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nodes having features sizes below 22 nm Transistors with 3D gate
structures typically enploy source and drain regions forned in thin
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general ly, techniques which invo ﬁg‘Bg]:)t of ions under an electric
field. The difficulty is generally manifest when doping sidewalls, and
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made to Uwortentipnheldabhallengns of dinkdolppng Denise Strygiureacendi @Eﬂzfpfd@l@yN angi ng
t he i npl @piod 'TL(,thngl%g% ’Eédsh Yioh§aFo1t 94 CRURI g2 t%4'1986"%'6'1 ﬁ)b'bbfht erd t he

dopant dose retenti |oﬁ range, espécl a
Fr equent inggrpomated by enfsenes haymaﬁ the3Dergireties tand é@r allt mefpcses: aAdtmlcema]acgmeng
effectsfor t he dlrectl i

eam i ant |se.to
er ous WORWrASERIREmANR b A ERHeRo e TR et e T i b BRI ) oo
been recsyies havifg dsdiured sitzéuabﬂb\aszmnﬁlopirﬂgsﬂstefshwnmLBe) gH@W&\demres tthsiclyappear
to bet\/\gwﬂrlrrar di.s dvanta estotﬁllastechm |l ead to
si mul t an®@BRISY sPite ad B LI5S famrednin 9V56‘°81u%'%ft6“'15h A ‘ﬁ‘“écﬁb?t@&?t‘irﬁns in
the pl asgra. digfsie(R) ddpPanringdestemithal Q6 QmpRintati¥in SRE&MRiduRs,S BRASHA | dplng depend
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di f fi cul tephadques prd generally; techniquepyhich myehve transportf jans under an electric field.
The difficulty is generally manifest when doping sidewalls, and especially manifest in high

aspect ratio structures.

Thus, since ion implantation processes are largely directional, they tend to be
incompatible with the fabrication of many gate architecture designs, such as 3D gate designs
and/or gate architectures having closely spaced fins which may require doping on lateral and
vertical surfaces. If attempt is made to use ion implantation for doping these surfaces such as
by changing the implant tilt angle, this may lead to considerable variability in the dopant dose
retention and diffusion range, especially on the sidewalls. Frequently, in a dense array of i3D
structures, there can be shadowing effects for the directional ion beam in an implanter, giving
rise to serious dose retention problems for tilted implant angles. There has also been recent
interest in the plasma doping technique. However, there appear to be two primary
disadvantages to this technique: (a) it may lead to simultaneous sputter erosion, which may
be due to the high energy ions in the plasma, and (b) dopant dose and conformality seem to

sensitively depend on the ion to radical density ratio in the plasma, which leads to difficulties
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*@0002* in process control. Thus, there is an ongoing need for better

. dopi ng nmet hods which may be used to fabricate many current gate
‘architecture designs. SUMVARY OF THE DI SCLOSURE Di scl osed herein are
met hods of doping a patterned substrate in a reaction chanber. In sone
erbodi nents, the nethods include formng a first conformal filmlayer
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driving sone of the dopant fromthe first filmlayer into the substrate to
forma conformal doping pgefvh\l,[g]{g] ‘irhleﬂﬁtiﬁ_%giﬁs‘bﬂn sone enbodi nents,
forming the first filmlayer Inc uges introducing a dopant precursor into
the reaction chanber. adsorbing the dopant precursor directly onto the
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surface wunder conditions whereb e dopant ecuy son I ! -
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punpi ng Wrkamak dapineRspllsdn flesubitets: 1 geme pmbpiimerigciorpie ditalipel™ Byepunpi ng
the r ?a%blﬁ&sciﬂﬂ-mﬁingt 9 d%pQﬁ‘%ﬁedﬁFs%? GMb ShdrEdAtish KRAHBED RIBRingMIR! &fpand N SOME
enmbodi ments, the renoving step may include purging the reaction chanber
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f or m ng raadting et aelesrbed daplantd préaurdoayeforro theadoparitavuraé. adhered to the surface
of the substrate, the third filmlayer conprising the dopant source, the
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may include purging the reaction chamber with an inert gas.

Some methods disclosed herein may additionally include forming a second conformal
film layer containing a dielectric material, and some methods disclosed herein may
additionally include forming a third conformal film layer on a material adhered to the surface
of the substrate, the third film layer comprising the dopant source, the dopant source
comprising the dopant, wherein a substantial portion of the second film layer is interspersed
between the first and third film layers. In certain such embodiments, the methods may
further include driving some of the dopant from the third film layer into the substrate to form
a conformal doping profile in the substrate. In some embodiments, forming the third film
layer may include introducing the dopant precursor into the reaction chamber, adsorbing
the dopant precursor onto a material adhered to the surface under conditions whereby the

dopant precursor forms an adsorption-limited layer, and reacting the adsorbed dopant



precursor to formthe dopant source. In sone enbodi nents, adsorbing the

- dopant precursor when formng the first filmlayer may include atom c | ayer
‘depdsition, and adsorbing the dopant precursor when formng the third film
| ayer may include atom c | ayer deposition. In some enbodi ments, formng the
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introducing a dielectric precursor into the reaction chanber, adsorbing the
dielectric precursor onto a materi al adhered to the substrate under
condi ti ons whereby the dielectric precursor forns an adsorption-linted

| ayer, and reacting the reactant with the adsorbed dielectric precursor to
formthe dielectric material. In sone nethods disclosed herein, formng the
fourth filmlayer may include introducing the reactant into the reaction
chanber, introducing a dielectric precursor into the reaction chanber,
adsorblng the d|eIectr|c precursor onto a naterlal adhered to the substrate



Al so di sclosed herein are nethods of doping a patterned substrate in a
reacti on chanber which include formng an alloy conprising a dielectric and
'‘a dopant source directly on a surface of the patterned substrate having

t hr ee-di nensi onal features, or onto a material adhered to the surface, the
dopant source conprising a dopant, and driving sone of the dopant fromthe
alloy into t t i - Of | }

substrate. | onenapsdt el R A AIEH RORP R konk kit

i nt r oducfilng layed @paminingr éeudskctranchagriall eind ctomec mpthedsirdsiosedtherefrhenayeact i on

chanber, adsorbin he. do t precu r.and the dielectri recyrsor onto
he oubatRamR! Refif Fot® e bRt e BE 8% wh¥ Bl st o SEHAG L1 one
wher eby dfhge dapaidte, Pihe Cllkts Aimaladlert B@nshsige @ler HSpaBt €6WHES Othe f ddpBAtasburce
adsorption-limted | ayer, and reacting the adsorbed dopant precursor and
adsor bedcomPERBEths dongple Wit 2 FepstagFiah ROFeOTIRE A fowthulilte laxerdis drtershersfdvi ng

t he dopagwS&RAUhe &hird Bnd Fil ﬁmp%m?ninseerfam A %k BMR AL Wh TR tHORS Inkie
introducing a third reactant info the reaction chanber and reacting’'the

t hird reaghemnclude drivingesoasrtbredppdntelirer the fttpfilee layeointo the suhsirate éorfsomi nent s,
the thir . [ : [ ' t he
third v cacraare lon Pk oRe AMEXURERE] 1A PeRi SRR rh BT M, 0o

act i vat i foim lay¢rimay ipéladamiroducing thé\demntprscires auto hier reactioacharalpgysadacrbsgs f or
dopi ng substrate. I n sone enbodi pent t he aratus may include a

G R R B T R R S e e R
mor e dopdphntp pRELHEEO Forfd San Iaﬂmioaquﬁkeiadlatyer,tdnel feeamgihma @dz;amaerdopemuram or
nore vacuum punps, one or nore gas outl et oupl j ng the reaction chanmber to
the one RSFCYRSF dO\IQET RS ﬂawé,soarga é%?&egﬂofc{%g“&bﬁiﬂ }“"erngPﬁé@Flglﬂen Wadabl e
code. | nngigad @rhise Ri@ i 18RAtwhick ea & %my #,NRd WAl R EUGdiALRR or
determ ninng t hat lrZgjsui)st.rate 1s prlce.senft1 gﬁﬁ? e gubst rgat?)é gﬂo?der ,l e )

i nst r uct eussTRoptdimplarsr f ithegfinshi@rangh sigth fsr layers pelativede deusubsrateyaln ¢efpdt s t o

i ntroduc, : i {4.on chanber so that the dopant
precur sos?cgg@g%?glgﬁﬁgg?ﬁgmggﬁg{%Ja}tﬁar{sg?g?ﬁ'to a material adhered to the
substrate, instructions for operating the one or nore gas outlets to
evacuat e unadsofoped m¢tedn tdisslosedihsrsim, ffotming hide rseeqndi 6hn diarbresy, ieahee

Instr uc'ti'nﬁ&ﬁwﬁn%a Fe%@lgﬁt' g &Q?ea%gélp E%ﬁ%epqg@ ﬂgeac&ﬁ'él[%w;lcip ec(l%romn?o Eﬂel m

| ayer containiiig a dopant source. In sdne enbodi nents, e appar at uses

di scl osedadiienehambayadsonbirgethe idivtdcurdeprecurdlF ogereemae sl adbertd guthedubstraexci te a

plasma within the reaction, ch r.. In certain such enbodi nents, th

ot r ot s Spisfiionk aferary R ARG BIuGEh e e P EOr™ Ry dien e

I NSt r uct readiing ftigy reaxpit atithite AdvorbBiF dpfsteicgiredurdod tefolm ttife delpbtas MRtepMal.clh causes
t he adsor bed dopant, precursor to react, In sonme enbodj nents, the nachine

r eadabl eSCBEIBEERHIIPLesRE hetren. domting fhectourtayfilm dpxen aray ekl tiodeeip e ons
for dri VieRGaOR® @e FA&iAOBRMbe OB 8udingOM dibRcttik| pRodurdp ihfbeRURALfALe. I n
sonme enbodi nents, the apé)_ar atuses disclosed herein may further include a
heat er cdambguediprhing theadiclepfaic for¢ayrsebAngi Hmatgrishedhgrsg datthe suhsate updercer t ai n
such enmbodi j 3 Vi g. of d into the
ubst  at Seoty SaebOf HeRENA] pRiaSrsh ol aRea R fed B BRFRA |

fil m caube ngpcant Weth thel ddyorbetidiakeetdic grdchiser nfooh tibogielattri€ marariahelrf ¢eftaini nt o

the substrate Rl EF SCRI PTI ON. CF TH W N Figure 1 is a
Sohenmt: e FRBRTPERS G S BB e SHat e graensplioaneshagtishs S48  or
form ng waer, ai alkPr fcdhol dirbos MohGEdd; dntabed digxid@NinomelenfboliifenftyRa&ingl a an
ALD pro igure 2 js a.schematic illustration of a sequence of

cess. . F ; .
oper at i otﬁg r<iﬁ;ﬁ'iat%thwlﬁ*aaghIe %@S%*é“écﬂ'?lﬁfr““f BRI O fRImdhe distestriginedterial may irditor nal
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I. In some embodiments the dielectric precursor may be BTBAS.



Figure 4(a) is a schematic illustration of an exenplary A+B stack, with
partof the stack serving as the capping | ayer. Figure 4(b) is a
'schématic illustration of a conformal film stack having ALD dopant | ayers
and CFD dielectric layers interspersed as alternating nanol am nates, and
al-so having a capping | ayer. Figure 4(c) is a schematic |Ilustration

of 3. conf or mal ik Thabafienlavl it HePrAORRN:! AP BGGER bieliged o

| ayers intersperse efnati ng nono aV|ng cappi ng
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Also disclosed herein are methods of doping a patterned substrate in a reaction.
chamber which include forming an alloy comprising a dielectric and a dopant source directly
on a surface of the patterned substrate having three-dimensional features, or onto a material
adhered to the surface, the dopant source comprising a dopant, and driving some of the
dopant from the alldy'into the substrate to form a conformal doping profile in the substrate.
In certain such embodiments, forming the alloy may include introducing a dopant precursor
and a dielectric precursor into the reaction chamber, coadsorbing the dopant precursor and the
dielectric precursor onto the substrate or onto a material adhered to the substrate under
conditions whereby the dopant precursor and the dielectric precursor form an adsorption-
limited layer, and reacting the adsorbed dopant precursor and édsorbed dielectric precursor to
form the dopant source and alloy having the dopant source. In some embodiments, forming
the alloy may include introducing a third reactant into the reaction chamber and reacting the
third reactant with the adsorbed dielectric precursor. In some embodiments, the third reactant
may be an oxidant. In some embodiments, reacting the third reactant with the adsorbed

dielectric precursor further comprises activation with a plasma.

Also disclosed herein are apparatuses for doping a substrate. In some embodiments,
the apparatus may include a reaction chamber, a substrate holder within the reaction chamber,
one or more dopant precursor gas inlets coupled to the reaction chamber, one or more
vacuum pumps, one or more gas outlets coupling the reaction chamber to the one or more
vacuum pumps, and a controller comprising machine readable code. In certain such
embodiments, the code may include instructions for determining that a substrate is present on
the substrate holder, instructions for operating the one or more dopant precursor gas inlets to
introduce dopant precursor into the reaction chamber so that the dopant precursor adsorbs
onto the substrate or onto a material adhered to the substrate, instructions for operating the
one or more gas outlets to evacuate unadsorbed dopant precursor from the reaction chamber,

and instructions for reacting the adsorbed dopant precursor to form a film layer containing a



Figure 7. is a graph conparing within-wafer (WW thickness non-uniformty
(NU) between several B203 stacks deposited using several different nethods.
‘Figure 8 are the results of 13 point Fourier transforminfrared
spectroscopy (FTIR) neasurenents of B203 filnms forned using ALD versus CFD,
taken at the center and edge of a wafer. Figure 9 displays plots of
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Figure 1 is a schematic illustration of a sequence of operations which may be used for

forming one or more dopant source containing conformal film layers via an ALD process.

Figure 2 is a schematic illustration of a sequence of operations which may be used for

forming one or more dielectric conformal film layers via a CFD process.

- Figure 3 is a schematic illustration of a conformal film stack having interspersed ALD
B,0; dopant layers and CFD oxide layers, and also having a capping layer, all deposited on

the surface of an underlying semiconductor substrate.

Figure 4(a) is a schematic illustration of an exemplary'A+B stack, with part “B” of the

stack serving as the capping layer.

Figure 4(b) is a schematic illustration of a conformal film stack having ALD dopant
layers and CFD dielectric layers interspersed as alternating nanolaminates, and also having a

capping layer.

Figure 4(c) is a schematic illustration of a conformal film stack having ALD dopant
layers and CFD dielectric layers interspersed as aliemating monolayers, and also having a

capping layer.

Figure 4(d) is a schematic illustration of a conformal film stack having alloyed layers

of dopant source and dielectric, and also having a capping layer.
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particular, when a thin | ayer of n-doped or p-doped conformal filmis
formed via ALD over the vertical surfaces of device structures, confornal
‘dopitng of these vertical surfaces may be acconplished. Such confornal

dopi ng has been observed in sone cases to increase current density in 3D
devices by 10%to 25% due to decreased series resistance. See Yanashita et

al ., VLSI 20 . it . ] Kl - ) clronics,
other appl i oA Fes o Sephmbnp WKRRHEVE) CED RS GRSk ST Rle

opt oel ecaxideindnipasadtiogn B0 mdhdart, coadidatyoks obdephsiden. GaAs, and 11 - VI :
sem conductors such as HgCdTe, as well as photovoltaics, flat panel

di spl ays, and.. t. r.om:c. I - N i.a conf or mal.l

deposi tod 1 1R Subf heRAEIhERIROPRYeguence of SPRRAUAE WiB RV REHIR

- conf or medepbsitimg 4 styekr -confgrmaldiimtahé dbpihg arlinderiding éhicomductu kiitaaas. of a

hi gh- aspect rati o device structure-which contain a dopant source. In sone
enbodi nents, ft.he dopant source |ayers may be.interspersed wth.silicon

X do cont or e PR B €S Sl S AR WL R PSh PR b (N
sequent i isdnlvaen seveald, e statizalepdsited usinnscverfal diffe@efemamodder . Once a suffi ci ent
.nunber of dopant source |ayers are present, dopant,my be transferred to

the substrate..b riving s f. the dopant fromthe dopant sour

conformal fil r’rgl?lrg ot nfeﬁlﬂgﬁ(éfols;u%oé?tr ateer éﬁ'&sﬁorg’sm ﬁregrfﬁé“r“i‘??% (Ei%ppcon
subst r atgeashiehnds baB,ONAInctoRANEd WhiigVADDIvetsas UHD, Sikbs hi'tht Serddithnll Regedsmant
source in the conformal filmlayer(s) nmay be one and the sane, or the
dopant tW8%8h into the substrate may be a species chenmically related to the
dopant source, such as, for exanple, the dopant source may be an phosphorus
contai ni ng copetnddisgiad pIBE SORAGE coicehtrdtiolBerde shb®raRN@pRh HefdisehOM

wi thin the phosphorous contai ni ng conpound. In sonme enbodi nents, it
may be pubETas entepandedes aferadaping Withapeanferewbsadki on (CVD) process to deposit
dopant source |ayers. In sone enbodi nents, dopant source |layers forned via

CVvD nmay be irFi@r@ﬂ@ra%@QiiéTMaE/? pRANGBHEH conlcbrt@Bbn Q&bEesubaies GeptitiRBNRiy, 1t
has been found that CVD formed dopant source |ayers grown thermally by

f | owi ng BIMBtraEcempRngredgeser daping with afdgtferentcopferradsianky) may, in sone
cases, exhibit less than optimal within-wafer uniformty, both in terns of

i ncor por at i orpigfre dQRANE al Rh@ndiReilaSradeR W% iat RudRP I topeAHbELIk Idofinkaer . as
wel | as transfer of dopant into the underlying substrate. Moreover, arrays
of 3D stinderlying seraigondyetos auhstrafie arsiptahcogicrmal sank hypemgeanrargenisoniicateaglagss may
exhi bit pa I i That is, features with different geonetric .
characte fgtsc%)?%%d(dgs%l.tmaﬁfer ent aspect ratios) may have different doping
profiles when CVD based dopant source |ayers are used. interspersed with
confor mal oxikdgurt 4} .2 schemadivwla b atlannesittempaystiitbeprofileoxyhydri de fil m

| ayers deposited via ALD may be used as dopant source contai ning conformal
filmlayers. In certain suchppigfleiEpkScRIPRIGRPANt precursor used to form
these | ayers may be an organic netal precursor. In certain such

enbodi nents, trinmethyl borate (TMB) may be used as an ALD dopant precursor
in a process idistatndlifysion obn-tremand miyng dopanto framl copfarmally genositgdntilarss per sed

it h . . . _ : ) ) .
(hs) dopng s, Adeh Aol g 30 28kind Bufyath IR WS SoaR0id) *°0r s
phosphorioplanRYiod agebdolegy.i EapemggiiasenfoREHy dapogpitedsfilhnarmays bo xumgeiof @ @n, P205)

may serve as the dopant .source in.a gonformal filmlayer formed via ALD. As
Goscrt belPBEHSRT SRBeeie Py SrPtie oy bR qudh oo R HlearBPE et o pan
precur sokgibs pidistusare@ndin leRRhsibn rdgiors T3 Ramdstd¥e Qsich s pRZOS FFEASS or

ASG, or 632033,, r .As205. Dependi ng. on_t he enhadi nent, certain stack

engi neer PHYT ]én‘g‘@ﬂlgs“ﬁ&‘ipf%‘@ ¥ S8 s inp et dorglopmgHeray high aspect Fatigr seni ¢
concent r@dicefsthinirEleafd by BE apfebpridddly S6d iRTRAY sEABAN whEE GUhRRiGhaRY al SO
be enpl oyed in ALD processes to produce dopant source conformal film

| ayers, lm@n&élsérvdida@c‘émlat Hepigg peethodp rae inadestuatec ochr ¢paiforfial deoping evay

cont ai ni [ r . j I ; [ ' n

oxyhycr i QRSP B0 ROARAIS iR sl R o AL I e

conf or medonfeixisyra [faryre pf AS.Dt eeforeed ta @ soufooedl filay depokbidiom(EED) is pnpluyeadesina
source of dopant species (e.g., dopant atons such as boron, phosphorus,
gallium and/or arsenic). The dopant source |ayer serves as a source of
dopant for doping an underlying (or overlying) structure in a device. After
t he dopant source layer is fornmed (or during its formation), dopant species
are driven or otherwi se incorporated into adjacent structures in the device
being fabricated. In sone enbodi ments, the dopant species are driven by an
anneal i ng operation during or after form ng the dopant source conformal
filmlayer. As indicated above, the substantially conformal nature of

I L T ., " Y e Y



Conformal films formed using ALD and contai ning a dopant source for

. diffusion into an underlying substrate may have various benefits and
‘advant ages. First, in sonme enbodi nents, oftentinmes highly conformal filns
may be formed by ALD processes at fairly |low tenperatures. A high degree of
conformality to these filns is beneficial because a filmlayer used for
dopi Ng_ aRHAREI M Pink P GEr JTRBed SRR Lo LoD ik & fifie¥h 1lD b
films are non-'conf or ma , removal may result 1n overetching (or

under et ah¢ mejticaldenfargs of day)ce spostireg, @ntpmnkl dopirtg aflibdsk eemjiesl. suAkds praydesses
may al so ?r ovli gle cgn%‘or rrgl flid‘# ns VY-iét r@) extlgsemeh)t/5 wel | ccont r.oll ed doQi ng
concent ritIBREMY SUB OB a5 DEH QOSYRY b “ARh PRV B USi NG ALD t o
inter Sp&l’eﬁﬁt}?i(ﬂpﬂ)idé\an}ee@ 1\3)% tbdia?)yenst@decmgkmp@demekﬁapcealnsbebayammlya aﬂ t he
proportign oped to _undoped | ayer in order to precisely control the
a2 xEt 28He dn iR o cap s ian Pt spsefedionts oSt he
| evel  of ofdODD REpIAR MdARle trhidfele¥ir&RE dnal dpBsdideiodiBebdsb® an BNy semibdhdwbibgh t he
doped layer is deposited with the undope ers, and also by controlling

dla
t he condiveh anQads andH-Yosmigpndycters syghi %H{gﬁdﬂéc‘ts wilkasqhatospltaic: flatrpapel dopant
in the d@gﬁ.{{}}s_ AU LR GO R nRGILAYers. For instance, in sone enmbodi nents,
a dopant source wth significant steric hindrance may provide a nechani sm

for controlling the characteristics of the de&oSi ted doped | ayers.

Fur t her nor e, Rapirfgovisreenienmally dapqsiied filbe ipyelvesit a ope RemOrfsIPRRat i ons
besi des ] a C I i t her
apol | cat T oS P M et Ok SR T an e M S B MR LT e
not | i mdesite tsgyctinet-evhicy erntaln el dopantisource.L D) scamppémipadimens the deranneiuede

dielectric (ILMD) applications,.pre-netal diel ric (P appl.i cations,

i ol ect rngert e FRpfRd, GR suREF el Gontipelfin ifiefse e oREE WrEp 8 Ve rau
(ReRAM  @pw@inigCiérh GBGuenfiill/, @he SFaC KR btk Pag itdpobf bidddndtiadr] Mindem EBfRAdEnt

appl i cat iq(;g{%. Q her uses for ALD gl asses _incluyde, but are not limted
to, passTWRRT Ghdonast PUREe 1¥Fndrs Bosahl 40 @f;t'*lea‘bs%f%%flﬂmdetpé t pytsEatedyc,

Fur t her ni{v8ng doheSRe 8ORAHEBRNLS dostRPsshirdd doMboriBY fifn NeRRMbItEALILRRaES
etchabl e [ ayers, such as high-etch-rate sacrificial oxides, used at various
st ages i¥ch at agindedring pifieen subptraty. Nelsthag ghei dopantsigigen o hasubsgateigad the

patt erni t . I iGat rtai j .

et chabl e gr?/tesr%g'f%grlrpﬁlse g@ﬁ%ﬂﬁ% fﬁg’bl?f égg% }I{gﬁ%ﬁﬁ)&gggd ggggﬁgggaﬂgéyer gerll\?léé

t unabl e wet thetsobsitrag may és,a siveice chémeicaliyc lelated & e dapastbjomrdsy sudheas| darel of

dopi ng. In _other rds, the leyel of doping is.chosen to provide, a

pr - dor 1 amBse 85 $eA°soulgdimad BE an ool R g PEPpior MR ARan ¢ e

vi a ALD. itself nsyeeitlid ghospHoaslis aent ®ithinhke gHosptabdis coagiming dnposind.i cat e gl ass

| ayer contai ning a dopant such as arsenic, phosphorus, boron, germanium or

conbi nat i ons .t her eof .n particular, ron containing siljicate gl (BSG
Gopost ted v dh s AbodiehRyh iy wlrmosth o wect pitaed] dolp P eBrdeRaD G

t her mal mytedetoadigodindopaitcdurcatsenl BSEmapmbadimeits, ddParitsbaat Gayetstfbrnizdr on
concentration. Thus, doped conformal filns depqsited via ALD may sinply be
used as HRAH'D? MY LalPfariacErd VinasAaamat siSfeft eYISe igyers ofevetss- bt PsE (FECL)
Struct ur@gnd fHASEYD RFmBd U386 st BGdreGhdwi th¥rmilly hoyUiteleink ¥,00 (drepigr & are
key characteristics in selecting the etch-rate séeléective ALD conf or nal
film Fohshit(esinedforDoyps dortegiredy. Gbpamg eAsey cdubit daskrilian pptimal wifkipgvafera ALD
The con "QyGler 1S g r . i . i e

di scussi Soropity Puin kR oricheo MR Ub AR inh AL NN BPEMAN SR AP,

di scussilayery egweldiias ¢rankégrosti dopeut iofo the lundgylyeng subbwatera M dredver,| amags of BDa

mul tiple. "cycles- of ALD. ner.al | a basic set of steps ich results in
The. dopct BV Brtherare e i BaPir G R P SULP Bl WBTEE, o e
sylr}‘ag:e Tlmg iQQealrt@%elr@]\nmohiffaemSg@n&trng' blﬁra%ldﬂsté@?/@lg@d’iff?%ﬁli ﬁs@b&t)l;rati@m rr]rAin cycle
Wi i ncl ude, only those ste necessary to deliver and adsorb each reactant
to the sifye lrf§feél¥e%nl?%er@?}ea§*§me heD-Pass dormbaures fesF R R8act ant s to for m
the partial layer of film O course, the cycle may include certain

ancillary st gasofdGmbaintehae Rtotdc 0Rr Abpdshidn! @AE))ahnhs b lusddly or @Usit sheout oOf
the reaction chanmber, and/or applying a treatnent to the deposited

conf or medoPpRt) seycs geptaining conformal) filhn laksrs. glpesome emphodpmgnts, thege @yeqsmyéﬁr esent s
a single iteration of a unique set of operations which result in the
deposition of a whole or partial conf& mal filmlayer.



Figure 1 displays a schematic illustrating a general sequence of operations
fromleft to right wth advancing tinme along the horizontal axis which may
‘be used for form ng one or nore dopant source containing conformal film

| ayers via an ALD process. Note that this schematic sinply illustrates a
basel i ne sequence of steps and that other ancillary operations may be
added, L [ r i e 1L r at r.ad;l ons,
depondi riyeoReRR ¥ cBRARN, bR SAREC AP Lot bitbddifihd. (Rl @ G nPREehly

cor r espdayirndepdeiantia ALBouaysr usspes dgsnt seroacbhtamingt doefompapll filoahyon of t he
ALD fornmed conf.or ngl Nl Itm Eaéers. Reftegri nﬁlgto Fi gure 1, in operation
(i) a suichal Eegpaotimente iy dant Rresyrior BEE8 O s ST RYCT? BR¥ OF 3R °HMifoer and
adsor bedmel gretuisors Ubstitdh SucughBeméms, tmethyRborateqTivill) makB¢ askdt 4 dnhe
substrat&)ﬁDunder condi tions whereby the dopant precursor may form an

adsor pt i OhP| {9PRRle BrePUyT I &iRFRGEsH o8 frming defonrantrining senforma|nlmy laysest i ci ent

quant i t yinRspBrs&Fwith 8kile 1108 16 Wrat drodki®f stRRETAbIe erhbodithénhts AR 3RENiE @Al | oW
the precursor to adsorb onto the substrate surface in an anmount suff’icient

t 0 suppofpedpiicaly glass GFSQLMD arsenie xidsvies. AseOs dyseOBneradphesphosus @hdoped

pr ecur sofy t ; cg. 3. OHN |

adsor pt ?%lnC%Feit %E%eﬁgF%egpﬁ&Pﬁérgﬁglég %?)ldlpzrépfg'gr{sIb @?ﬂtgq?éye?c{p?gie%%tc%gg%by only
parti al | gpnfamal fim lyert foenslinis tAldD e As escaibed below, plastaiagtivati¢remgy be bsedause of

i nsufficient quantities of precursor,or time far full .saturatio | n

cor tai n D SHPHERD o e brsBUE b PRPL el Pl B PR ERAQs
chanber BSG bt ARGNGr At,04idr Asg0 L aDépending @ . thAembdatithentEeBtainSdigiR edginadrihgn, nay
serve this purpose. Fqll ow dsorpti on of dopant precursor, In gperation
(ii), mF%tﬁfﬁam%%gf%@ad@%ﬁ§ﬁfonp ROSBREEY OSHPAIC FAnEEERdtion i there f@act i on
chamber df cE RS \GRr doPant HFETREs By RINSPBBmbI3Ped FRALIDOProe3ERS pdawde to a
base pressure (referred to as "punp-to-base”), and/or optionally purging

t he reacdapap sewaprbetomal film dayierre pd depsndipg pr theedopens paepurspr sprfopuglddm) t o
flush out, . ; : ' i on. he .adsor bed
dopant RPseCrertFRE BhRRRRRAL:, 4RPABH R o Pkes STRURRIOR kR0t on
pr oceedsbeviradyskdisma activation, using inert plasma activation and/ or

oxi di zing plasnma activation to formthe |ayer of dopant source containing
conformal fil i v | iV unp- 1.0 Lor

i nert purge ifh%‘g'#‘?%‘}r“ %réeécf O?{gm?%ﬁ%)\%&gﬁg/ﬁllrmePaagriqg%nﬁéq%r%gﬁ:tgt Isa9 3?‘% iltons (1)
t hr ough froviflescodduest af\depant spacidsde.ge fdepang dtohs sash anbokbil) physpherusagalidlas.cri bed

above, anﬁ/ rovi d? f.ﬁg ? siF | e C)iC| e of dopant ALD I,i | m gefﬁo ition. Figure
1 al so sChEM TCEY1 y 19 (O g?‘é’%‘? DEE S8 &% i DAY OF CRBA™ (TRT doRiP® Py cl e
may be raededyifg (@n@edyingpstRicturdTisa HevideOr AfidrLth dppamt sapaniby& asfamed Qs ai ni ng
conformal film Ig)g%er,s. hus, in sonme enbodi nents, aqgperations (i).through

(iv) areWBpekt bgmediide %Raflbéwleétarf SBRED Pr (qthREWIsp rinerPqraigd ity adjarey, or at
| east 3 dibRfes iR'th@ldeliB@BEIng thbdidted. Oln &md €ABSdihehk TR, doPhntBpetitddfe 10
times in a row Dopant ALD filmmay be deposited at a rate of about or

bet ween @iven Ry ancinpeating opevatigy furingcoreattes forghied the sloparstsarren conformel e 2. 0 A
per ALD | e : r ) p e, about
b bt wadrero. B AndBHeY aple, 16% Wrtally Bofgbnds, B bl SR 1 7 6
A per Aldopesiietl aisingr AbBoprmass the effewive Gloing efntbntcddvéntipeal ddvidecstaicmyesor

about or. hetween 0.3 and 1.0 A per ALD cycle bout or between 0.5 A
and 1.0 lﬂgﬁéPg’Aobeé%ﬁﬁg’. Aot Qh\?grrf’%‘?v %%l%iﬁaﬂ{)' 3?@8{5’1‘3566‘?@%}%?“50@ used
i N conj ufielbétoin lagket derdebas thertagoiongcesiep @i evhidh thp @spihit pasied B iharporatopant
source ntai ning, conformal filmlayers. In _some enbodi nents, a suitable
dopant SOUCEEMREydaped siligapxide may berised gy 2 diffusios sapree gqsﬁ@aorg Phoshers.gl ass

(ASG) .  Ofrselt, emdhinfn, CABP NNl b imAS203 tRRAY @pefStiRate LidsOBIRE), a
enmbodi nents, a suitable doloant source nay be el enental boron or a ‘boron

conpoundhesrirrusdopedogilicaie glass D ab berogwpashops depedslicarnglaise BRSBoran
conpoun : : l . R nce, trinmethyl borate (TMVB)
(shown gaéll gé% lcﬁépid]%géraﬁ%lﬁ g‘rﬁ‘ggﬁ’gffgﬁ?}rbg?g&\}\hi ch has worked well as a
dopant precursor for form ng the dopant source B2G3, however other dopant
precursors may also be suitable for form ng various boron-based dopant
sources. Furthernore, as detail ed bel ow, dopant sources based upon el enents
ot her than boron and arsenic may al so be suitable, such as dopant sources
based upon gallium or phosphorous, for® exanple. H 3



H3C'_ 0 O CH3 Trinmethyl Borate (TMB) As indi cated above, plasm
~activation in operation (iii) may involve exposure of adsorbed dopant
‘pretursor to either an oxidizing plasma or an inter plasma. The oxidi zing
pl asma may be fornmed fromone or nore oxidants such as 02 N20, or CO2, and
may optionally include one or nore diluents such as Ar, or He. In one

enbodi ment , ?xf&?ﬁ'afjﬁ srkgm[?édalﬁg‘% AED aﬂcﬁ BGfaihi @d%aarﬂ@ﬁur’cog for'ﬁlfﬁ}éiotnqmoe i nert

pl.asma may be tormed fromone nore 1 nert g ses suc or Ar. Note
that inemt updealying adisiretat men ey vagus rentiingsnd ddvaatigens Erfrst,Rﬁh some

radi ation- | SONe eat er.. t han 0 secqonds order t ener at e
a pl asnnr%? ey Pﬁn%%eét égr]’g%f‘%l “%aﬁphp R V|f(fr91€$rli)yt‘AF{‘é]9§ HEEVE %}Ofagl ant
precur sdow thhpdrarites D@ Righ ldegret eflcdndortnafigy doithesk diims ihem]yﬁclilhecdlﬁmgenmpur ge
duration may be attributed to the Iongg Ilfetggﬁgtqa soci at (or

ot her i gy psedefondoning an wislsplying layer may beypegifigiy e eYfApt tg‘??ﬁgdﬂl'i“ﬂérﬁt s, a

punp- t 0-RASBnfHAR, T&h&VaP M) RWMPINGvérbRhingast hﬁ)&r&&ﬁﬂ%?@ﬁdemuﬂ]gba&% ingf essur e
by directly exposing it to one or nore vacuum pu n sone enbodi nents,

t he basesigmiensuekallgpgest ydLRapsestss 3 §lsa pftéwen@qnifqnmk filme with exremglyen
about 1 @aﬁc&%gﬁ@a@ fdﬁEéJPﬁ&g&r 8n séie LB LALRY tﬁn@% beAcNERHyQish@se step

“may or may not orrpanl an inert purge, and fhus carriér gases may
or may n@LDb@inﬁdrmsegiowbtbhay@mmtbﬂamd uné¢ppés>xwpeandthu vahang tha grapogivoe pat h

to the vac Atonic. | ayer .deposi,f.ijon to dopant.. sour ce
ot o i oe R Pgped faser ft SiB€ 1q BR6Ehelt SBARAI hehvirin SBERCHRRAMAcRM °°
I n sone dupadiotreatspecicsuilh altee vxtoedﬁpﬁrealbvmmdmpmglcm bééglitbacdntroleccbyatteer nmay

range f bet wee 0.C and

rom about . or e and , 450 C, abou
500°C, " dPRBSt wisk i BEropt Vshir S0SET Wi Aonidoprd BEER 280 B ang
400 C, alonpbmHE tiﬁrcoh@iftlwtﬂ@@oﬁf&l%ﬂcﬁaffmmv&hcenﬂﬁﬁ& sfhtRbpaniih tHee a

t hermal CVD process involvin for exanple, nmere introduction of TMB
(or ot heforawsanice ﬁpmmr@dﬁyﬂw For ingangeo imsomel empkadinntpactopa sowse Wit f ace

adsor pt 'Qéhlﬁéanpﬁgﬂghmmaﬂgy 29" rﬂ)\sldé( erllne‘elﬁ\ﬁgsanoracoﬂ{rQﬁlﬂg the characteristics of
the deposited doped layers.

Furthermore, conformal films deposited via ALD may have other applications besides
being used as a dopant source for an underlying substrate. Other applications for conformal
oxide films deposited via ALD include, but are not limited to, interlayer dielectric (ILD)
applications, intermetal dielectric (IMD) applications, pre-metal dielectric (PMD)
applications, dielectric liners for through-silicon via (TSV) applications, resistive RAM

(ReRAM) applications, and/or stacked capacitor fabrication in DRAM applications.

Other uses for ALD glasses include, but are not limited to, passivation, reflow,

hermetic sealing, capacitor dielectrics, etc.

Furthermore, in some embodiments, doped films may find application as etchable
layers, such as high-etch-rate sacrificial oxides, used at various stages in integrated circuit
(IC) fabrication, such as during the patterning stages of IC fabrication. In certain such
embodiments, an etchable layer for use in IC fabrication may be a glass layer having tunable
wet etching rates, where the etch rate is tunable by the level of doping. In other words, the
level of doping is chosen to provide a pre-defined etch rate. Such doped films may be
conformal films deposited via ALD. In specific embodiments, the etchable layer is a silicate

glass layer containing a dopant such as arsenic, phosphorus, boron, germanium, or
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activation step (as described). Atom c |ayer deposition to form dopant
source containing conformal filmlayers nmay be perforned at various chanber
‘pressures. In sonme enbodi mnents, suitable pressures within the reaction
chanber may range from about or between 10 nmTorr and 10 Torr, or about or
bet ween 20 niforr and 8 Ton, or about or between 50 niforr and 5 Ton, or
about or har

enpl oyedc o?%%%ﬁ%ré?%o{nﬁg p %@%%%8@ OPtr'i{HlE)&era |o%1£?\(\§§§ &%%th%dWAEB

errbodr metves s, meaki lighdr etdRFraeaiver umieped @RGeoxfideorn thérmal opide bed vkeeﬂhchlta& <w and 10

kW gr Zlggﬁtap;ge:arsﬁgﬁ)ﬁtﬁﬁb%%%\%ﬁ%d%%ﬁk a@g? i @H’?uéo Oéﬁ{’)egﬁ%aiglll eq\‘é\rél rat es

may be eviplAQ)®E chaly Rimyple batuséay égnforhnal S&ﬂiﬁcﬁhh@d’s rayerspas:erssmﬁtoabbxei bt-iny 1 at es
may range_ from about or betvve n 0.1 n.to 10 nlL/ about or

bet veen GESLY TR Sind BSSIL/SHmratésy aBbt ntecw%ét%gw{n cxlyine/ RS aHa KL/ mi n,
Vari ous @@mcletio¥siRi @& AR heRechUaRBelebriveELIY 3bAfOMSal GRAT at i ons. I n sone
enbodi ments, general gas flow rates nay range from about or between 1 L/mn
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aIkyI groups), and other srnllar arsenrc contarnrng conpounds Partrcular
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i nstance, arsenic has a much shorter diffusion length in a silicon lattice
ver sus phosphorous, and hence has the potential to dope ultrashall ow
junctions of less than 20nm Second, the solid solubility of arsenic in
silicon is higher than that of phosphorus, indicating that a higher
cencentration of arsenic dopant can be realized in a nuch narrower
junctio t
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Next, in operation B, a dielectric precursor is introduced into the
reacti on chanber. The duration of operation B is chosen to allow the
‘pretursor to adsorb onto the substrate surface in an anount sufficient to
support one cycle of filmgrowth. In some enbodi nents, the precursor
saturates the substrate surface. The dielectric precursor will be chosen
Lo ot o AR b Liab® BF AR Gorfl.ChBEhIHaCedOlorb G RSL T OhANBRSH hilteg
Exanpl es” of dleﬁectrlc COMPOSI 1 ons i ncl ude silrcon oxides (1nchu I ng
si | i cat ebeddvasdemht sairtdsclmsedhiupon desensi dthaothambpront andl @seniandays ialsb cen

oxycar bi des... Ex | es of suitable dielectric, precursqrs include various

al Ky ami HEAEPSARLE (Bt soureRessse yponaliiimor BhaPEGroL dore Bl des al kyl
groups such as nmethyl, ethyl, propyl, and butyl in various isomneric
configurations. Exanples of suitable dielegiric precursors also include
vari ous hal osilanes (Sill,<Y4,) where = 1-3, and Y includes Cd, Br, and
). More specific exanples of suid bleibielectric precursors include
various bis-allcylam no sil anes an ~gyert@al |y hindered al kyl silanes. In
sone enbodi nents. bis(tert-butylanino)siIéﬂe (BTBAS) is a suitable

diel ectric precursor for producing silicon ®xide. The oxi dant which
was introduced into the chambeq;duhi N8 AR]TRIH)ON A may continue to flow
during operation B. In certain enbodinents, It continues to flow at the
sanme rate and in the same concentration as during operation A At the
concl usi on ofAvpulicateadorbope, plasmd pefivatdn ¢ eperetion Gilpmary unvdye expasurched
~chanber | ] tj.on.:& hegl i i ration
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operation D the precursor is reacted on the substrate surface to forma
portion gheratgea glagmadthi¢hewill preate |shffigéant smastivivbwdberedsosbed gfopprit preurdrnay
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r eact i onthe Boger igktimérmssnciatanwit Hovarmgher intedt) mielstablaspdécan. chanber may have
been adsorbed onto the substrate surface along with the dielectric
precursor, t p jdi.n n_| rLately avai | Xidi zi t for the
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as depicted t.ional l in Fiqure 2, an n oxidative, plas be forned
ot o ¢ HoBer et S presEFh Ep e a0 Sk 2ok s Pl Bre-(R Hsor bed
di el ect ribdupr @8dIR6 @ Torr). FurthéMFdlab ditlicatedt dbood) Ghpuihpelbaee tiky alay opfhayi de for
a single cycle of dielectric CFD film deposition. However, it should be
under st O PErRgEOBRANE RFRY BieE eSS SNtrdlis FRTTIRE #8565 1IN lcBan Mot b fipWiiec cycl e
depi ct edwh@l dhe of ot al A8 Rp&T GFlin8 BHRRIILAREY patl R3&hFdue pl@p( consi sting of
operations A through D) is perfornmed without the introduction of any dopant

speci es or dopant precursor (though, in principle, a dopant could be

i ntroduced) . ARAMGRY S HSPeTERsP TR doPanhiouiedio@iningconfmmal; fime layers mayent ed
by oper aid pforfled B Qs RnRrdiGREAIPHNEBSIBRE ldBIS ehibeRHGESHRRAN P T OF
to the introduction of any dopant species or dopant precursor. This is
schenat i thardagti¢n ¢hamberanaxdrapge Gpwrakputom betveen B5 §land 430 CThushout or betwesn

enbodi ne, , tio t re I t t | east
tw ce, oﬁ gtam?ggds?’ (%rhar%élé@riblrgr{é%ggg(r) Iea dl48939%ggtﬁoﬁlﬁgl}st,’et‘g%%a%og{tggﬂs%‘R{? I mes,
or at | eastboltOort beteeenprO0aT ahd 350ICt | Hbwengr,anctothantinided thyeiad GAD geressi bed

above. CFD dielectric filmmy be deposi a rate of about or_ between
03" & arkivalVigE B oCRmE e Birodaar obi VELIREUH OB RRES) BV AR der  GED
cycl e, oOforral0asfer 6f BJTBL-ViRGEadGbusads ABskptoDotAopst prdchyseyis fdllowad b3RGMsnar
between 0.5 A and 1.0 A per CFD cycle. Throughout each of the one or nore
CFD cycl es, the oxidant may continue to flowinto the reaction chanber as
schematically illustrated in Figure 213 In certain enbodi nents, plasna
activation involves RF power of any frequency suitable for causing the
reaction of adsorbed dielectric precursor in operation D. In sone

enbodi ments, RF power may include independently controlled high-frequency
RF power and | ow frequency RF power, generated by RF power sources which
may be operated independently of one another. Suitable | owfrequency RF
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Sui tabl e reaction chanber pressures for perform ng operations A through D
generally include, but are not limted to, pressures of about or between
"*0.5'Ton- and 5 Ton-, and preferably about or between 2 Ton and 4 Ton. For
certain plasm pretreat ments (of the underlying substrate) prior to
exposure to dopant, pressures up to about 10 Ton (or up to about 9 Ton )

have: Deelf QAP Ul e - ARHAE /e ALARRIONG: (ol ABHAR oA ontaining

sQure entod I ment’s; source “contal ning con
hydr oscapmmfnrmlala\f Img ldyess abyl bt ypdrforaed ot bvarivosigthasibbr eonéssures. st I esotg af f ect

its observe sic roperties. and functio aI|t For ex

conf or nei™ I?O(gfrﬁﬁ%sonﬁug?%?ﬁé SBI6S W“Ré“zg? ,3\%%5’5 maygEnes, &,—'}'}3 éb%ugp%ra t ed
via ALD teayedael ygloassepi € Targ oot Wrrbebysbh20 #@®rrodndes sy fog aboutagtbi ent
noi sture such as volatile boric acid. Volatilization of the boric acid

changes ReRseea0imgr ad t hegeorrppyhor berwaeih Om Tomand £ JpHg Varipes REpaverrhys,

it is pémtdxa{pe%eb@rnﬁwé‘d 3h JReRlOURCHIARE Gepafmt oﬁ&b‘t’i&le (mqnt E}h Njonfd
confornal film’l ayers from -exposure to noisture. Accord ngly,
by

pr event i ambodimerithaisitabdg RBrpovfer mal sengedrax gbeuiros bawyeend 08 anpI10
Sl OV Mighoth 6ABRLBE bV §F quiw' 5t ARRPSE bedeat 30 mdgeﬁ(y'd?oabgap@rm

source |layer or stac ayers, as Illustrated ure essentially
acting astaeqhlyisWaal 26y rNemometowemretchneereﬂcbvamssnamt @mloya:dbn epdratimmi st ur e
present jn . the react ure 4 tr S.an L ary A+B
stack, wittHP5aPE em Oé'wn?h%‘nbﬁﬁgfi’wggﬁﬁ@m&?@ tﬁﬁ’gl %D ﬁﬁ?r een HE "Some
enbodi Megt1s,mlt/fen, @RpRURgr bawedn TRy LEaiNHEhd SenDfen,ar ab@ er betwdﬁﬁl miualm as Si O
and Si02, forned from.a di elﬁctrlc prh&grsor de osited and . reacted in a CFD

process ¢ HaUdmin e agpe, gas SeiRt MeNDS ISR AR die Yagiougopsraliensi cInpiosyr sor
may be bigdddehimd WehtaNbRonS | 3R nlBTRAR) fromNatnBF beRfResli MBS ;anti )

cappi ng | ayer may co%se one or nore nitride or oxynitride species. It
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some enbddi men appin ayer IS engl by controlling t
cappi ng L/mjiernd H¥ni/stim, \or deout ngbdtweenddasiin andnGOdl:/Umess in order to m)dul ate
the diffusion characteristic of the dopant toward the underlying
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i s hypot hesi ze SUIt e cap ayer, bac ffusion
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interfac g8y bebokedg t he. cappi ng | r effectivel
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Cycles Interspersed wwth Gher FilmLayers, such a% Dielectric CFD, Layers
thus removing unadsorbed dopant precursor prior to starting the flow of O into the reaction
chamber. If O, is already flowing (perhaps from a previous ALD cycle), the flow may be
stopped prior to introducing TMB into the reaction chamber. In some embodiments, it may
be appropriate to use a separate line charge step to setup flow of O, into the chamber afier the
post-dose purge. A pump-to-base (and optional inert purge) step of removing unadsorbed
TMB prior to introducing O, has been found to prevent gas-phase CVD reactions. Without
the pump-to-base (and optional inert purge) step, and all other process parameters remaining

the same, the uniformity of a 100X conformal film (100 layers) formed from 100 ALD

cycles, was found to degradé from 0.3% to 4%.

The adsorption step of the foregoing described reaction sequences (and other similar
related reaction sequences) takes place under conditions whereby the dopant precursor may

form an adsorption-limited layer (given a sufficient time duration and a sufficient quantity of
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It is possible to deposit nultiple dopant source containing conformal film
| ayers sequentially via ALD processes, and in sone enbodi nents, and with
‘some’types of dopant precursors, this may be a preferred approach. However,
in sone cases, it has been found that depositing dopant filmlayers
sequentially, using sequential ALD cycles, tends to be self-inhibiting to
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Figure 2, operation E in Figure 6 schematically illustrates that additional
dielectric CFD cycles nmay follow the initial cycle to deposit additional
‘conformal dielectric filmlayers. Thus, the baseline process schematically
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CFD and dopant ALD | ayers may be varied, and in sonme enbodi nents, varying
t he nunber of layers in this manner. may be the preferred approach.

After deposition of dielectric and dopant conformal filmlayers has been
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After the capping |ayer has been deposited, a dopant source containing

. conformal stack according to Figure 6 has been built/deposited. In sone
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Thi s pat @Y afSpPrRBES oh dieeqiris ¢y then desitstr cameRpsiionr efbaamales 9t didlestrient i r et y
herei n f QfmRk#ioRURPRRSsilicon oxides (including silicate glasses), silicon nitrides, silicon

oxynitrides, and silicon oxycarbides. Examples of suitable dielectric precursors include
various alkylamino silanes (SiHx(NR2)4x) where x = 1-3, and R includes alkyl groups such as
methyl, ethyl, propyl, and butyl in various isomeric configurations. Examples of suitable
dielectric precufsors also include various halosilanes (SiHyYsyx) where x = 1-3, and Y
includes Cl, Br, and I). More specific examples of suitable dielectric precursors include.
various bis-alkylamino silanes and sterically hindered alkyl silanes. In some embodiments,
bis(tert-butylamino)silane (BTBAS) is a suitable dielectric precursor for producing silicon

oxide.
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In sonme enbodi nents, a systemcontroller (which may include a one or nore
physi cal or logical controllers) controls all of the activities of a
‘protess tool used in a dopant ALD cycle or a dielectric CFD cycle. The
system control | er executes system control software on one or nore
pcocessors. The systemcontrol software may include instructions for
control 119 the LidahN\niellst HiBa0ladAS o craRBERST 208N B, QaBRGSSUT €,
chanmber and/or “station fenperature, waf er errperaf] re. ttargen% ypower | evel s.
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ALD/ CFD process phase are executed concurrently with that process phase.
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for procBerionét LSRR &s teRgtionarla sowEFmbedimsats. tsaeadtiprdy & exigHi® a
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of the process tool. process gas control program nay incl ude code
for contonst Hersgbgat swfapoapnd with dreaditlegvic pracersor s pprviiding ki ymmediatelyowi ng
gas int Oav‘a[!{bl%xﬂ}%ﬁn %%&C%f ?hesﬁlé‘}nka‘?%di&[eb QUiredc r%aec%r?.' B nd Bm 5&%&.&&9
stabilize e press I'n the process station. pressure control program
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regul ating, for e le, a.thrott]e yalve.in the exhaust stem of the

br oceos By segtered oghemy by Prts 7 ot Godblvapemh ey g dormee intaisany e
control fwigg aRidamYn briet WdRive @ierxidatios 8Nhe addottieg didktrfdfre®indort 0 @ heati ng
unit that is used to heat the substrate. Alternatively, the heater control

program ey egttoh, ASHNELY o8 MERL. Lignst el gas (ouch sg Pelum, Lo Lhe
pover | eyepbsitiaR Piowslek,Gt hBEIdYe WaEES06d BEt SHREFD ProféiBesthay B Bed iOHIERS
statl Onsdf the basic cycle depicted here. In the depicted embodiment, the CFD cycle (consisting of
operations A through D) is performed without the introduction of any dopant species or
dopant precursor (though, in principle, a dopant could be introduced). In various
embodiments, the dielectric CFD cycle represented by operations A through D is repeated
one or more times in succession prior to the introduction of any dopant species or dopant
precursor. This is schematically illustrated by operation E of Figure 2. Thus, in some
embodiments, operations A through D are repeated at least once, or at least twice, or at least
three times, or at least 5 times, or at least 7 times, or at least 10 times prior to initiating a

dopant ALD cycle as described above. CFD dielectric film may be deposited at a rate of
about or between 0.1 A and 1.5 A per CFD cycle, or about or between 0.2 A and 1.0 A per
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In sone enbodi nents, there may be a user interface associated with the

_ systemcontroller. The user interface may include a display screen,

‘graphi cal software displays of the apparatus and/or process conditions, and
user input devices such as pointing devices, keyboards, touch screens,
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inhibiting to some extent. In particular, with TMB serving as dopant precursor, self-
inhibition was found to limit TMB nucleation over BoO3; monolayers to less than 0.2 A per
ALD cycle. Moreover, this growth rate drops further after a certain number of dopant layers
have been deposited. In fact, in one experiment, the total thickness of a B,O; film deposited

using sequential ALD cycles was found to not significantly change between the 50th ALD
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Process Condition Mean Rs % Std Dev CVD-B 328. 69 ohnisq 194. 8% ALD-B 423. 91
. .ohnl sq

cycle and the 100th ALD cycle. As a result, for some dopant sources and their corresponding
dopant precursors, dopant concentration in a deposited conformal film cannot simply be
increased by increasing film thickness or increasing dopant source concentration within the
film. For example, referring to Figure 4(a), the total amount of available B,O3; cannot be
increased simply by increasing the thickness of the “A layer” in the illustrated “A+B stack.”
This is in contrast to boron containing layers deposited using a CVD process, wherein boron
concentration can be modulated simply by increasing the duration of the CVD process, and/or
increasing the flow of dopant precursor in order to increase the thickness of the deposited

boron containing layer.

However, it has been found that, in some cases, a dopant source containing film layer
may experience faster growth when it is formed via ALD atop some non-dopant containing
film layer, such as, for example, a non-dopant dielectric layer, or more specifically, a non-
dopant oxide layer. Moreover, it has been found that if the aforementioned dielectric layer
(e.g. oxide layer) is deposited via a CFD process, the dopant source layer to be formed via
ALD atop of it may exhibit even faster growth than it would on a native dielectric layer (e.g.,
a native oxide laye.r). For instance, B,O; dopant source layers formed from TMB precursor
deposited via ALD atop CFD deposited silicon oxide layers were found to exhibit a growth
rate of greater than 1 A per ALD cycle, as shown in Figure 5. Without being limited to a
particular theory, this may be attributable to the larger number of available hydroxyl surface
sites which TMB may stick to on a coalesced CFD oxide layer. In some embodiments, an
“initiation” layer of CFD oxide may be deposited atop the substrate surface, prior to
depoéiting the first ALD dopant layer, in order to promote growth of the ALD dnpant layer
and increase boron concentration closest to the dopant source-substrate interface. Figure 5
also compares growth rate on CFD oxide with growth rates on native oxide and on
preexisting B,O3 monolayer, over 50 cycles of deposition, at a temperature of 400 C, using an
oxidative plasma (O,) to activate the adsorbed TMB precursor. As indicated in the figure,
dopant ALD layers were found to grow at a rate of 0.3 A per ALD cycle atop a native silicon
oxide layer (down from 1 A per ALD cycle on CFD oxide), but only 0.21 A per ALD cycle
atop a preexisting B>O3; monolayer. Thus, non-CFD deposited silicon oxide or hydroxyl-
termination containing oxide layers may also promote or increase nucleation rates of ALD

dopant layer growth, although, at least in some cases, not to the same extent.
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5.3% Table 2 illustrates the extent to which the various stacking
strategi es described above may be used to nodul ate and control dopant
‘conctentration. In this particular exanple, boron concentration was nmeasured
i n, approxi mately 100 A thick conformal stacks of ALD B203 and CFD silicon
oxi de. TABLE 2 Nornulized boron concentration (arbitrary units) A+ B 32

Hence, by nucleating TMB ALD layers on thin CFD silicon oxide layers, the effective
boron concentration can be increased for the same total stack thickness. By changing the
spacing and/or frequency of these CFD oxide layers throughout the stack, it is possible to fine
tune the boron concentration. Figures 4(b) and 4(c) illustrate different stacking strategies
such as employing nanolaminates and monolayers, respectively. The monolayer laminates
are prepared by alternating single cycles of ALD dopant layer deposition with CFD silicon
oxide deposition. The nanolaminates are prepared by alternating two or more cycles of ALD
dopant layer deposition and two or more cycles of CFD silicon oxide layer deposition. In
some cases, more than two sequential cycles of dopant layer and/or oxide layer deposition
may be employed in forming nanolaminates. For example, a repeating sequence of
deposition cycles used to construct a nanolaminate may be 2:2 (i.e. 2 dopant cycles followed
by 2 oxide cycles, the sequence repeated one or more times), or 2:3, or 2:3, or 3:2, or 5:2, and
so on. Accordingly, by adjusting deposition sequence and the proportion of dopant cycles to
oxide cycles, the dopant concentration (e.g., boron concentration) for a given stack thickness

(e.g., about 100 A - 200 A) may be modulated and controlled.

Accordingly, Figure 6 displays a schematic illustrating a sequence of operations
which may be used for depositing a stack of conformal film and doping an underlying
semiconductor substrate. Once again, the sequence of operations proceeds from left to right
with advancing time along the horizontal axis. Also note that once again, as with Figures 1
and 2, this schematic simply illustrates a baseline sequence of steps, and that other ancillary
operations may be added, substituted, and/or interspersed with the illustrated operations,
depending on the embodiment and various considerations. Such considerations may include,
for example, the nature of the design of the conformal stack, the choice of dopant source and
corresponding choice of corresponding dopant precursor species, and also the chosen

composition of the dielectric layer.

Referring to Figure 6, in this particular embodiment, one or more dielectric layers are
deposited first, directly on the surface of the underlying semiconductor substrate (or onto a
material adhered to the substrate), using a dielectric CFD cycle which is schematically
represented in Figure 6 by operations A, B, C, and D. Note that the operations A, B, C, and
D in Figure 6 correspond to the A, B, C, and D operations schematically illustrated in Figure
2, and the discussion above relating to those operations applies here as well. As in Figure 2,

operations A through D represent one dielectric CFD cycle of film growth, and also like
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Figure 2, operation E in Figure 6 schematically illustrates that additional dielectric CFD
cycles may follow the initial cycle to deposit additional conformal dielectric film layers.
Thus, the baseline process schematically illustrated in Figure 6 incorporates, and begins with,

the baseline dielectric CFD process illustrated in Figure 2.

Following the deposition of one or more dielectric film layers in operations A through
E, the reaction chamber is pumped-to-base (as described above) and optionally purged with
an inert gas (as also described above) in operation F. Operation F serves to remove from the
reaction chamber any remaining dielectric precursors, oxidative species, or any other remnant

species from the preceding dielectric CFD cycles. Of course, in some embodiments, the

. removal operation F may not be necessary because, for example, there are not significant

quantities of remnant species in the reaction chamber after conclusion of the dielectric CFD
cycles, or simply because the remnant species do not adversely affect the dopant ALD cycles

to follow.

After the first set of dielectric film layers have been deposited, and the reaction
chamber prepped (if necessary), the first dopant ALD cycle is performed in operations G, H,
I, and J. Operations G through J correspond to operations (i) through (iv) of Figure 1, and the
discussion relating to operations (i) through (iv) of Figure 1 apply here to operations G
through J as well. As described above with respect to operations (i) through (iv), in operation
G, a suitable dopant precursor is introduced into the reaction chamber and adsorbed onto the
substrate surface (or onto a material adhered to the substrate) under conditions whereby the
dopant precursor may form an adsorption-limited layer. Following adsorption of dopant
precursor, in operation H, any remaining unadsorbed dopant precursor still present in the
reaction chamber is removed via pump-to-base and optional inert purge. Reaction of the
adsorbed dopant precursor then takes place in operation I, wherein the reaction proceeds via
plasma activation, using inert plasma activation and/or oxidizing plasma activation to form

the layer of dopant source containing conformal film. Finally. in operation J, another pump-

* to-base and/or inert purge is performed to remove any reaction by-products. As described

above with respect to operations (i) through (iv), operations G through J collectively
represent a single dopant ALD cycle providing a single dopant ALD film layer. As
schematically illustrated by operation K of Figure 6, the ALD cycle represented by operations
G through J may be repeated one or more times to form multiple dopant source containing

conformal film layers.
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<50 Hence, by enploying different stacking strategies, dopant

, concentration may be effectively controlled in a regime spanning over two
‘ordérs of magnitude. Adjustment of stacking strategies and stack

engi neering, as well as engineering of the capping | ayer chem stry, may
abso be used to nodul ate and control the sheet resistance and its
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Engi neerhavgyer, may have multlple sets of dopant ALD lavers Thus, for example, in operation L.,
the sequence of operations A through K may be repeated one or more times, resulting in one
or more additional sets of dielectrié CFD layers alternating with one or more additional sets
of dopant ALD layers. The actual number of times that operations A through K are repeated
* depends upon the desired total thickness of the conformal film stack, the desired thicknesses
of the sets of dielectric and dopant layers, as well as the amount/concentration of dopant
intended to be incorporated into the stack. Note further, that if the schematic process of
Figure 6 is strictly followed, the second set of dielectric CFD layers would have the same
number of layers as the first set of dielectric CFD layers, and similarly, the second set of
dopant ALD layers would have the same number of layers as the first set of dopant ALD
layers. However, it is to be understood that the number of layers in each set of successive
dielectric CFD and dopant ALD layers may be varied, and in some embodiments, varying the

number of layers in this manner may be the preferred approach.

After deposition of dielectric and dopant conformal film layers has been completed,
an optional capping layer may be applied in operation M of Figure 6. Potential capping
layers are described above. As indicated in Figure 6, in some embodiments, the capping
layer may be formed by repeating the dielectric CFD cycle of operations A through D one or
more times. However, note that the capping layer does not necessarily need to be formed by
employing operations A through D. In some embodiments, the capping layer could be
formed by employing an entirely different CFD oxide chemistry than that employed in
dperations A through D; for example, the precursor and/or the plasma may be different. In
some embodiments, the CFD deposited capping layer may employ one or more CFD nitride

or oxynitride film layers.
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i mterface) may be bl ocked by the capping |ayer, thereby effectively

si mul ating a'}xﬂe'?fth@kﬁ 1r{§e§a§érvﬁjisrbeglf1 dgﬁ)é%?tgci d Bopalle sl &C Kontdihifl (cBnfBrmal
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deposite on%rmal s%aclklmay e’sc ésrrtlartlcal?y similar to the conformal stack displayed schematically

in Figure 3 with the dopant source being B,O3 and the dielectric being one or more oxides.
With the conformal stack fully assembled, finally, in an operation N, the underlying substrate
may be doped by driving dopant from the conformal stack into the underlying semiconductor
substrate. In some embodiments, this may be accomplished by a thermally mediated

diffusion process, for example, as detailed below.

Finally, another stacking strategy which may be used to combine ALD dopant layer
deposition with CFD dielectric (e.g. silicon oxide) layer deposition, is to construct a “stack”
containing “alloyed layers” as illustrated in Figure 4(d). For example, alloyed layers may be
constructed by having the dielectric precursor BTBAS and dopant precursor TMB co-flown
within the reaction chamber and oxidized simultaneously. Thus, in some embodiments, an
alloyed layer may be formed by introducing a dopant precursor and a dielectric precursor into
the reaction chamber, coadsorbing both precursors onto the substrate (or onto a material
adhered to the substrate) under conditions whereby the dopant precursor and the dielectric
precursor form an adsorption-limited layer. .and reacting the adsorbed dopant precursor and
adsorbed dielectric precursor to form the alloyed layer. In certain such embodiments, the
alloyed layer is formed by reacting the adsorbed dielectric precursor with a third reactant
which may be an oxidant introduced into the reaction chamber with the dopant and dielectric
precursors. In certain such embodiments, reacting the oxidant with the adsorbed dielectric
precursor may include activation with a plasma. In other embodiments, the “alloyed layers”™
shown in Figure 4(d) may be formed by depositing nanolaminates or monolayers as shown in
Figures 4(b) and 4(c), respectively, and annealing the layers (typically at a higher
temperature, but one that is below the “drive” temperature” to form “alloyed layers,” which

in some embodiments results in a composite, homogenous glass layer.

Driving Dopant from the Deposited Conformal Film Stack into the Underlying
Substrate

After the conformal film stack is completely deposited, it may be used as a source of
dopant species for nearby semiconductor structures. This may be accomplished by driving
the dopant from the deposited film into the device structure. In.various embodiments, the

driving is accomplished by a thermally mediated diffusion process such as an anneal. In
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Dopant uniformity in an underlying substrate after transfer froma
..conformal filmstack via spike anneal is exenplified by the boron
concentration profiles shown in Figures 9 and 10. Both figures plot boron
concentration in an underlying silicon substrate as a function of substrate
depth neasured both at the center and at the edge of the substrate. Figure
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tr ansf erprofesglayhaset nfay oba t“héudﬁdnmoﬂ nedrrespoadingt ALDHEFIR ubsipe athese iln sooree
enbodi me msé]'%l?dd hae S&@Ckkbfcﬁ[ﬁnx%&eg %s?fsf‘rrr]lgg' p elequ.]l%ittaggraai%alﬁgg o N SOe

enbodi SUCH 8% 1t VLS |pp|ng
oper at i oinsteweripnd foes Al DEGFDpntcesf phiabeeare exefcmue.ﬂradmcatraﬁly whith ihacbrbwsephase

hydrofluoric acid (HF). O her Enbodi nents
Other computer software and/or programs may be employed in some embodiments.
Examples. of programs or sections of programs for this purpose include a substrate
positioning program, a process gas control program, a pressure control program, a heater

control program, and a plasma control program.
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Nunerous variations on this baseline process may be realized. Sone of these
vari ations have as their goal increasing the anmount of dopant avail able for
‘difflusion into an adjacent semiconductor structure. Qther variations are
designed to control the rate at which the dopant is delivered fromthe
source filminto the nearby sem conductor structure. Still other variations

control the dfr I i he n p r& t is
desirabl e toq# a@gé&aﬁ:é}og@ﬁlhgl%ﬂg% tnhag gﬁﬁ@%t gf[ %}iaﬂfgmgg gﬁﬁpéceléys J?uct ure
and awaycohrponerith ¢hao peossed eo skdadethefsultshetefodtam pEdestadiand ta rcosital ahxs spaceng
descri bed i cati No. 13/ 242 084, previously incorporated
by ref e?bé:ﬁ%‘éenld?e SU%Str%?@pcg'E’%Flés OflrlPe PrO°t53 99 under st ood t hat ~t he

configurations and/ or approaches described herein are exenplary' in nature,
and that thesepspesighs consiobphigranninay drichebeanyd fos caniteol iy gatscnoinposiﬁmsérﬂer ed in

alimti sense, becaus nmerous .vari ations are pgssible. The ecific
out § nes Ot P ABTRLY for B a0 88 OF DPSEiTe: RSP Aoty
nunber of REQCERSEADMEeShE PrQBUrESn tIS pided . statidhl AUSreaGiteScdnltol prgpdneGhayay be
performed in the sequence illustrated, in other sequences, In paraIIeI or
in sone BeYdcssifpy eaptrolling dlig mrsssurenia the Bropess Siafipp bY BV Ating SfoF exmmp] ﬁbraocesses
may be chan@ethive Mehdd: @bl system 6f fﬁ@&)mgss%iati@f?pd Qﬁ fRwatd e Pﬁﬁes%%%%ﬁ ate in
a reaction chanber, the mat%od conpri si ng: formng a first conformal
filmlaysd¢ directly on a surface of the patterned substrate having

t hree-di nensional features or on a material adhered to the surface, the

first filmlay %Eﬂ&oé({?gn%ﬁ 138ra ﬂbﬁepamu&%yde%r EEolRRAR cHAME 582 GRMRE! ST Ng 2

dopant wherein t an oron wherein formng the first firlm
| ayer coumpt thatels used to heatl the lsuiuucnengltanmbntthqoheemlcgmol iprgoan: fyeyreeateli on
chanber, ere ant precur | borate; ' adsor bi ng
t he dopan d V%r?é’cﬁrhg%?m&&ge%ﬂ Cha e? é%"sﬁ‘}’ﬁ lébélerg%r onto a material adhered

to the surface under condltlons mhereby t he dopant precursor forns an
adsor pt i on- | iAviptasla |caytes];pregram may include code for setting RF power levels applied to

the process electrodes in one or more process stations.

In some embodiments, there may be a user interface associated with the system
controller. The user interface may include a display screen, graphical software displays of the
apparatus and/or process conditions, and user input devices such as pointing devices,

keyboards, touch screens, microphones, etc.

In some embodiments, parameters adjusted by the system controller may relate to
process conditions. Non-limiting examples include process gas composition and flow rates,
temperature, pressure, plasma conditions (such as RF bias power levels), pressure,
temperature, etc. These parameters may be provided to the user in the form of a recipe,

which may be entered utilizing the user interface.

Signals for monitoring the process.may be provided by analog and/or digital input
connections of the system controller from various process tool sensors. The signals for
controlling the process may be output on the analog and digital output connections of the
process tool. Non-limiting examples of process tool sensors that may be monitored include
mass flow controllers, pressure sensors (such as manometers), thermocouples, etc.
Appropriately programmed feedback and control algorithms may be used with data from

these sensors to maintain process conditions.
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reacting the adsorbed dopant precursor to formthe dopant source; and
driving sone of the dopant fromthe first filmlayer into the substrate to
‘forma conformal doping profile in the substrate. 2. The method of daim
1, ‘wherein formng the first filmlayer conprises atonmic |ayer deposition.
3. The method of Claim2, wherein formng the first filmlayer further

conprises renmpui : .0 \nber .
e R T
adsor bi ndgsefiteg dopantpklLDrant alidi¢veric EEDY ¢yrlys sihé proceSes. Thhe pregramdingifuctbis m 4,

wherein the remPviVn st en cgrrpri ses. un’gi n _ adseor bV%gJ&D iasntO [ §cur sor out
of the rBALETBR EHAMERCT P CRUREIIG T ech BBl BV Rh AT ba BoRGdE Sl essur o
With a vaesurs RiniferatureSetc.TTRe MBtriiObnefmdy ednfoft thenphiMbtrst tieopeRDW-sith St ep
conmpr Segepggitrigrll cI;] coE1po?'mgllefélal§;nt slt:?c?(s g&%ﬂi?r?gr tov\\/na;iQusiae:%l)logiengntsgd%géribed herein.
Accordingly, a sysfem controller for providing program instructions to an apparatus
for doping a substrate may have machine readable code which may include instructions for
detecting the presence of a substrate on a substrate holder within a reaction chamber,
instructions for operating one or more dopant precursor gas inlets to introduce dopant
precursor into the reabtion’ chamber so that the dopant precursor adsorbs onto the substrate or
. onto a material adhered to the substrate, instructions for operating one or more gas outlets to
evacuate unadsorbed dopant precursor from the reaction chamber, and instructions for
reacting the adsorbed dopant precursor to form a film layer containing a dopant source. In
some embodiments, the iﬁstructions for reacting the adsorbed dopant precursor include
instructions for operating an RF generator to excite a plasma which causes the adsorbed
dopant precursor to react. In some embodiments, the machine readable code may further
include instructions for driving some of the dopant source from the film into the substrate,
and in certain such embodiments, these “driving” instructions may further include
instructions for operating a heater to heat the film causing a thermally mediated diffusion of

dopant from the film into the substrate.

The apparatus/process described hereinabove may be used in conjunction with
lithographic patterning tools or processes, for example, for the fabrication or manufacture of
semiconductor devices, displays, LEDs, photovoltaic panels and the like. Typically, though
not necessarily, such tools/processes will be used or conducted together in a common
fabrication facility. Lithographic patterning of a film typically includes some or all of the
following operations, each operation enabled with a number of possible tools: (1) application
of photoresist on a workpiece, i.e., substrate, using a spin-on or spray-on tool; (2) curing of
photoresist using a hot plate or furnace or UV curing tool; (3) exposing the photoresist to
visible or UV or x-ray light with a tool such as a wafer stepper; (4) developing the resist so as
to selectively remove resist and thereby pattern it using a tool such as a wet bench; (5)

transferring the resist pattern into an underlying film or workpiece by using a dry or plasma-
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7. The nmethod of Claim1l, further conprising: formng a second confornal
filmlayer containing a dielectric material; and formng a third
conformal filmlayer on a material adhered to the surface of the substrate,
the third filmlayer conprising the dopant source, the dopant source
conprising the dopant, wherein formng the third filmlayer conprises:

b dopat et SREPERARY aft 5 4afln: B eiEe R LoDk M or mpgp R0 21 19

condi t i opissmvdresigtlsyrigpe dopant precursor forns an adsorption-limted |ayer;
and reacting the adsorbed dopant precursor to formthe dopant source;
wherein a substantial portion of the second filmlayer is interspersed

bet ween t he fhwpetimentegandbxarridsl m | ayers; and driving sone of the
dopant fromthe third filmlayer into the substrate to forma confornal
dopi ng prof i 1T8gyra T kempyps tyithinewafeg (WiNe thickners em-anifgrmity  (Nkh elesyvesn

adsor bi ng, the _GPas%ckpro%ﬁ&kritgﬁ)C%sW@e\fe% ”aiﬁgrehh‘?neftﬂJdg.t ELLHNsERY €lonB P! | Ses
~atom c |layer déposition, an erei n adsorbi ng the dopant precursor when
f or mi ng ¢dnéormhl filch kayéraf Al Brdepositod demwt stuogei B2Ob apespadeg ogthtdigectric CFD
layers. The first four B»O; stacks, MODI1 through MOD4, were deposited via CVD
processes having varying deposition temperatures and B,H¢ flow rates, and these stacks
exhibit a NU range of ~8-16%. The two B,O; stacks deposited via ALD—the ALD1 process
employing an inert plasma and the ALD2 process employing an oxidative plasma—exhibit a
dramatically improved thickness NU range of ~1.3-1.6 %. Note that the “% STDDEV”-

labeled bars shown in the plot of Figure 7 indicate the percent standard deviation in- NU

measured over multiple wafers.

Figure 7 also illustrates the decrease in WiW NU achievable with bofon containing
conformal films formed using ALD relative to those formed via CVD. Displayed in Figure 8
are the results of 13 point Fourier transform infrared spectroscopy (FTIR) measurements of
B,0s; films formed using ALD vefsus CFD. Results for the CVD film are plotted in the left
graph and results for the ALD film are plotted on the right. Two curves occupy each graph,
one corresponding to the FTIR adsorption spectrum taken at the center of the wafer, and the
other corresponding to an adsorption spectrum taken near the wafer edge. For the CVD film,
a visible difference in the center and edge adsorption curves (particularly around the boron-
oxygen stretching frequency) is visible in Figure 6 corresponding to a NU of 10.3%. In
contrast, the center and edge adsorption curves taken from the ALD film are nearly
overlapping, exhibiting a NU of only 2.5 %, once again illustrating the improved WiW
uniformity achievable using ALD films. These improvements are largely attributable to the
substantially complete surface saturation potentially achievable through ALD processes,

especially in the thickness regime of interest (around 5 - 10nm).

Another way of measuring the within wafer non-uniformity in film stack thickness
(WiW NU) is to drive dopant from the stack into the silicon substrate (such as by a spike
anneal) and measure the resulting sheet resistance, R;, of the silicon substrate. Since the

quantity of dopant available for being driven into the substrate correlates with stack
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9. The nethod of Claim8, wherein formng the first filmlayer -further
_conprises renoving unadsorbed dopant precursor fromthe reaction chanber,
and wherein formng the third filmlayer further conprises renoving

unadsor bed dopant precursor fromthe reaction chanber. 10. The net hod of
Claim9, wherein during the formation of each of the first and third film

| ayers t| I | o the
okt g CKEE i SERrREacT: Bt AR RSRRR. POl th M ees
pUITpI ng Wiydsmifdymdty defpdopantp cacemtsaion cajter ahng¢ahds riselt @b)/mous}yarabeimmytaqnurrpi ng

the reactian chanber to_.a .base re wth a. vacuum met hod
of 0l o S ReAUTER Feyike SPuRETRng 208 ik i Ber SRR e 5 asefoer

Wi th an dsnBé pergérd stand@d debiatiomt (0 8idobe! dfi aRilflconvdubstiteafte? atick Rigpdsition

adsor bed dopant precursor to formt he first, filmlayer conprjses act I vation

with a pindsprike gapeahroresnendivgclo Ag qrﬂw%@awseaa%ﬁams“ﬁ} eEmestrCVh form
the thirgehbddidya 8/ D-BIARE la PRforentatifthd HMRMIEPIsitdACusHgAMNRLD A&homyrmt hod

of Claiml13, wherein the plasma is an oxidizing plasma. 15. The nmethod of
O ai m 13ALNBY.eiTablehleshomaghat the A&B filie exhibitadmmatically improved WIW NU for

sheet resistance relative the CVD film, especially within the desired dopant drive values
typically employed in semiconductor fabrication, namely 100 - 5000 ohm/sq. Using ALD,
the within-wafer variation in mean sheet resistance can be achieved down to a standard

deviation of less than 4%, in contrast to a standard deviation of almost 195% using CVD.

"TABLE 1

Pro'c'és:'s;;f'éahdi. | Mean Rs 55'..%--Stii3:'lf):éi/

CVD-B 328.69 ohm/sq | 194.8%

ALD-B 423.91 ohm/sq | 5.3%

Table 2 illustrates the extent to which the various stacking strategies described above
may be used to modulate and control dopant concentration. In this particular example, boron
concentration was measured in approximately 100 A thick conformal stacks of ALD B»O;

and CFD silicon oxide.

TABLE 2
.4 . .| Normalized boron:¢oncentration (arbitrary-units)
A+B 32-113
Nanolaminates 105 - 307
Monolayers 240 - 669
Alloyed layers <50

Hence, by employing different stacking strategies, dopant concentration may be
effectively controlled in a regime spanning over two orders of magnitude. Adjustment of
stacking strategies and stack engineering, as well as engineering of the capping layer
chemistry, may also be used to modulate and control the sheet resistance and its

corresponding degree of WiW NU. For instance, Table 3 illustrates the effect of adjusting
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16. The method of Caim7, wherein the driving of sonme of the dopant from
_the first and third filmlayers conprises a thernmally nediated diffusion
‘procéss. 17. The nethod of O aim 16, wherein the thermal |y nedi ated

di ffusion process involves annealing. 18. The nethod of Claim 17, wherein
the annealing is | aser spike annealing. 19. The nmethod of Caim1l, wherein
the al kyj,

bar.at e .i I r . Eﬂ%' V\/nereln

t he dopanf rggﬁraglg §eghédcg§6%%\%§i% gén?rso %(rgoln oxngpétﬁy g)XPJe %gj smofl hod of
C ai m 20Speatfenky, Tabke dhomenhouffaeof &djB2iF laye? tatio Bine seqicha@dorothe @iekngss ,
wherein the djel ect La is Si 23. The
et hod GHORGIoRR Y of (i ardrraskitbAPD: HES FBF MHgna URoevessmes hal of m
| ayer comifritngR] (Briet) oLt Noge, MRt @hé ab:2” 3h in the table corresponding to the

configuration with the lowest sheet resistance WiW NU, means that two B,O; layers were

deposited followed by two layers of SiO,, and so on. Note that these ALD film stacks were

deposited at approximately 200 °C, which has consistently resulted in lower Ry NUs in

comparison to ALD film stacks deposited at higher temperatures such as, for example, 400

°C.

TABLE 3 (Stack Engineering)

cle {%) NU(%)

2:1 119 13.2

2:2 4.5 5.3

NLVIR2X_IT

- 2:3 0.8 69.3
2:5 0.5 No drive

1:1 5.1 31.2

NLV1R_LT 1:2 1.8 60.9
1:3 1.3 No drive

Tab]e 4 illustrates that by modlfymg the capping layer chemistry, WiW NU may be
improved from 41% to 21%.

TABLE 4 (Cap Engineering)

~CAP ks ; R Rs (Drive).NU%
CAP1: O, oxidizing plasma 41.13
CAP2: O,/N,O oxidizing plasma 21.17

Without being limited to a particular theory, it is hypothesized that by depositing a
suitable capping layer, back-diffusion of dopant source (i.e. diffusion of dopant away from
the film-substrate interface) may be blocked by the capping layer, thereby effectively
simulating an infinite reservoir of dopant in the stack. Figure 8 schematically illustrates a
conformal film stack having a capping layer deposited atop a pattern of alternating ALD

dopant source and oxide layers deposited on a silicon substrate.
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formng a fifth conformal filmlayer on a material adhered to the surface
of the substrate, the fifth film.layer conprising the dopant source, the
‘dopant source conprising the dopant, wherein formng the fifth filmlayer
conprises: introducing the dopant precursor into the reaction chanber;
adsorbing the dopant precursor onto a material adhered to the surface under
condi tions opant pr.e r a Okt on- |d.m t | ayer;
and reacti n\éwt?cf?e alcll"slgorr%’qﬁ "c]lé1 0 do"tder(i g(gUb%r(rg{eP%t 9 gr a"msq? hlErB rfﬁo%alﬂﬁgrél

wher ei N siack i spalet arﬂllea]pS)E}tanﬂlﬁBﬂ byhl&: Hicﬁui tdncknthatioh pyceilesi @oWﬂtueF&pmss)ed

bet t d fifth f.th
oo " dnddor ot n8TESs by St cann SR i ar Bidguvipa e e & R o i)
dopi ng péfodubktfutd Bepth SncasiPed bathat thdeenldt@nb®i MRdedde JFltRé BubdBatef Wikilrer

conpri sing:
displays the results of doping a substrate with the 2:1 ratio stack of Table 3 (having a WiW

NU of 13.2%). Clearly visible in the figure is some slight discrepancy between the center
and edge dopant concentration profiles as a function of depth. Figure 10 displays the results
of doping a substrate with the 2:2 ratio stack of Table 3 (having a WiW NU of 5.3%). As
shown in the figure, with the 2:2 stack, the boron concentration profiles nearly overlay until a
depth of approximately 200 A. Both figures show a high concentration of boron near the |
substrate surface on the order of 1E22 atoms/cm’, indicating good transfer from the

~ conformal film stacks. Total boron dose ranges from 8.4E14 atoms/cm? to 4E15 atoms/cm®.

As discussed above, an arsenic or phosphorous based dopant source may also be used
in a conformal film stack for doping an underlying semiconductor substrate. For example,
Figure 11(a) is a schematic illustration of a sequence of operations for doping an underlying
semiconductor substrate using a confofmal stack having an arsenic silicate glass (ASG) based
dopant layer. In this particular embodiment, the ASG-based conformal stack is formed by
first depositing an ASG conformal film via an ALD process, -and then by depositing an
undoped silicate glass (USG) capping layer via a CFD process. Note, that depending on the

embodiment, various arsenic or phosphorous based conformal films may be combined with
various types of capping layers, such as the various types of capping layers disclosed herein,
for example. Also note that test vehicles similar to that schematically illustrated in Figure

11(a) may be employed using phosphorous silicate glass (PSG) or boron silicate glass (BSG).

With the stack in place, a thermal anneal is performed to drive arsenic dopant into the
underlying substrate. Figure 11(b) schematically illustrates an anneal temperature profile. In
some embodiments, temperature ranges for the anneal may be about or between 800 C and
1100 C, or about or between 850 C and 1000 C, or about or between 875 C and 925 C. In
some embodiments, the anneal temperature and the anneal time (i.e. time duration for
maintaining the anneal temperature) may be chosen so és to achieve a particular target sheet
resistance in the underlying substrate. In some embodiments, an anneal temperature of
approximately 900 C and an anneal time of less than 5 sec. may be chosen to achieve a sheet

resistance of approximately 600 - 2000 ohm/sq. Figure 11(b) schematically demonstrates
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formng a sixth filmlayer which is a capping |ayer, the capping | ayer
..being the outernost filmlayer of the first through sixth filmlayers
‘relative to the substrate. 25. The nethod of C aim 24, wherein the cappi ng
| ayer conprises Si02. 26. The nmethod of Caim 23, wherein formng the
second filmlayer conprises: introducing a reactant into the reaction

chamber ;g JnfEO e%&qe f tHeSnREH T hE 1 REMES AL rdn‘gﬁzlﬂa?hg éeg]efrg}gwﬂmﬁﬂgrﬁb&r:

adsorbing the dielectric precursor onto a nat to the substrate
under c andpetrhtmmsomh eombylurtahenaﬂ ipefi@tdefiningpa eonpesuture poofiis clanacteristic of the

adsorptlon inagt ed | a er; and rgad:ti qg {hhe JSeact ant lth “t‘uﬁ gsoeglbtod
di el ect ri"BYr eR0Fs 8520t HFIH FREOUIMEN RS BTSN Arols FBWRE FBPH ' Sr mi ng
t he fourgrbdice b @edtzy elfeeﬁﬁ@ipﬂhh&ﬁﬁ the underlying substrate.

Afier the anneal has resulted in the transfer of dopant from the conformal stack to the
substrate, in some embodiments, the stack is removed via a stripping operation. In some
embodiments, such as that illustrated in Figure 11(a), the stripping operation comprises

treatment of the conformal stack with dilute hydrofluoric acid (HF).

Other Embodiments

Numerous variations on this baseline process may be realized. Some of these
variations hgv'e as their goal increasing the amount of dopant available for diffusion into an
adjacent semiconductor structure. Other variations are designed to control the rate at which

. the dopant is delivered from the source film into the nearby semiconductor structure. Still
other .variations control the direction that the dopant species diffuse. Frequently, it is
desirable to favor the diffusion of the dopant toward the device structure and away from the
opposite side of the film. "Certain variations are described in US Patent Application No.

13/242,084, previously incorporated by reference.

Furthermore, it is to be understood that the configurations and/or approaches
described herein are exemplary-in nature, and that these specific embodiments or examples
are not to be considered in a limiting sense, because numerous variations are possible. The
specific routines or methods described herein may represent one or more of any number of
processing strategies. As such, various acts illustrated may be performed in the sequence
illustrated, in other sequences, in parallel, or in some cases omitted. Likewise, the order of the

above-described processes may be changed.

33



i ntroducing the reactant into the reaction chanber; introducing the
dielectric precursor into the reaction chanber; adsorbing the dielectric
precursor onto a material adhered to the substrate under conditions whereby
the dielectric precursor forns an adsorption-limted |ayer; and reacting
the reactant with the adsorbed dielectric precursor to formthe dielectric
material. 27. The method of C aim 26, wherein the reactant is an oxidant.
28. The nmethod of C aim 27, wherein the oxidant is elenental oxygen,
nitrous oxide, water, an allcyl alcohol, carbon nonoxide, or carbon

di oxi de. 284, 7he nethod of C aim 26, wherein the reacting conprises
activation wth a plasna.

1. A method of doping a patterned substrate in a reaction chamber, the method comprising:

forming a first conformal film layer directly on a surface of the patterned substrate
having three-dimensional features or on a material adhered to the surface, the first film layer
comprising a dopant source, the dopant source comprising a dopant wherein the dopant is boron,

and wherein forming the first film layer comprises:

introducing a dopant precursor into the reaction chamber, wherein the dopant

precursor is an alkyl borate;

adsorbing the dopant precursor directly onto the surface or onto a material
adhered to the surface under conditions whereby the dopant precursor forms an

adsorption-limited layer; and
reacting the adsorbed dopant precursor to form the dopant source; and

driving some of the dopant from the first film layer into the substrate to form a conformal

doping profile in the substrate.

2. The method of Claim 1, wherein forming the first film layer comprises atomic layer
deposition.
3. The method of Claim 2, wherein forming the first film layer further comprises removing

unadsorbed dopant precursor from the reaction chamber.

4. The method of Claim 3, wherein the removing step occurs after the adsorbing step but

prior to the reacting step.

5. The method of Claim 4, wherein the removing step comprises pumping unadsorbed
dopant precursor out of the reaction chamber, by pumping the reaction chamber to a base

pressure with a vacuum pump.
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30. The nethod of Caim 26, wherein the dielectric precursor is selected
fromthe group consisting of allcylam no silanes (Sil-1"(NR2)), where x =
1-3, and R includes al kyl groups, and hal osilanes (Si HxY4_x), where x =
1-3, and Y includes A, Br, and I. 31. The nethod of C aim 26, wherein the
dj el ectric precursor is BTBAS. 32. The nethod of C aim 23, wherein each of
the first through fifth filmlayers is a nonolayer. 33. The nethod of
C(.ai m 23, wherein the average thickness of each of the first through fifth

filml ayeGr S i $h %e%%o?fo ?%nn?‘rltd w%]ere tthe removin, g sfteepactzoemprlse%glgrgl%fg t% tr??rrel n’

wherein af |east one & three-di mensiona ures not
gr eat er tchambalvothtand@Errgmmnot heters. 35. The nmethod of C aim 23, wherein the
average concentration of dopant over the first through fifth filmlayers is

bet ween SPOUtTﬂegémﬁﬁgfégmp?ﬁﬁﬁﬂ§ 8%% ght. 36. A nethod of doping a

patterned substrate In reaction r t he met hod conpri si ng:

forming a second conformal film layer containing a dielectric material; and

forming a third conformal film layer on a material adhered to the surface of the substrate,

the third film layer comprising the dopant source, the dopant source comprising the dopant,

wherein forming the third film layer comprises:
introducing the dopant pfecursor into the reaction chamber;

adsorbing the dopant precursor onto a material adbered to the surface under

conditions whereby the dopant précursor forms an adsorption-limited layer; and
reacting the adsorbed dopant precursor to form the dopant source;

wherein a substantial portion of the second film layer is interspersed between the first and third
film layers; and

driving some of the dopant from the third film layer into the substrate to form a

conformal doping profile in the substrate.

8. The method of Claim 7, wherein adsorbing the dopant precursor when forming the first
film layer comprises atomic layer deposition, and wherein adsorbing the dopant precursor when

forming the third film layer comprises atomic layer deposition.

9. The method of Claim 8, wherein forming the first film layer further comprises removing
unadsorbed dopant precursor from the reaction chamber, and wherein forming the third film

layer further comprises removing unadsorbed dopant precursor from the reaction chamber.

10.  The method of Claim 9, wherein during the formation of each of the first and third film

layers the removing step occurs after the adsorbing step but prior to the reacting step.
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38 formng an alloy conprising a dielectric and a dopant source
directly on a surface of the patterned substrate having three-dinensional
features, or onto a material adhered to the surface, the dopant source
conprising a dopant, wherein formng the alloy conprises: i nt roduci ng
a, dopant precursor and a dielectric precursor into the reaction chanber,
and coadsorbi ng the dopant precursor and the dielectric precursor onto the
substrate or onto a material adhered to the substrate under conditions

wher eby the d I . i.el rl
e S e R A
and adsompbedrsoki @it efthe reactpmebamba by pomping thetrhastidim ghanibersto arbe se raendura Wity

havi ng thc ql%o%. source; and driving sone of the dopant fromthe

al | oy i nt'&°t Stbstrate to forma confor nal doping profile in the
substrate. 37. The nethod of C aim 36, wherein formng the alloy further
conpr i sed2i nt Thelmethng) of Clalirh O¢ whergint the remoning comprises putgingnthe Incantivar chapbier
reacting &.&%Pt%r{aéisreact ant with the adsorbed dielectric precursor. 38.
The method © m 37, wherein the third reactant is an oxidant.

13.  The method of Claim 7, wherein reacting the adsorbed dopant precursor to form the first
film layer comprises activation with a plasma, and wherein reacting the adsorbed dopant

precursor to form the third film layer comprises activation with the plasma.
14.  The method of Claim 13, wherein the plasma is an oxidizing plasma.
15.  The method of Claim 13, wherein the plasma is an inert plasma.

16.  The method of Claim 7, wherein the driving of some of the dopant from the first and
third film layers comprises a thermally mediated diffusion process.

17.  The method of Claim 16, wherein the thermally mediated diffusion process involves
annealing.
18.  The method of Claim 17, wherein the annealing is laser spike annealing.

19.  The method of Claim 1, wherein the alkyl borate is trimethyl borate.

20. The method of Claim 1, wherein the dopant source is a boron oxide or boron

oxyhydride.

21. The method of Claim 20, wherein the boron oxide is B2Os.

22.  The method of Claim 7, wherein the dielectric material of the second film layer is SiO;.
23.  The method of Claim 7, further comprising:

forming a fourth conformal film layer containing the dielectric material; and
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39. The nethod of C aim 38, wherein reacting the third reactant with the
.adsorbed dielectric precursor further conprises activation with a plasma.
40. " An apparatus for doping a substrate, the apparatus conprising: a
reaction chanber; a substrate holder within the reaction chanber; one or
npre dopant precursor gas inlets coupled to the reaction chanber; one or
nore vacuum punps; one or nore gas outlets coupling the reaction chanber to
the one or nore vacuum punps; and a controller conprising nachine readable

code, the COd?orr%?nrépar fifih po%.formal film layer on a material adhered to the surface of the substrate,
the fifth film Jayer comprising the dopant source, the dopant source comprising the dopant,

wherein forming the fifth film layer comprises:
introducing the dopant precursor into the reaction chamber;

.adsorbing the dopant precursor onto a material adhered to the surface under

conditions whereby the dopant precursor forms an adsorption-limited layer; and
reacting the adsorbed dopant precursor to form the dopant source;

wherein a substantial portion of the fourth film layer is interspersed between the third and fifth
film layers; and

driving some of the dopant from the fifth film layer into the substrate to form a conformal

doping profile in the substrate.
24.  The method of Claim 23, further comprising:

forming a sixth film layer which is a capping layer, the capping layer being the outermost

film layer of the first through sixth film layers relative to the substrate.

25.  The method of Claim 24, wherein the capping layer comprises SiO,.

26.  The method of Claim 23, wherein forming the second film layer comprises:
introducing a reactant into the reaction chamber;
introducing a dielectric precursor into the reaction chamber;

adsorbing the dielectric precursor onto a material adhered to the substrate under

conditions whereby the dielectric precursor forms an adsorption-limited layer; and

reacting the reactant with the adsorbed dielectric precursor to form the dielectric material;

and

wherein forming the fourth film layer comprises:
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instructions for determning that a substrate is present on the substrate
hol der; instructions for operating the one or nore dopant precursor
gas inlets to introduce dopant precursor into the reaction chanber so that
t he dopant precursor adsorbs onto the substrate or onto a material adhered

to the substrate; instructions for operating the one or nore gas
outlets to evacuate unadsorbed dopant precursor fromthe reaction chanber
and instructions for reacting the adsorbed dopant precursor to forma

filmlayer COﬂE%h&%%%ha dopant source. 41, The apparatus of C aim 40,

further conprising ﬁﬁm%enera or con fgured to excite a plasma within the

reacti on chanber, and wherein the instructions for reacting the adsorbed
dopant pr ecur swrodemmgthe dielebtnis pregarséronts thegractipeslzibay t he RF generator to
excite a plasma which causes the adsorbed dopant precursor to react. 42.

The apparat us a&forbgngaitﬁg églecﬂ%eﬁr%&ﬂsotr h&ltcgmac aRiaf ‘?1@5@&1' ® PRASuERIR kRkNg the

controller further conprises instructions for driving sone of the dopant
source from t henditiangrwvherely thi dicleginis preguusor foupds anpdeorpifspdimgitaddayst; agl ai m 42,
further conprising a heater configured to heat the film containing the

dopant sour ce reafth MORLA&AN withhd dASdrbaicditiontse probursdr kd/ioRE RQIBe@ic hiteridopant
into the substrate conprise instructions for operating the heater to heat

the fil mgausi a_thernal di at ed di ffusion, of dopant fromthe film
into the éubstrplgfn@t.h"d ﬁﬁggﬂ‘%t Woe FagiHG & rned substrate in a
reacti on chanmber, the nmethod conpri sing:

28. The method of Claim 27, wherein the oxidant is elemental oxygen, nitrous oxide, water,

an alkyl alcohol, carbon monoxide, or carbon dioxide.
29. The method of Claim 26, wherein the reacting comprises activation with a plasma.

30. The method of Claim 26, wherein the dielectric precursor is selected from the group

consisting of
alkylamino silanes (SiHx(NR;)4.x), where x = 1-3, and R includes alkyl groups, and
halosilanes (SiHY4.x), where x = 1-3, and Y includes Cl, Br, and 1.

31.  The method of Claim 26, wherein the dielectric precursor is BTBAS.

32.  The method of Claim 23, wherein each of the first through fifth film layers is a

monolayer.

33.  The method of Claim 23, wherein the average thickness of each of the first through fifth
film layers is between 0.1 and 2 Anstroms.

34, The method of Claim 23, wherein at least one of the three-dimensional features has a

width of not greater than about 40 nanometers.

35. The method of Claim 23, wherein the average concentration of dopant over the first

through fifth film layers is between about 0.01 and 10 percent by weight.

36. A method of doping a patterned substrate in a reaction chamber, the method comprising:
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formng a first conformal filmlayer directly on a surface of the patterned
.Substrate having three-di nensional features or on a material adhered to the
surface, the first filmlayer conprising a dopant source, the dopant source
conprising a dopant wherein the dopant is arsenic, and wherein formng the

first filmlayer conprises: i ntroduci ng a dopant precursor into the

reacti on chanber, wherein the dopant precursor is selected fromthe

alkyl arsi ne, al koxyarsi ne, and aninoarsine chemi cal famlies;

adsorbi ng t hego‘i’xg%%f h of 'ﬂgﬁ&gﬁeﬁ%{noda d:i ?&%‘é/ a oé%h‘: soﬁ%&é gggc‘?l ?)'h AR €1l al

adhered to th con I ons precursor forns
an adsor phitaned suhsttaeadlalvmgehrpe dmbnmembtféangest h:eomojsmatmal aﬂhp@dtto he surfiacs or t O

formthe ant sour ce t he do ant fromthe first
filml ay(—{f}:)j REY SPHE® € tﬂlg’nts?’é?go?agt ) erem i%conng'@rerzflxialf)y dop ng ‘profile in the

substrate. 45. The nethod of C ai m44, wherein the dopant source is an
arseno-silicate, antredwmgi €-ddppedpredursoc nd @Idaé@mcanream@nim;o dhd deactir an

arseni ¢ oxy hyglgalmq)%r an ?Gmacighl%liﬂg EhQ OcBg%xIt p%cﬁl‘sm Ihd Fl\éhcﬁglgétgc %:FE%urg?o]rp?ﬂ% the
precursor i's arsine, rretny esenat e, rnne ar si ne riet ar si ne,
tri phenyl ar si substrite ppdreny hatesiplrpalhercd thethe substrate under conditions whereby the dopant

' precursor and the dielectric precursor form an adsorption-limited layer; and

reacting the adsorbed dopant precursor and adsorbed dielectric precursor to form

the dopant source and alloy having the dopant source; and

driving some of the dopant from the alloy into the substrate to form a conformal doping

profile in the substrate.

37.  The method of Claim 36, wherein forming the alloy further comprises introducing a third
reactant into the reaction chamber and reacting the third reactant with the adsorbed dielectric

precursor.
38. The method of Claim 37, Whereih the third reactant is an oxidant.

39.  The method of Claim 38, wherein reacting the third reactant with the adsorbed dielectric

precursor further comprises activation with a plasma.
40. An apparatus for doping a substrate, the apparatus comprising:
a reaction chamber;
- a substrate holder within the reaction chamber;
one or more dopant precursor gas inlets coupled to the reaction chamber;
one Or more vacuum pumps;

one or more gas outlets coupling the reaction chamber to the one or more vacuum pumps;

and
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et hyl enebi s(di phenyl arsine), tris(dinethylam no)arsine, or an arsenic
.contai ning conpound having the chemcal formula As(OR)3 where Ris -CH3 or
-C2H5. 47.The nethod of O aim45, wherein the dopant source is As203 and/or
As205.

»

a controller comprising machine readable code, the code comprising:
instructions for determining that a substrate is present on the substrate holder;

instructions for operating the one or more dopant precursor gas inlets to introduce
dopant precursor into the reaction chamber so that the dopant precursor adsorbs onto the

substrate or onto a material adhered to the substrate;

instructions for operating the one or more gas outlets to evacuate unadsorbed

dopant precursor from the reaction chamber; and

instructions for reacting the adsorbed dopant precursor to form a film layer

containing a dopant source.

41. The apparatus of Claim 40, further comprising an RF generator configured to excite a
plasma within the reaction chamber, and wherein the instructions for reacting the adsorbed
dopant precursor comprise instructions for operating the RF generator to excite a plasma which

causes the adsorbed dopant precursor to react.

42, The apparatus of Claim 40, wherein the machine readable code comprising the controller
further comprises instructions for driving some of the dopant source from the film into the

substrate.

43.  The apparatus of Claim 42, further comprising a heater configured to heat the film
containing the dopant source, and wherein the instructions for driving some of the dopant into
the substrate comprise instructions for operating the heater to heat the film causing a thermally

mediated diffusion of dopant from the film into the substrate.
44, A method of doping a patterned substrate in a reaction chamber, the method comprising:

forming a first conformal film layer directly on a surface of the patterned substrate
having three-dimensional features or on a material adhered to the surface, the first film layer
comprising a dopant source, the dopant source comprising a dopant wherein the dopant is

arsenic, and wherein forming the first film layer comprises:
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introducing a dopant precursor into the reaction chamber, wherein the dopant
precursor is selected from the alkylarsine, alkoxyarsine, and aminoarsine chemical

families;

adsorbing the dopant precursor directly onto the surface or onto a material
adhered to the surface under conditions whereby the dopant precursor forms an

adsorption-limited layer; and
reacting the adsorbed dopant precursor to form the dopant source; and

driving some of the dopant from the first film layer into the substrate to form a conformal

dopipg proﬁle in_t_he substrate.

45.

The method of Claim 44, wherein the dopant source is an arseno-silicate, an arsenic-

doped silicate glass, an arsenic oxide, or an arsenic oxyhydride.

46.

The method of Claim 44, wherein the dopant precursor is arsine, triethylaresenate,

trimethylarsine, triethylarsine, triphenylarsine, triphenylarsine oxide,

ethylenebis(diphenylarsine), tris(dimethylamino)arsine, or an arsenic containing compound

having the chemical formula As(OR); where R is -CHj; or -C,Hs.

47.

The method of Claim 45, wherein the dopant source is As»O; and/or As;Os.
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