed

from the iqpepyreeddeiacs 1Revse Aransierattin adion Raamdomphuisy alfohyisiog aasarus halide
compounds such as XeF2, XeF4, XeF6, NH, IF5, IF7, SF6, C2F6, F2, CF4, KrF2, C12, HC1, C1F3,

C102, N2FR2195 e NBETHEELP9 (Re-aicatsh By armve b ferssited pppiintation dank 2edrs cars,

and C5F8 :6apaReuns!s ©f thenfeuppia fdibi2auaty asabtioh £02RAdc bRl (& 2d Kemplethi2F4,
C2H3F3, C3H4F2, and C2H5F, compounds of the formula C,F13,08, COF2, HF, or organochlorides

such as CX3eginesel Ahdiqeopiops s angim redapihdath dham thmeershaeidas sy remove
said deposicdiiedepanitionmenabliereactinoafdnserpeayshvibdeandhe.drpasis imay include any
suitable conditions of temperature, pressure, flow rate, composition, etc. under which the gaseous

halide cheRREORMATRRLEIAYAREIRatTh RS bondheteTihsEnsbont/oEsesomd®Blaktious conditions

that may bg fmnleddnsindainhignttempeiplufesdSpHREIALYIE, iIPaexs:easOfl aorRioUrtemperature,
presence of plasma, absence of plasma, subatmospheric pressure, etc. Specific temperatures for such
gaseous hAERIEBIRACHRGRAATEE HIE M LIEPE SR ANBERN B B0 The contacting can
involve delivery of the gaseous halide in a carrier gas, or in a neat form, or in admixture with a further
cleaning apd5]dofrashiy gtcbd iedgasead s halide ageotitdscbetnaaiioaction middepasitsdhat are at
ambient temﬁle(riatg[lﬁe maylti)e heate]gl to increase the ki eticsfq; the re%actior%.tégq%]olihe cleaning
compositiovrvllmaf/ e(s?tﬁip‘hee oM 3 sotrce ?ﬂ%?lils?eﬁla? icuar y %Oa{lp%eocfl}%? de |V8Py of XeF2 or other
cleaning réagehinsuchedsothvastiidestiune thalivierye sysie mors tfltydescrived ypasiaragiamal patent
application PC1I;/ S O?/O?SB#EO&%S\&ST@M E%RnD LIVnER\gl F REAGENT? FtR tli/ﬁlg?% ID
SOURCE§?‘gbOas StPon 8.3, Provisohal Paten Rpp ication N6 878&?&15%%% roviional Patent
Application No. 60/662,396, the disclosures of which hereby are incorporated herein by reference in
their respd@@délenfiretiedvamitespeui/ gtutise ERranidg gempositonai sry dseeprevid derihbéomixture of
gases inclygdin e ASEH RIS T NASLMY e FIGHRER G A dusiatpamaibog ypich multiple

dopants are implanted into a semiconductor substrate sequentially, according to another exemplary
embodimeierweashiorf shetdepdovspebiagiacihebaaiesth|medtrestubogabe sivigtadaoudy.tFor

example, agenidigg s aRricular sxamReBcEMBRAMEAL AsRYIch (Red oailel diliges a molecule

that includes at least two, and préferably all, of the required species to be co-implanted into the
semiconduesst isUissteatengdos0]dbi G B RECh By arperas thn Hlioematitg o pauisaderatiod 300 of

forming 2 shallgw iAssiARRA-BETISONCHEIAtisH batialfAseriog AN LaRIA AR, RbRAent

FIGURES 8-9 are cross-sectional views of a portion of a semiconductor substrate 400 illustrating

various dopiadit liripia atidrastegrousdosaay Atrondifegstendiiealisg vdhile seeriiesmbinetmesneistrate or
wafer 400 (Hlysiratpphis dre ' FGURR S HSPOMIdRLIRRIE ChAMBe Rk AR R JRIaRLET- hhe substrate

400 may be
this manner, the time required for unloading and re-loading the wafers may be eliminated.
[0047] Tt should be understood that in-situ cleaning methods may also be employed, as
described, for example, in U.S. Patent Provisional Application No. 60/888,311 filed
February 5, 2007 and International Patent Application No. PCT/US2005/038102 filed
October 21, 2005, the disclosures of which are incorporated herein by reference in their
entirety. For example, deposits may be removed from the ion source before they are
transferred in an ion beam to a substrate by using gaseous halide compounds such as XeF»,
XeF4, XeF¢, NF3, IFs, IF7, SFe, CoF¢, Fa, CF4, KrF,, Cly, HCI, CIF3, C10,, NoF4, NoFs, NsF,
NFH,, NH,F, compounds of the formula CFy, such as Cs;F¢, C3Fg, C4Fs, and CsFs,
compounds of the formula CiH,F,, such as CHF3, CH,F,, CHsF, C,HFs, C,H,F4, CoHsF3,
C,H4F,, and C,HsF, compounds of the formula C,H,0,, COF,, HF, or organochlorides such
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-12- provided in the form of a silicon wafer according to an exemplary embodiment. According to other
exemplary embodiments, the substrate may comprise other suitable semiconducting materials such as
silicon-gern¥P3MYI162E) or gallium arsenide (GaAs). Additionally, the sulbREEESHES/AHtIMHe other
layers and/or materials, including buried oxide (BOX) layers and the like. 100521 An exemplary

embodimept cban,iangourercior cralive/ingd tpctdusteumriray g dsdivtaieshiadizidRER 10-12.
According to one exemplary embodiment, the ion source is a Clusterloe ion source commercially

available f8ifh &@RMEq A Renditisiesrablingssacinicetibe saserunip ks orndr B SRRORIEy BAtbodiments,

other typesnef @R SRWGRSR! dslMEbhSEYicas BavileHiliand taodelver iotapbalistecinalagates to the
substrate. For example, the duster molecules may be implanted into a substrate using plasma doping

technique¥Aifdh he@srounbalide disiHet hetrestivithiteemstergbecughtimbaima¥sdpatent
App'iCﬁtiO'EEéiﬁHF@@%MRm%Q@%&Q%Z@@ﬁt EQQ;'%% Wﬁiﬂfﬁ%ﬁ ﬁ%ﬁ@@ﬂﬁ%@éﬂ@&ﬁ@éfﬁﬁﬁ@md uce plasmas

from source materials_in which the molecules of the source materials dissociate to form ions,

according TR ARSI BOARRAHY HENEHEEeRE TR RN I EReE RS REP BN SWs 0 a

substrate YgasspAAtepRAINE IRNIZA|RR PSS YRS RERdUEe S8 NS RIRI-RRAME Bl asgeenolecules
without dissociation. F0054] The various constituents of the cluster molecule are held together by

electrons. riiaegstel g0 ALSHN g IR UHAPIE (eIhe Gomtanting Sl E AL s), the

binding eleglians akgi&rippasdwaydusr o theciiteyastionivitibeatorisnia fhalryktkiaand the
constituents travel into the substrate as separate atoms (e.g., in the case.of a 0- carborane molecule

having the?§ENe FONgHmt 1 EcEsis o8 Mol itte ArofdQuiehperlEcasi @ ibtoponits ipstrad and
immediately $eaanias oA LR AR RNt @ask W i Q¥ bE AR @etion.

[0048] The cleaning composition may be supplied from a source that is particularly
adapted for delivery of XeF; or other cleaning reagent, such as the solid source delivery
system more fully described in international patent application PCT/US 06/08530 for
“SYSTEM FOR DELIVERY OF REAGENTS FROM SOLID SOURCES,” based on U.S.
Provisional Patent Application No. 60/662,515 and U.S. Provisional Patent Application No.
60/662,396, the disclosures of which hereby are incorporated herein by reference in their
respective entireties. Alternatively, the cleaning composition may be provided in the

mixture of gases included in the delivery system.

[0049] While FIGURES 2-6 illustrate a method in which multiple dopants are implanted
into a semiconductor substrate sequentially, according to another exemplary embodiment,
cach of the dopant species are implanted into the substrate simultancously. For example,
according to a particular exemplary embodiment, a source feed material utilizes a molecule
that includes at least two, and preferably all, of the required species to be co-implanted into

the semiconductor substrate.

[0050] FIGURE 7 is a flow diagram illustrating steps in a method 300 of forming a
shallow junction in a semiconductor substrate according to an exemplary embodiment.
FIGURES 8-9 are cross-sectional views of a portion of a semiconductor substrate 400

illustrating various dopant implantation steps.

[0051] According to a step 310, a semiconductor substrate or wafer 400 (illustrated, e.g.,
in FIGURE 8) is provided into a chamber of an ion implanter. The substrate 400 may be
-12-



100551 Various advantages may be obtained using a duster ion source. For example, the implantation
process utilizes much higher energy than conventional implantation processes (e.g., the total amount
of energy isWaI2MNEEd 43¢ totaling the energy required to implant each of th&GINHHE0ESHHonents of
the molecule into the substrate), and increases the dose rate proportionally to the number of dopant

species thatRigdaGHERGIRENST SIuEMRIRGWEHR dRd BRlaRIR I AR eI linkarmdesRIgIation is

not required, which reduces or eliminates energy contamination and beam divergence issues
associated WAt SHEEIIBNARPHMERSH i SeREus MBOsBINH S SIBEr SPHIeHEMERR-EDs, the

cluster mojgsidles ASecRAVIHRGINR SRR CINRINGF (81BurtheLANRITRI AP, aA Sy RiIGURE 1).
According to one exemplary embodiment, the cluster molecule includes all of the dopant species to be
W&W@F%xemplary

implanted 80§ Taidav st RIBETdAEE SO MR A S diRe By etk

embodimegig ithaiglister molecule includes a subset of the dopant species to be implanted (e.g.,
where carbon, fluorine, and boron arc to be implanted, the cluster molecule may be a carborane
cluster mc;! , with the flyorine heing implanted separateg ither befare or after the duster molecule
plantat NSt GBI LR TRR R BF (RS AP G e EGEs] f e CRSEEP Fotocue
arc implanieisimatiédie GUSIYRES thee IubAiredediliy aostap 30 phayraplesiation pacaoieienscare
selected for the, cluster molecules. The implant enet f each.of the atoms | molecule is
oroportonth {1 TRACR AR A e SRR R SRS R GTRECHAE T 8BNS Bveara the
surface of Misssithstrate, the entiregmotehel examg leachnibdttirnonstitthat iemefitsnateitcayveling at the
same velogity. Thus, the proportion of the total energy of the molecule asspciated with each of the
mury R it AT ek St C A gt o S G el
one knowsiaenplesttedcinypéantdnaryy foseheingfldhe donstiiuabtaiomsinpelesuiedspagbe selected
with the apprppriate mass ratios of atoms. For example, if it is desired to have.an im t energy for
fuorine (10F] Blbine DYoot Ry ke BT T T8y i S L ety 1 kv, a
molecule Ruttnad Biiticatéeon BbitidiaschNa 265 0AgEtt7energy of 6.8 key. [0058] In a step 340 shown
in FIGURE 9, cluster molecules are implanted through a top surface 402 of the substrate 400 (as

indicated by arspwsy0).SUER DAL MG GONSUIENS QLIRS ?]943&‘4'%&%6%?&@%%@&&1@ AeRiRd

implantation depth and concentration. As illustrated in FIGURE 9, three separate regions 422, 424,
and 426 atbooralecnipsthbthebetrstanetesiilaisneciwiflefermdonpaithng &y axanspielarcording to

an exemplgny, sRRAHMENT FEBIORARE MAYIGRESRERE BIISHORMMNENJIHQInGIPs Laves been

implanted, region 424 may represent a region in which carbon ions have been implanted, and region
426 may rélieesdhicdepigisirndsiess Boveh rwadusayentrase iipndrartesoofilergenaalrealehaiwytinction
region). Acgiding;ta an exemplary embodiment, each of the regions 422, 424, and 426 are

[0054] The various constituents of the cluster molecule are held together by electrons.
Immediately upon entering the substrate (e.g., within the first several atomic layers), the
binding electrons are stripped away due to the interaction with the atoms in the substrate
and the constituents travel into the substrate as separate atoms (e.g., in the case of a O-
carborane molecule having the general formula 1,2-C,B;oHi,, the molecule impacts the

surface of the substrate and immediately separates into 24 separate atoms, each with its own

energy).

[0055] Various advantages may be obtained using a cluster ion source. For example, the
implantation process utilizes much higher energy than conventional implantation processes
(e.g., the total amount of energy is calculated by totaling the energy required to implant
cach of the individual components of the molecule into the substrate), and increases the
dose rate proportionally to the number of dopant species that are included in the cluster

molecule to be implanted. Additionally, beam deceleration is not required, which reduces
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formed simultaneously. According to another exemplary embodiment, one of the regions is formed
before the other two (e.g., region 422 is doped with fluorine ions, after which regions 424 and 426 are

formed simWME88RENBY implanting a cluster molecule including both carbBRTARSZMF IS HIdmMS).
Advantageously, certain of the implanted dopant species (e.g., fluorine and carbon) may act to restrain

boron diffusien.duiRg @M@?@Hﬁﬁ%ﬁm&@ﬂﬂ& ek aﬁv%réé?{%@%sﬁ‘é§*a§’w&é%8d%ﬁﬁr5t00d that the
composition of the regions 422, 424, and 426 may vary with depth (e.g., there may be a greater

concentrai8RYGPHBRE 1H’t61ﬁ'i§3a’toﬂh8rﬂfﬁséﬁegion 426 than at the bottom thereof) and that there may
be atoms of two or more types in a given region (e.g., region 426 may include carbon, fluorine, and

boron ions[ﬁﬁﬁﬂiintﬁdatb%;eﬂ”ﬁ)o Eﬁﬁﬁ@hﬁm@dcﬁog, lﬁ@d&lﬁﬁ(&ﬁtﬂb&[ﬁ@iﬂwﬂm&w{i anlysanheblype of

cluster molecule is ted ntoas tr Acc ther e e lary embodiments, more than
e o0 STOTET o B 5 T o o R o S OB i 45 TRt dopan

profile in thenbubstiatie tw«jdmaaﬂmlwh&thmlm all mt&tdtmméme mfm&uﬁtptameib@@e are
implanted | {ﬂ gs substr te, other doljéafT eC| 3; %ﬁglanted in s arate s s to add

different dopa‘h%ﬁém %ﬂfhlé %L%) Oa?léif‘ ?o suopfﬁelrﬁ t%r?tg Ovi ﬁeerapoy he cluster
moleculesd@lghditidhgathendyshe nadecak mehxdmtmbsemfateadbpmdqme@m thespbsitate and/or to

suppleme the rbon%%n&%%rowded the cluet r mol cule h%OO The ar culart¥ e of cluster
molecules s%’d“ht%i)? 58"See FESES lghlyao?z;? grinﬂ)/ 1%iea(tto 5v e ﬁfdnn eggr%me c availability,

cost, easeoefbmenmtemﬂarodammmthrthaiﬁmmlnerbeeigmmtmwrse@iu&t@renmemfemmay be in
gaseous foEm (t%fqdlua%FZC 43: 1 ,5- Calganl 15 and derivatives thereof that include functional groups

having between % & eghﬂ%ttlgl S lon ét?ﬁ% in place of one or more of the hydrogen atoms);

liquid form (e.g., o-carborane (1,2- CZBlol 112) derivatives that are liquid at room temperature, such
as those ir{@llﬁiﬁhg Sdeaotagaresbf, Hedbilsvdappfinotoisaligebuled: in @ Fuster aM¢ 3% and

“BCL-17) LRSI IAINL(: gy SRENRIANG Malechlen UPh o ALCAOIANA B CALA0HL)

according to various exemplary émbodiments. According [ other exemplary embodiments, the
cluster motelsgled Fanihbelusronplsrideteithes unphenbengiypraioafGhdiriensnaltieauplectlz-C2B7H9

(either alone oLyt a4 ¢ {Hide Md‘%iig@&LQK@HP%Q%%@&Z%@%Q (GiherRlone ghrwilya 1,6-(CH3)2

functional group). 100621 According to an exemplary embodiment, the duster molecules may be
provided dowardtlie swithsopadsimbitrdegtivchbromaetetauladsiich abitsisneiiiuboralea¢TvB) (one

example of Which.ias Jti‘ﬂl%&‘f%a%ﬁiéﬂ?'aﬁ@ ﬁ@ﬁ)éﬁo?tfb‘ii‘o%'@?&h@%&%%%’tﬂ%%k&i@c‘&i%e boron

atom per molecule, and include C-B and C-O-B bonded species. Some molécules are readily available

and relativﬁwmewéeﬁgiveaﬁimﬁibghﬂﬁlﬁéh&iﬂ@ﬁ}ﬁli@aﬁ@ﬁm@@i}?mdﬂé&ﬂe@mﬁ&ﬂh@ttprﬁ\ﬂde adequate

boron conigRlip.Aehieut: e et eiAtRelerisicsdanan uaRUAIAthHRGIoRcEyBIES O such
molecules include BF2CH3, CB0415, and C21302H

of the constituent atoms, molecules may be selected with the appropriate mass ratios of
atoms. For example, if it is desired to have an implant energy for fluorine (*’F) atoms of
approximately 1.9 keV and for boron (*'B) atoms of approximately 1.1 keV, a molecule

such as BF; may be utilized at a total implant energy of 6.8 keV.

[0058] In a step 340 shown in FIGURE 9, cluster molecules are implanted through a top
surface 402 of the substrate 400 (as indicated by arrows 410) such that the constituents of
the molecule are implanted to a desired implantation depth and concentration. As illustrated
in FIGURE 9, three separate regions 422, 424, and 426 are formed in the substrate, each
having a different composition. For example, according to an exemplary embodiment,
region 422 may represent a region in which fluorine ions have been implanted, region 424
may represent a region in which carbon ions have been implanted, and region 426 may
represent a region in which boron ions have been implanted (i.e., the ultra-shallow junction

region). According to an exemplary embodiment, each of the regions 422, 424, and 426 are
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[0063] According to still other exemplary embodiments, boron hydride clusters may be used such as
those having a formula 13,Fly where 5 < x < 96 and y < x+8 as described, for example, in U.S. Patent
Application N@. 20980210368 (Publication No. 2005/0163693), the disclosure R TR$eMEFTdSPporated
herein by reference (e.g., B18H22). [0064] According to an exemplary embodiment in which a trimethyl

borate typecsdaimatestiads ol drapianieshiiir AsilicpnsHbstiaEmitie, iBelantalics.RARMGY of the
duster molecule may be selected to have a value between approximately 1 and 100 keV. This cluster

implant wdQrPRSSeR{GEe hceRibRi A e &roissiRR ARt eAREY BHBLIMEEE v dHRTERFD. 115 keV and
11.5 key, apd& aomivlentdaonimaiaitanergyn Al PeMepmARRER RS 3 IL0A &a) anmk d 0.6 key,

wherein the implanted dose of carbon atoms would be 3 tlmesﬁgreater than the implanted dose of

boron atorASthessBen smdLRRGIRIMehotheraasrpialy SRAHMR it Il sk AABISPSRISSmay be
provided indle fRisniRf cRIRABBEFHAY NG i e-SeNared ienHia So BYin SHShuRQRGHI@sakeisglatively
stable and readily available, and include relatively low carbon content in each molecule. Examples of
such moleﬁiﬁlé%ﬁclude o-carboranes and its derivatives, which are commercially available from
Sigma-Aldrich of St. Louis, Missouri and from Strem Chemicals, Inc. of Newburyport, Massachusetts.
Other exaftiy intlytdevddacumtashardies tecdheibsidouatias regiics 42 cddmaedciabynaasailable

from Katchem Sﬁﬁg %g-le Cﬁ(lach Ref’féb'ic' 0956@ Accordin tof%Er: exe IarX mbodiment in which
a cluster molecUlE EVing trie EAE A oPmUR TS COBTOIA R 96 Bah PRt o P Slficon
substrate, ttgdmyilantaiion erdsgyamadrecsi et ehtahtay enapiadueohetweerappnoxiogiedyirlaand 100
keV to obtain an effectd've carbon 298@%{ in the ubsgatef?f betwee ﬁgfproximatel 0.082 and 8.2 key
and an eff8tiie Boron ee‘r%érﬁglﬁlnthe SUBStrate of Getween 1<%10|5|bnr%’xa|urlr1a e 3? 016758 a‘?.tg ey, wherein
the implantieddnse of boron atoms would be 5 times greater than the implanted dose of carbon atoms.
The hydrogen included in the molecule diffuses out upon implantation into the substrate. [0067]

According i giler RLERAIRNERdImERE R ESIErmalReHles ey pa ek i g form o

carborane‘derlvatlve‘s, are gener / ctenzed’ as navin oyver meltlng pomts than
conventionalpdaringritie ¢, Shetnataoldcatadifnriodéharrmaemptaorahe dmestarasimtizantonpattescribed

above (€.0,¢ greatb AN he2afa¢ 31 A2 ARLAIROQAR QITIPIR SYBRIUHIEY gronps d?&b%%*ﬂw in place

of hydrogen atoms (e.g., the derivative may be a fluorinated derivative in which CV, may be

substitutedfeflisria termidrerefehd fdidionsely.atdwib e nsardagse thasoron teroofigbtes atoms are each
present in the AUSter.ma QHJ;&i-iQH%‘?5@&%&@%%?%&5&&%9&%9%55?L&i%ﬁ@’ﬂﬁﬂﬁﬁt&ﬂ@d C6H4F

(e.g., C21310H12F10 or fluorinated derivatives of m- or p-carboranes). According to a particular
exemplarysepabibelitepntondddibicinet densatiretiavinghh subshatanoraiimsoradensriibe 1- m-C6H4F

with a meltjgg.Raint. o aPPIYIMARIMGEARKERS CY/SERIMAY Re BedsAPARSERRVIRYIRG e present

disclosure will readily appreciate, a relatively large number of combinations are possible according to
various exedriisiagopmbdeirieritabarntst ydien tareupittonead tecsenhomipmesseisyeded tetheesent

disclosurecﬁqgg%@p&g[gggg to other exemplary embodiments, cluster molecules may be provided in
the form of small carboranes (e.g., 1,5-C21311-15; 1,2-C2H4H6; 1,2-C213417; and 1,2-C2138E110).
According to an exempla%ﬁembodiment in which a cluster molecule havin

the general formula
1,5-C23,4190810 pEhmRsEiSHEY e 25AfesiTSunieraies tﬁsqrwméh?a%?f@f?é’@vﬁwﬁg ebfected to

have a valug-eefwearppiaximaigly dnane diglkeNatal phlabyasagifeciive, aashenignergy in the
substrate of between approximately 0.19 and 19 key and an effective boron ener%y in the substrate of

between affpSRERHQR o AISh iF Ry Rk rir U iEr TRRISHNEE ML OB RISMEWOEId be 1.5
times greag, than the vRlantesidrss alearbei-afans i 10RRR] T AassEe iRt e disslosere will

appreciate that gne advantage of utilizing .cluster molecules is that some or all of the co-implants are
achieved ih ¥ iﬁ@%f?ﬁfbmwwgnm% g ﬂ%ﬁfaﬁg?t %?8;9&%?6%&?{%%@5&%8%@%@9&3 8 be improved

as compan@niq sequentiBbeaRing 1eiBads,,) derivatives that are liquid at room temperature, such
as those including one or more of the following functional groups: 1-C,Hs, 1-CH(CHz)a,
and —-B-nC;H»); or in solid form (e.g., carborane molecules such as o-carborane 1,2-
C,B1oH1») according to various exemplary embodiments. According to still other

exemplary embodiments, the cluster molecules may be 1,7-C,B¢Hg (either alone or with a
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[0070] In addition, the effective implant energy of each species is reduced by the ratio of the species
atomic weight to the cluster's molecular weight. This means that very low effective implant energies,

which are in\@ A& §ixl63Pming shallow junctions, may be achieved at highePEektradti&Ha gy for the
molecule. The higher extraction energy is beneficial for obtaining higher extracted beam current,

thereby funtherdmprovingiBraduRs ity 119078, Hiqerig isming: trisndischngore, yyill appsgeiate that the
methods described according to the various exemplary embodiments provide various advantages over

conventiorfaPHRbIghiafdr BB daith eor et préthifd Aiétidds [YasEnpRRIRIN provide more efficient

and less labor-intensive implantation of multiple implantation species, since the ion source need not be
shut downj(®e2¢uaredoatidd eosiadeshiytineantodpaniatine dieps. bl dnglanigtienpedthizdasious

d t ies d ibed herei ide effecti to red limi desirable b
iftusion 18 QUGS I WATEN S R AFRB AR 15 RS OR SRPSUHS QA RO hrein mny

also find utititynipl¢edwdiich drelinipatingl fodesisaBleoploihe). ibptanted-doeant spatienduds as

phosphorous% 100721 Where g range of value pro i%?g rein, in descriptigons of chemical
orety. 1t T8 B ARREEdNSE oAV bR A A ) BORGF SRSy M ening values in
that statechiahgel oy arencadilpasadditiendnchoiy ekaimplpevsher e hmapbarot aasbospplicabers, is

provided hereﬂn inla dfascrigtiontof ac rre(%pon in$ chemi?altr?oie , 1t i%hun(gerst od that each
interveninﬁuccar ontmberand éjrl{?/vé S Sthted ]8 e %ﬁ}lngoc%ﬁ' o number Value in that stated
range, is eticompassied fvithinuie-sheevofithaidisclosarpl e of, LdhGohlkylasinoiddrsBIO@Hs, including

methyl (C I (C2 (C3), butyl (C4), pentyl (C5) and hexyl (C6), and the chemical moiety
may be of]gﬁ?/}%ﬁf%?ﬁ%g%%)r(ﬁ%e@., straight-chain or branched, it being further understood that

sub-ranges of carbon numbers within specified carbon number ranges may independently be included
in smaller EleEn renbrstingriget!lwithinakengdenecoftodimmmntimonhadride kingers ofaabbon
numbers spegiligally, SxeudingALARARNYBAS! QhagReisass ngyded in e loventip,and
sub-ranges excluding either orlbgcth of carbon nﬁmber??rrﬂts%?speci% ranges are also i%cluded in

the ir_wenti@_)’rﬂmﬂ©7i3ILUtSs_1?aﬂ§l‘§lirﬁpDH@aﬁ0t@ Notd l%lﬁé&éﬁiﬁﬂl'@@@ryﬁﬂa%ﬂ@mﬁ%m@describgd
herein arc d@ﬁ@g@l‘é B‘?%i@i&‘?s”iﬁ%?ﬁ%dﬂ&?&ﬁ%‘P&}éfréhf:%"(e. .,%QP@SWS have been described in

detail in this disclosure, those skilled in the art who review this disclosure will readily appreciate that
many modifications are possible without materiall ‘d%[])ltartin from the novel teachings and advantages
l&é@l‘ g

of the subjid6HattErCraEtidsg (A L fIErT Fid Flta GIae) Y oRRs tPHdttd steps may

be varied gfgRSROUARARM ABTATINEHTS Qmﬁécﬁ%ﬁmﬁl@m%ﬁ@bﬁfiﬂﬁlﬁﬁiﬁyn(%ﬁ&@@bﬁi@l&i@ﬁ&
modifications, changes and omissions may be made in the design, operatingi conditions and

arrangemdRe SPHRAYiBE S USRI AR e BHHR BREY STRIABIT I PR 1Al tAR Ke¥pd Bisthe present
inventions @gstRfeseac Wb e reRRe niad &laivaseniWitddn Paplit MisE YD between

approximately 0.115 keV and 11.5 keV, and an equivalent boron implant energy of between
approximately 0.106 keV and 10.6 keV, wherein the implanted dose of carbon atoms would

be 3 times greater than the implanted dose of boron atoms.

[0065] According to another exemplary embodiment, the cluster molecules may be
provided in the form of carboranes having the general formula CiByH,. Such molecules are
relatively stable and readily available, and include relatively low carbon content in each
molecule. Examples of such molecules include o-carboranes and its derivatives, which are
commercially available from Sigma-Aldrich of St. Louis, Missouri and from Strem
Chemicals, Inc. of Newburyport, Massachusetts. Other examples include p and m-
carboranes and their derivatives, which are commercially available from Katchem S.R.O. of

the Czech Republic.
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1. A method for producing a semiconductor device having a shallow junction region, the method
comprising: providing a first gas and a second gas in a container, the first gas comprising a first dopant
and the secHfi2§8818dmbrising a second dopant; implanting the first dopan@Hd 22488 Htiuctor
substrate using an ion source; and implanting the second dopant into the semiconductor substrate

using the igjp&QUrce: WhEIRING AR IRRHAPIIG TR RihRstvaatdhmsieRaohiMRlaMing the first

dopant and implanting the second dopant. 2. The method of claim 1, wherein at least one of the first

gas and thEeeRbirgakid-chB atimis ndngandtedint, Wwilsemsabreats che ismkethtityas and the
second gagigBRda¢ bl Reseribesmal claimile uthesroppriisingrRPianinma kivdslepamt info the

semiconductor substrate after implanting the second dopant using the ion source, wherein the ion

source is oGR8 EPBSRFEBH HE S RIBGRIN BlhaiNGIh anssesRRr b ABar s Sptdrih gthénthird

dopant.  effective boron energy in the substrate of between approximately 0.075 and 7.5 keV,
wherein the implanted dose of boron atoms would be 5 times greater than the implanted
dose of carbon atoms. The hydrogen included in the molecule diffuses out upon

implantation into the substrate.

[0067] According to other exemplary embodiments, the cluster molecules may be
provided in the form of carborane derivatives, which are generally characterized as having
lower melting points than conventional carboranes. Such molecules include a main
carborane structure similar to that described above (e.g., o-carborane 1,2-C,B9H12) and also
one or more substituted groups attached in place of hydrogen atoms (e.g., the derivative
may be a fluorinated derivative in which CF; may be substituted for one or more of the
hydrogen atoms so that carbon, boron, and fluorine atoms are each present in the cluster
molecule). Other potential substituted groups include fluorides (-Fx) and CsH4F (e.g.,
C,BoH»F g or fluorinated derivatives of m- or p-carboranes). According to a particular
exemplary embodiment, a carborane derivative having the general formula o-carborane, 1-
m-CsH4F with a melting point of approximately 68 degrees Celsius may be used. As those
reviewing the present disclosure will readily appreciate, a relatively large number of
combinations are possible according to various exemplary embodiments, all of which are

intended to be within the scope of the present disclosure.

[0068] According to other exemplary embodiments, cluster molecules may be provided in
the form of small carboranes (e.g., 1,5-C,B3Hs; 1,2-C,B4Hg; 1,2-C,BsH7; and 1,2-C,BsHjo).
According to an exemplary embodiment in which a cluster molecule having the general
formula 1,5-C,B;Hs is to be implanted into a silicon substrate, the implantation energy may
be selected to have a value between approximately 1 and 100 keV to obtain an effective
carbon energy in the substrate of between approximately 0.19 and 19 keV and an effective
boron energy in the substrate of between approximately 0.18 and 18 keV, wherein the
implanted dose of boron atoms would be 1.5 times greater than the implanted dose of

carbon atoms.
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5. The method of claim 4, wherein the third dopant is included in at least one of the first gas and the
second gas. 6. The method of claim 4, wherein the first dopant is carbon, the second dopant is
fluorine, andMAaairtttidfant is boron. 7. The method of claim 4, wherein trRCHPS240%e% 8 implanted
to a lesser depth than at least one of the first dopant and the second dopant. 8. The method of claim 1,

further conmyésiNg PrVidiBG &iABdIGagilR e cOnRIRSs Wik NRAsi Oas anddbesaaeadgas. 9. The
method of claim 8, wherein the first gas is a carbon source gas, the second gas is a fluorine source

gas, and tREBHFANPACIESS B SBir e ahef 1k qarinmnbiadismachifes, ivAstamcdmaliet oRY of the
first gas, thesacang aasiARdEhs, hHisd Bas AFihas MSRHISa {8y BpRatl spasiesmsalrdes from the

group consisting of phosphorous, arsenic, indium, and antimony. 11. The method of claim 1, wherein
the first dolAHEN RbIBBIN&AERASecond dopant is boron.

[0070] In addition, the effective implant energy of each species is reduced by the ratio of

the species atomic weight to the cluster's molecular weight. This means that very low

effective implant energies, which are important in forming shallow junctions, may be

achieved at higher extraction energy for the molecule. The higher extraction energy is

beneficial for obtaining higher extracted beam current, thereby further improving

productivity.

[0071] Those reviewing this disclosure will appreciate that the methods described
according to the various exemplary embodiments provide various advantages over
conventional implantation methods. For example, the methods described herein provide
more efficient and less labor-intensive implantation of multiple implantation species, since
the ion source need not be shut down, evacuated, and re-started between implantation steps.
The implantation of the various dopant species described herein may provide effective ways
to reduce or eliminate undesirable boron diffusion in a substrate into which it is implanted
(and the methods and species described herein may also find utility in reducing or

eliminating undesirable of other implanted dopant species such as phosphorous).

[0072] Where a range of values are provided herein in descriptions of chemical moiety, it
is to be understood that intervening numbers and any other stated or intervening values in
that stated range are encompassed therein. For example, where a range of carbon numbers
is provided herein in a description of a corresponding chemical moiety, it is understood that
cach intervening carbon number and any other stated or intervening carbon number value in
that stated range, is encompassed within the scope of the disclosure, e.g., C1-C6 alkyl is
understood as including methyl (C1), ethyl (C2), propyl (C3), butyl (C4), pentyl (C5) and
hexyl (C6), and the chemical moiety may be of any conformation, ¢.g., straight-chain or
branched, it being further understood that sub-ranges of carbon numbers within specified
carbon number ranges may independently be included in smaller carbon number ranges,

within the scope of the invention, and that ranges of carbon numbers specifically excluding
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12. The method of claim 1, wherein the first dopant is fluorine and the second dopant is boron. 13. The
method of claim 1, wherein one of the first dopant and the second dopant is fluorine and other of the
first dopant Bi$H2ANE/EHe3hd dopant is boron. 14. The method of claim 1, furl{eVESRYRIRinnealing
to activate at least one of the first dopant and the second dopant to form a shallow junction, wherein at

least one qf the Jitshaenad:achingsseeand HRAANLRSIAOSRRIFAM BRI AHEESIORluding cither

or both of carbon number limits of specified ranges are also included in the invention.

[0073] It is also important to note that the various exemplary embodiments described
herein are intended to be illustrative only. Although only a few embodiments have been
described in detail in this disclosure, those skilled in the art who review this disclosure will
readily appreciate that many modifications are possible without materially departing from
the novel teachings and advantages of the subject matter recited in the claims. The order or
sequence of any process or method steps may be varied or re-sequenced according to other
exemplary embodiments. Other substitutions, modifications, changes and omissions may
be made in the design, operating conditions and arrangement of the various exemplary
embodiments without departing from the scope of the present inventions as expressed in the

appended claims.
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WHAT IS CLAIMED IS:

1.

10.

11.

12.

13.

14.

A method for producing a semiconductor device having a shallow junction region, the
method comprising:

providing a first gas and a second gas in a container, the first gas comprising a first
dopant and the second gas comprising a second dopant;

implanting the first dopant into a semiconductor substrate using an ion source; and
implanting the second dopant into the semiconductor substrate using the ion source;

wherein the ion source is not turned off between the steps of implanting the first dopant
and implanting the second dopant.

The method of claim 1, wherein at least one of the first gas and the second gas is CHs.
The method of claim 1, wherein at least one of the first gas and the second gas is BF3.

The method of claim 1, further comprising implanting a third dopant into the
semiconductor substrate after implanting the second dopant using the ion source,
wherein the ion source is not turned off between the step of implanting the second
dopant and implanting the third dopant.

The method of claim 4, wherein the third dopant is included in at least one of the first
gas and the second gas.

The method of claim 4, wherein the first dopant is carbon, the second dopant is fluorine,
and the third dopant is boron.

The method of claim 4, wherein the third dopant is implanted to a lesser depth than at
least one of the first dopant and the second dopant.

The method of claim 1, further comprising providing a third gas in the container with the
first gas and the second gas.

The method of claim 8, wherein the first gas is a carbon source gas, the second gas is a
fluorine source gas, and the third gas is a boron source gas.

The method of claim 8, wherein at least one of the first gas, the second gas, and the
third gas acts as a source for a dopant species selected from the group consisting of
phosphorous, arsenic, indium, and antimony.

The method of claim 1, wherein the first dopant is carbon and the second dopant is
boron.

The method of claim 1, wherein the first dopant is fluorine and the second dopant is
boron.

The method of claim 1, wherein one of the first dopant and the second dopant is fluorine
and other of the first dopant and the second dopant is boron.

The method of claim 1, further comprising annealing to activate at least one of the first

dopant and the second dopant to form a shallow junction, wherein at least one of the
first dopant and the second dopant act to restrain boron diffusion.
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