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ABSTRACT

The economicof silicon processingequirespredictve modelingcapabilitiesfor the
continuedrapidadvancemenbf semiconductotechnology This is becausé hasbecome
prohibitively expensve to develop a new processby running a large seriesof testlots
throughmulti-billion dollar fabricationfacilities. Effective processnodelingrequiresan
accuratephysicalunderstandingf the variousinteractingprocessesThe compleity of
thisproblemis compoundedby highly non-equilibriumphenomenassociatedith IC fab-
rication processesuchasimplantationannealing.Point defectsupersaturationsf mary
ordersof magnitudeareintroducedfollowing ion implantationwhichis usedto introduce
the dopantdnto silicon. Suchsupersaturationdramaticallyalter the diffusion of dopants
andreducethe electricalactivationduringtheinitial phaseof theanneal.

Boronis the primary p-type dopantusedin silicon andthusunderstandingand mod-
eling its deactvation/actvation and diffusion s critical to predictve processsimulation.
Sinceboronis smallerthansilicon, boronagglomeratesvith interstitialsbecomingelec-
trically inactive. Modeling of boron clustersis complicated asthereis a hugearray of
potentialboron-interstitialclustercompositions A physicalmodelfor boronclusteringis
derivedby identifying dominantclustersandratelimiting stepsvia atomisticcalculations
performedat LawrenceLivermoreNationalLabs. The modelis thenusedsuccessfullyto
matcha wide variety of chemicalandelectricaldata. We further apply this modelto un-
derstandandsuccessfullypredictultra shallov junctionformation. We find it is possible
to explain someintriguing phenomenorobsened during the formation of ultra shallov
junctions,like saturationn junctiondepthdespiteincreasingamp-uprates.

Researcherareexploring novel experimentaprocessingtepdik e highenegy Si pre-
implantsto producehighly active andshallov B junctions. To understan@ndmodelthis
phenomenoiit is essentiato be ableto modelthe evolution of the excessvacang region
formedaftertheimplant. Hencewe have developeda detailedmodelfor vacany cluster
ing built basednatomisticcalculationsaandverifiedthemodelby comparisorio datafrom
gold labelingexperiments.However this modelis computationallyintractablefor routine
usein TCAD (TechnologyComputerAided Design). Hence,a computationallyefficient
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physicalmodelhasbeenderivedfrom this full modelthatcanbereadilyincorporatednto
processsimulators.

This researcHeadsto an understandingf a broadrangeof dataapplicableto both
currentandfuture generatiorof devicesandpresent self-consistentmodelwhich canbe
incorporatednto TCAD diffusionequationsolvers.
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Chapter 1

Intr oduction

Oneof the mostimportantchallengesn developingVLSI technologytodayis to shrink
device sizesto theirlimits, sinceboththe speedcandthe numberof transistorgerunit area
increasasdevicesgetsmaller Eachnew generatiorrequiresalargedevelopmentakffort,
traditionallyexecutedoy scalingthe existing technologygeneratiorio therequirementsf
the new generationand addressingemeging problemswith a seriesof matrix-type ex-
periments. Wafer lots are processe@ndin eachlot selectecbarametersare varied. An
existing technologyis similarly fine-tunedwhile commercialproductis shippedto cus-
tomers. Fig. 1.1 illustratesthat this approachbecomesprohibitively expensve, with the
currentcostper DRAM lot, or oneexperimentat abouta million dollarstoday andpro-
jectedto exceed10 million dollarsin 2012. For the figure it wasassumedhat50% of a
wafer areayields usabledies; and packagings includedin the cost[1, 52]. This makes
computeraidedtechnologydevelopmentimperatve, requiringaccuratetruly predictve
simulationtools. The goal, therefore ,consistsof replacingreal experimentswith virtual
ones,i.e. anew processs placedin manugcturingonly afterit hasbeenascertainedin
computersimulationsof the proposedgequencehattheresultingdeviceswill meetall the
specifications Currentprocesssimulatorscontainempiricalmodelsandoftenlack phys-
ical elementsneededfor accuratesimulation. However, the ever-progressingshrinkage
of device dimensionsandtolerancedeadsto nenv non-equilibriumprocesseshatcannot
be modeledusingempiricalmodelscommonlyusedin the industry Thusphysics-based
modelsarenecessaryor usein theseprocessimulators.

lon implantationis the most powerful and widely usedtool for the introduction of
dopantsn silicondevicetechnology However, implantationalsointroducesalargeamount
of crystaldamagéeo thesemiconductorThisdamageonsistof high concentrationsf in-
terstitialsandvacanciesandis muchhigherthantheimplantdose.Hence any subsequent
annealingstepis a highly non-equilibriumprocessandinvolvesthe formation/dissolution
of extendeddefects,metastablgphasesand precipitates. Unfortunately the introduced
dopantsthemselesdo not all lie on substitutionalsites. Therefore,a high temperature
postimplantannealis necessaryo activatethe dopantatomsandremove damagewhich

1



compromiseslevice performance As aresultof this high temperaturenneal both point
defectsanddopantatomsexperiencea periodof high mobility. This activation processs
characterizedy anomalougliffusionin thatduring post-implantannealingdopantatoms
mayactuallydiffusemuchlargerdistancesor low temperatur@anneal€omparedo higher
temperature@nneals.This anomalousiopantdiffusion duringthe annealof animplantis
know astransientenhancedliffusion (TED). Dueto the highly non-equilibriumpoint de-
fect concentrationgnvolved, dopantatomsmay alsoform inactive immobile clustersand
deactvatemuchbelow their solid solubility. Thisis a characteristi@xhibitedduring TED
by smalleratomslik e boronwhoseagglomerations enhancedy excessinterstitials. In
deviceswith large critical dimensionsthis diffusion of dopantsduring post-implantan-
nealingmay not significantlyaffect device performanceHowever, with continuedshrink-
ageof devices,evenminor changesn dopantdistributionsmay leadto large changesn
electricalbehaior of the devices. For example,in a MOS device asshovn schematically
in Fig 1.2,the source/drainmplantandassociatedhterstitial excessleadsto a changen
the dopantdistribution in the channelregion aswell asin the sourceanddrain regions.
The final dopantdistribution is thus a net sum of a wide rangeof atomic interactions.
In orderto predictthe final thresholdvoltageof this device, it is necessaryo modelall
thesecomplex interactionssimultaneously The simulationof sucha systeminvolvesa
large numberof parameterso describeeachmechanismSpeciallydesignedandtailored
experimentshave beenusedsuccessfullyto identify key mechanismsThoughtheseex-
perimentshave beenvery helpful to betterunderstandmportantprocesseshey are still
limited in their ability to separatenechanismat anatomiclevel. For example,while ex-
perimentsareableto find the total diffusion coeficient, they generallycannot determine
the microscopicdiffusion mechanism.Recentadvancesin atomistictechniquessuchas
ab-initio andmoleculardynamicsprovide furtherinformationto probemoredeeplyinto
the variousatomisticmechanism®f diffusion and defectinteractions thus bridging the
knowledgegap.

Thisresearcthasthefollowing uniquefeatures:

e Knowledgefrom atomisticcalculationss used(whenavailable),coupledwith ex-
perimentaknowledgein developingphysicalmodels.

e Our work relieson a physicalmodelof diffusion andinteractionof dopantatoms
andpointdefectsyatherthanon anempiricalapproach.

e The work is basedon the evolution of the size distributions of extendeddefects
during TED.

e It includesdeactvationof boronandincorporationof point defectsinto boronclus-
tersor precipitates.

e Simple computationallyefficient modelsare derived from complex but physical
modelsdevelopedduringthe work, for incorporationinto processimulators.

2
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Figure 1.1: Costper lot of 25 wafersof packagedRAM with time, for eachDRAM
generatiordabeledasbits perchip.

We begin Chapter2 by discussinghe mechanisnof borondiffusionin silicon andits
interactionwith point-defects We gainvaluableinsightsinto the point-defectparameters
usedin thesimulationsby comparisorto anextensve datasetfrom metaldiffusionexper
iments.In Chapter3, variousexperimentdy differentresearcherareanalyzedo identify
the primary physicalmechanism®ccurringduring TED andlay the framework for our
modelingefforts. We alsolook at the assumptionsnadefor theinitial cascadevolution.
In Chapter, we considedifferentapproachet modelingboronclusteringeffectsin sili-
con. A physicalmodelfor boronclusteringis derivedbasedn atomisticcalculations.The
modelis thensuccessfulljusedto matcha wide variety of chemicalandelectricalactiva-
tion data. In Chapter5, we apply this modelto understandindsuccessfullypredictultra
shallav junction formation. We demonstratéhatwe cansuccessfullypredictboth quali-
tatively andquantitatvely junctionformation,includingsomeintriguing phenomenotik e
saturationin junctiondepthdespiteincreasingamp-uprates.in Chapter6, we modelthe
formationof vacang clustersduringannealingpf high enegy implants.Thisis developed
from atomisticenegeticscalculationsof vacang clusters.We thenderive anefficient mo-
mentbasedmodelfor incorporationinto processsimulationsoftware. Finally, Chapter7
summarizeshe conclusionsandfuturedirections.
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Figure1.2: A MOS transistorshaving how a source/drainmplant affects the channel
dopantdistributionsduring annealing.The interstitial flux not only leadsto anenhanced
dopantdiffusionin the source/drairbut alsothatin the channekegion. Furthersuchinter-
actionsbecomemorecritical with decreasén lateralchannelength.



Chapter 2

Dopant Diffusion in Silicon

Dopantdiffusion in silicon occursthroughthe interactionof dopantswith natve point
defects. This chapteris devotedto modelsand parametersassociatedvith this process.
We first review dopantdiffusionin silicon, followed by a discussiorof coupleddiffusion
modelsusedin all our simulations. We then considerthe propertiesof point defectsin

silicon. Finally, in Section2.4we presenbur analysisof metaldiffusionexperimentsasa
way to re-evaluatepoint defectproperties.

2.1 Atomistic perspective of dopant diffusion

Historically, the diffusivity of dopantdn silicon hasbeenmodeledmacroscopicallyising
the Arrheniusexpression

D(T) = Doexp (:ﬁa) (2.1)

where,Dg is the pre-exponentialconstanandE; is the activation enegy of the diffusion
constant.However, beginning with experimentsperformedin 19705 and 19805, it was
found that this simple diffusion modelwas inadequate.ln theseexperiments the diffu-

sivity of dopantswvasseento be differentundervarying ervironments,especiallyduring

oxidationof the silicon surfaceor afterion implantation[29, 38, 57, 63,69, 76, 78]. This

is becausd=q. 2.1 considersonly atemperaturelependencef thediffusivity. In orderto

explaintheseresults,amorecomplicatednodelfor dopantdiffusionbasedn pointdefect
mediateddiffusionis needed.n silicon, asin othersemiconductomaterials dopantdif-

fusionoccursvia interactionswith point defects suchasinterstitialsandvacanciesThese
interactiongdeterminghe dopantdiffusivities.
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Figure2.1: The dopant(D) vacany (V) pair migrationin a silicon lattice. The dopant
andvacang startthe diffusion stepasfirst nearesnheighbors.The hoppingratesaresuch
that the dopantcan hop into the empty site and back mary timeswithout ary effect on
diffusion. The hostatoms,though,could alsohop into the empty site suchthatat some
point the vacang movesto a third nearesneighborsite with respecto the dopant. The
vacang cango aroundthe six memberring of atomsand approachthe dopantfrom a

differentdirection. After the dopanthopsinto the now emptysite the dopantvacang pair
completesonediffusionstep.
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2.1.1 Vacancymechanism

In thevacang diffusionmechanisma substitutionablopantatomexchangepositionwith
an empty lattice site. This diffusion mechanismwas proposedfor silicon basedon the
experimentalbbsenationthatthe vacang is the mainpoint defectin metalg[89].

A schematicof the pair diffusionis shovn in Fig. 2.1. At an atomisticscale,this
mechanisnpresentsomeparticularitiesgiven the differentdopantvacang interactions.
The vacang mechanisndoesnot occurthrougha simplevacang dopantexchange put
throughwhatis calleda “ring mechanisni. Thevacang notonly mustexchangets posi-
tion with thedopantbut alsohasto move away to athird nearesheighborsitewith respect
to the dopantandreturnvia a new directionfor a long rangemigration of the dopantto
take place.



Note that in the pair diffusion mechanismthe resulting dopantflux is in the same
directionasthe vacang flux. Thisis contradictoryto the simpleexchangemechanisnin
whichthevacang flux is oppositeto thedopantflux. Onamacroscopiscale thisprocess
canbedescribedy thereaction:

Bs+V < BV (2.2)
For thisreaction the netrateof formationof BV from Bs andV is givenas:
Cav
RBV = 4T[O'DV (CBCV — K—) (2.3)
B/V

where Dy is thevacang diffusivity, Kg v is theequilibriumconstangivenas,

1 E
Kg/v = C_Siexp (k_'IEE) . (2.4)

Csi is thenumberof availablelatticesitesin silicon~ 5x 10?2 cm~2, andEg is thebinding
enegy of BV relativeto freeboronandvacang. o is the captureradiusof thereactionand
is definedas:

A<:ap

= Wop.
anop Is the hopdistanceof avacang andis takento be equalto a,, the lattice constanbf
silicon. Acqp Is the capturecross-sectionf Bs andis givenby,

(2.5)

Acap = T[(rcap)z- (2.6)

If rcap = 280, theno = ag. Thisis theassumptiorwe will generallymake in this work.

2.1.2 Interstitial mechanism

Experimentsnvolving theinjection of point defectsnto borondopedsamplesasshavn
that boron diffusion in silicon is dominated(> 98%) by an interstitial mechanisn{37,
53]. Most early workers assumedhat the interstitial mediateddiffusion occursthrough
aninterstitialoy mechanismi.e. the diffusing defectis a complex formedby animpurity
atomanda Si atomsharingthe samesite[50]. For hearier atomslike Al andAu akick-out
mechanisnwasproposed97, 48]. In this mechanisma silicon self interstitial migrates
throughthe lattice andapproaches substitutionaltom. If the enegy barrieris low, the
substitutionalatomis kicked into an interstitial position and could migrate throughthe
silicon lattice. Fig. 2.2 shavs an exampleof the kick-out mechanismCowernetal. [25]
experimentallymeasure@nomalousliffusionin thetails of aB concentratioristribution
asa resultof shorttime annealsat low temperaturesThe one-dimensionaprofile of the
dopantafterdiffusionshavs exponentiakails notexpectedrom Gaussiaiffusion. Thus,
they suggestedhe formationof afastmigratingintermediatespeciegB;) thatcandiffuse
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Figure2.2: Schematiof kick-out mechanisnshaowing interstitial assistednechanisnof
diffusion. In (a) the dark atomis the substitutionaldopantatomto be kicked out by the
silicon self interstitial (unfilled atom). (b) shows the dopantatomthatis now kicked into
aninterstitial siteandcannow diffusein thelattice.

long distanceseforegetting kicked backinto a substitutionakite. This processcanbe
describedy thereaction:
Bs+ 1 < B;. (2.7)

To accuratelymodel borondiffusion, it is necessaryo know the atomic parameters
governingthe point defectenepetics.First principlescalculationshave emegedasatool
to provide informationon the enegeticsanddifferentdiffusion pathwaysin Si. The most
acceptednodeluntil recentlyfor B diffusionin Si assumedhata Bs— SiiTZn (atetrahe-
dral (T) interstitialin 2nd neighborpositionwith respecto Bs) pair is first formed[77].
Subsequentlythe Bs becomesdnterstitial (B;) by beingkicked out into a [110] channel
connectinghexagonal(H) and T interstitial sites. This modelfurther suggesthatin the
network of [110] channelsthe B; diffusesrapidly by performinga large numberof jumps
before getting kicked back into a substitutionalsite releasinga interstitial (which may
remainboundto the Bs). This mechanism(barriersfrom Zhu et al. [103]) is shavn in
Fig. 2.3. Macroscopicallythis mechanismnvolves:

B+l < BI, (2.8)
Bl & B; (2.9)



More recently Windl etal. [98, 86] have founda new borondiffusionmechanismAs
shavnin Fig 2.4 (a) thelowestenepgy configurationfor the neutralcasewasfoundto bea
Bs— SiiTlno (atetrahedral(T) interstitialin 1stneighborpositionwith respecto Bs) with
abindingenepy of 0.8eV relative to neutrall* andBg . Unlike the previousmechanism,
Windl etal. foundthe Bs atomto migratevia the Bi'5JO (aboroninterstitialgy) to ahexagonal
BiHO interstitial sitewith amigrationbarrierof 0.2 eV. Thusthediffusionpathway is

Bs— Si™® — B0 — Bs— Si"™° (2.10)

For negatively chaged systemsa Bix_ (anotherinterstitialoy configuration)was found
to be the moststableconfigurationwith a binding enegy of 0.5 eV with respectto free
B~ and1°. As shown in Fig. 2.4 (b), they founda B~ — B> — BX~ pathwith an
intermediatemetastableéB® configurationand a migrationbarrierof 0.6 eV. For the +1
chagedsystemBs— SiiT1n+ wasfoundto be the moststableconfigurationwith a binding
enepgy of 1 eV with respectto B~ andI™". However the migration pathway of a Bs—
Si™" wasfoundto beaone-stepprocesBs — Si"™™" — Bs— Si™™" with nointermediate
metastablenterstitial positionanda migrationbarrierof 0.8 eV. Thus,thesecalculations
predictthatalthoughthedominantpairis positively chagedin p-typematerial B diffusion
is dominatedby neutralpairs, consistenwith the approximatelylinear dependencef B
diffusivity on carrierconcentratiorfp/n;) asseerexperimentally{99]. Thus,for all chage
stateghediffusionmechanisntanberepresentetly thereactionof thetype:

B+« Bl (2.11)

where,Bl is the lowestenegy configurationfor thatchage state(e.g. Bs — SiiTO for the
neutralcase)with subsequerdiffusionof this complex. Themigrationbarrieris givenby
thehighestbarrierenepgy in the pathway. Notethat,a moreaccurataepresentatiogould
involve all thereactionse.g.,Bs — SiiTlno & BY « BMO. However, undermostconditions,
it is sufficientto usethe simplified singlereactionstep.
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Figure2.3: Diffusion pathfor boroninterstitial for the kick-out mechanismascalculated
by Zhuetal. [103].

X= X—

Figure 2.4: Comparisonof the diffusion path for boron via the kick-out mechanismas
calculatedoy Windl et al. [98] for (a) neutral(b) negative chage states.
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2.2 Coupleddiffusion

Thecurrentstandardnodelfor coupleddopant/defectliffusionis the pair diffusionmodel
[33, 71, 72,100,101, 37]. For a systemcontaininga singledonorspeciesye first write
down all the possibleinteractions.The pairingreactionsaregivenas:

B+l & (BI)*, (2.12)
B+Vl < (BV)™*, (2.13)

Theparametersand j representhe chage statesof thedefector pair. Therecombination
andgeneratiorof Frenlel pairscanbedescribeds:

I'+Vie (—i—je. (2.14)

In addition,the pairscaninteractdirectly with oppositetype defectsto produceareaction
whichis equialentto a pair dissociatiorfollowed by defectrecombination.

B +Vl o B —(1+i+]je, (2.15)
BV) +1l o B —(1+i+j)e. (2.16)

We needto alsoconsidelionizationreactionsor chage exchangereactiondor eachof the
chagedspecies.

Becauseelectronicreactionsare muchfasterthanthe atomicdiffusion processesye
assumehatall of theionizationreactionsarenearequilibrium. For example,the concen-
tration of negatively chagedinterstitialsis:

N 9|7 E|7 —Es . 9|7 Elf - EI_ n
- Yon( e for(B)eD) e

where,E; is the Fermilevel with Eif beingthe intrinsic Fermilevel andE,- is theenepgy
level in thebandgap. Thetermsn andn; arethelocal andintrinsic carrierconcentrations.
Theratio of the numberof configurationg0) accountdor thefactthatwith unpairedelec-
tronsthereis aspindegenerag of 2 (+ or — spin). Thus,theconcentrationsf interstitials
andBl pairsin variouschage statesaregivenby:

Ci = K;iCo(ni/n)", | (2.18)
Cey = K@niCen-(ni/n)'*t (2.19)

where Ky representequilibriumcoeficients.

It is necessaryo determingheFermilevel in orderto consideithebehaior of chaged
specieslt is possibleto solve Poissons equationn conjunctionwith continuityequations,
but it hasgenerallyprovensufficientto simply assumdocal chage neutrality[37, 58], so
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that the electronconcentratiorcan be calculatedalgebraicallyfrom the dopantdistribu-
tion. In addition, we assumehat chaged defectsand pairs whendilute can be ignored
in determiningthe Fermilevel. Sinceboth defectsandpairscanexist in multiple chage
stateqe.g.,.vV—, I71), G, Cy, Cg| andCgy haveto besummedbverall chagestates Thus,
for example thetotal interstitialconcentrations

C = Izcﬂ =X1Co = z [Kw( ) CIO] ; (2.20)

whereCo is theconcentratiorof neutralinterstitials.Similarly, for pairsatequilibrium,
Cai = ) Cpij =mCC, (2.21)
|

C
C(B|)7 = KB /|OCBC|O == KB /|Oﬂ

whereKg- 0 is the equilibrium constantfor the pairing of a neutralinterstitial with a
B substitutionalatom. Sinceelectronicexchangecan occur beforeor after pairing and
equilibriumconcentratiorareindependentf path,we canwrite,

KBf/|OK(B|)i == K|iKB—/|i. (222)

Thuswe canwrite,

n
m o= Ko [1+K(B|)o <§>+K(BD_- (ﬁ)] (2.23)
|

|
n
= Kg-/0+Kg-+Kj+ (le> +Kg-/1-Ki- (H)

Notethatfor simplicity, we have left off interactionwith doubly chageddefectsin these
equations.Boron beingan accepterKg- /- is expectedto be small. This resultsin the
following diffusion/reactiorequationg43]:

0C
a—tB = —Rg+—Rsiv+Rei+v+Revii+2Rsi 1By
oC .
TBl = —0Jsi +Rs+i —Rei+v — Reitsv
0C = o
afv = —0Jgv+Rsiv —Revii —Reiysy (2.24)
oC =
a—tl = —0J—Re4—Ri4v
oG
= = —O¥—Reu—Riyv
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Jx representshe flux of speciesX andRx.y representshe netrate per unit volume of
thereactionof speciesX andY (e.g.,Rs| representshe netforward rateof the kick-out
reactiongivenby Eq. 2.7). This modelis commonlyreferredto asa “fi ve streammodel”
basedon the numberof continuity equationdor a singledopant. Eachadditionaldopant
addsthreeadditionalequationswith correspondindglux andreactiontermsaddedto the
pointdefectequations.

Note thatdueto the chage of ions, the continuity equationwill not only have a dif-
fusion componen(J¥f), but alsoa drift componen(J¥ift). Thedrift termsarisebecause
the chaged speciescanalso move becausef forcesof the electricfield, createdby the
gradientof electronconcentrationn the substrateThetotal flux of pointdefectsandpairs
will be equalto thesumof fluxesof eachchage statei:

(Bl)' — jEZilff)I +j?rlf)t (2.25)

Boronbeinganacceptorwe will expandin termsof the negative defectpair (BI) ~. Thus
thediffusiontermis:

= —D(B|)i|:| [ ®niCmI)- ~(p/m)"* ]
= —D(B|)iK(B|)iD [ _(p/ni) }
= —DenKe) [( p/mi) ECE)- + (i+1)Ceary- (p/m)'D(p/m)] -

Thedrift termbecomes:
T = WeyiaECs
= D(B|)|(q/kT)|%C(B|)|, (227)

wherep= D/KT is themobility accordingo the Einsteinrelationshimnd% istheelectric
field vector Theelectricfield canbe calculatedrom thegradientof thepotential whichin
turn canbe foundfrom the local carrierconcentrationgiven by a Boltzmanndistribution
(W denotedheintrinsic potential):

n= nexp (F”;q) , (2.28)
or FermiDirac distribution.
£ = -0y
= —0[KT/qIn(n/n)]
= DO[KT/gin(p/m)] (2.29)
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j?éif)ti = iDgiCigyyiIn(p/mi)
= iD(B|)[ @ Ci)-(p/m)'* ](ni/p)ﬁ(p/ni)

= D (g1)iK(e1yCeei- (p/m)'D(p/mi). (2.30)

Addingthediffusionanddrift termswe get:

jBli = —D(B|)iK(B|)i(p/ni)i+1 |:|_jC( BI)~ +C(B|) Dln(p/n,)} (231)
4 [=/C Cal =
— —DygiKan i [ (Cer) L Cein (P
= D(B|)|K(B|)|KB—/|0(p/n|) |:|:|<T['| )+ T['I Dln(ni)] .

Summingover all the chage statesye get:

b= Y Ju (2.32)

_ _ (D5 +D§ (p/mi) + Dk (n/mi)) [D<CBI) Cai = (p)]

+ 2 In
CI*O Tg Ty N

Theseparateomponent®f diffusivities suchasD'B+ standfor diffusivity of borondue
to pairingwith interstitialsin agivenchagestate(l* or (Bl)? in thiscase). Fromoxidation
andnitridation experimentsjt is known thatborondiffusesprimarily by interstitials[54]
(i.e fﬂ”“ ~ 1). It is alsonecessaryo make an assumptioron the variationof f; for each
chage state.Assuming,f™" is independenof Fermilevel,

. DlO D|+
fi"r =8 "B - 5 (2.33)
DY + D

. . . 0 +
It is alsonecessaryo make assumptioron the ratio f®/f;* or D5 /Dy andwe assume

they areequal.Hence,
0 +

Dy __ Dy
0 0 + +
D5 +Dy Dy +Dg

intr __
fim =

(2.34)

we cannow calculateD}3+ from experimentaborondiffusivity data.However, to calculate
17 it is necessaryo assumehatthe diffusivity of boroninterstitial pairsis independenof
their chage state sinceexperimentsyield theratio:

D—g _ D(B|)0 K|+KB—/|+
Dg D(BI)* K|OKBf/|O .

(2.35)
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Thedopantvacang pair flux is calculatedsimilarly,

V
v = 2B (a(Sv)  Svan (P (2.36)
Co Ty Ty N
DY = DY +DY <B>+D\é_ (E>
N; n;

n
vV = KB_/VO+ KB_/V"‘KV"‘ (HB) + KB_/V_ K\/— (H) .
| |
The total flux of interstitialsin eachof the chage statescan be written in termsof the
gradientin the neutralconcentratiorandthe electronconcentration:

. =

o o ni\i-
Ji=-Dy (Dc.i - WC“> — DK, (ﬁ') [ICpo, (2.37)

whereD,i representshediffusivity of interstitialsof chage statei. Thusthetotal intersti-
tial flux is: B
| = Z |i = —D|0X||:|C|0 (238)
|

X =1+Kp (ﬁp.> K- (%) (2.39)

Note againthat,dueto lack of betterexperimentalevidenceit is assumedhatD,i = Do .
This assumptions madethroughouthis work. Similarly we canwrite for vacancies,

where,

jv = —DVoXViCVO
xv = 1+Kys (nB)-I-KV <nﬂ) (2.40)

Theexpressionsgor thenetrateof pairingandrecombinationmeactionsarealsosummed
over all the chage states.Noting the definitionsof x;,xv andm, , from Eq. 2.20and
2.21,we canwrite down the netreactionratesof the pairingandrecombinatiorreactions
as:

Rei1 = kB/l[CBCI—%CBI]

Reiv = kB/V[CBCV_chV] (2.41)

Reirv = Kgiv(CriCv —CpCoTiXvCs)
Revii = kayv/1(CevCi —CjoComXiCs)
Revigi = kav/mi(CavCai—CjoCloTiTh,C3)

15



Notethatthekinetic forwardreactionrateky /v for thereactantswith diffusivities Dx and
Dy is assumedo bediffusionlimited andthusequvalentto thatderivedin Eqg. 2.5:

Whenotherspeciesuchasclustersor extendeddefectsarealsopresentadditionalcon-
tinuity equationsnustbeaddedandadditionaltermsrepresentingheformation/dissolution
of thesespeciesmustbe includedon the right handsidesof Eqgs.2.24. Undermostcon-
ditions (althoughnot duringthe early stageof ion implantannealingvhenthe concentra-
tion of pairsis not dilute), the dopant/defecpairing reactionge.g.,B +1 < BI) arefast
enoughto maintainthe pair concentratiomearlocal equilibriumwith the concentrations
of isolateddopantsanddefects(e.g.,C(Bl)i = Kg-1iK|iCg-Cpo (p/m)"™™).

Undertheseconditions thefive streammodelcanbereducedo threecontinuityequa-
tions (oftenreferredto asthe “fully-coupled” model)[33]. Thoughthis modelis usedin
mostProcessSimulatorsit is not alwayscorrectto usethis approach.To understandhis
casebetter we cancalculatethetime it takesfor the pair to reachequilibriumor the dis-
tanceit movesasa pair beforedissociatingto a substitutionakite andan self-interstitial.
Thisis equivalentto looking attime scalessmallerthantheaveragdife time (tg) of apair.
In otherwords, mostof the atomshave undegoneonly onemigrationeventin timesless
thantg|. Thelife time of a pairis thereciprocalof the reversereactionratetg) = 1/k;.
Thedistancewhich thepair travelsin thistime is on average

Dg

A=+vD =,/ —— 2.4
v/DgiTg s You (2.43)

Interestingly the pair diffusionlength canbe estimatedn termsof macroscopiaquanti-
ties. The calculatedvalueat 80C0°C is 3.7 nm andcomparegavorablyto the experimental
valueof 5 nm [25]. However at 600°C the calculatedvalueis 20 nm which is twice the

experimentalvalue. It shouldbe notedthatthe experimentaldeterminatiorwasobtained
monitoringthe movementof a marker layer in a structuregrovn MBE which generally
leadsto higherlevels of carbon. This could resultin a lower valueof A. The value of

A thuscalculateds alsocomparabldo the junction depthsof ultra low enegy implants
modeledin Chap.5. Hencethe “fully coupled”modelis not usedfor ary of the simula-
tionsin this thesisandinsteadthe more physical“five-stream”(Eg. 2.24) modelis used.
Someinstancesvhenthefive-streammodelmay not give reliableanswersvould involve

very low dopantconcentrationge.g.,afew atoms)whereit would be questionablé¢o use
a continuumapproach.Similarly, it may be inappropriateto usea continuumapproach
to modelthe initial recombinatiorof point defectswherethe initial correlationbetween
interstitialandvacang cascadess expectedo beimportant[15].

Under intrinsic conditionsnearequilibrium with no spatialvariationin point defect
concentrationsthe effective diffusivity of a dopantcanbe shavn to be (calculatefrom
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Eq.2.32and2.36)[37]:

“B _ fintrg C_V
Dz ' G <
where,the’ denotesquilibriumvalues.FromEq. 2.44it is clearthatdopantdiffusiv-
ities can be alteredby changesn point defectconcentrations.Therefore,to understand
dopantdiffusionin silicon, it is necessaryo understandndmodelhow differentprocess
interactandthus govern point defectsupersaturationsHenceone of the key parameters
for modelingthesesystemsarethe parametersf theintrinsic point defects.

+ (1— fint) (2.44)
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2.3 Point defectproperties

Thepropertief pointdefectsclearlyplay acentralrolein controllingdiffusionprocesses,
especiallyduring TED. Becausehediffusionof metalatoms(aswell asdopantsdepends
quite directly on total point defectfluxes, valuesfor the D;C{ and DyC;, productshave
becomebroadlyaccepted12, 37,49, 51, 74, 95, 109]. However, therecontinueto exist
substantiatlisagreementsver the magnitudeof the diffusivities andequilibriumconcen-
trationswhich go to make up theseproducts.

Mainly two typesof experimentggive usinformationaboutpoint defects.Analysisof
diffusion profilesfor metalssuchasAu, Pt andZn, andstudy of dopantdiffusion under
point defectinjection conditionssuchas oxidation and nitridation. However, the latter
methodhasprovidedawealthof dataaboutdopantdiffusionmechanismandmuchlesson
theintrinsic pointdefectanvolved. Themostwidely usedestimate®f vacany parameters
comefrom metaldiffusionexperimentsput evenheretheissueof vacang diffusivity is not
clear Most of the metaldiffusionexperimentspredicta relatively low vacang diffusivity
[12,109. In contrastab-initio [77, 103 andtight-bindingMD calculationd94] find that
formationenegiesfor vacanciesreonthesameorderor largerthanthatof interstitialsand
thatthe migrationenegy for vacanciess smallerthanthatof interstitials. This issuehas
beenrecentlybeencomplicatedfurther ascarbonhasbeenshown to actasaninterstitial
trapandhencereduceghe effective interstitial diffusivity if presenin largeamountg91].
Until recently theacceptediew within theTCAD communityhadbeenthatvacanciesre
relatively slow diffuserscomparedo interstitials,but arepresenin muchlargernumbers.
Thisconclusiorwaslargely basednanalysisof metaldiffusionexperimentg12, 75, 107.

2.4 Metal diffusion

Upon reexaminingthe analysisof metal diffusion experimentswvhich gave large equilib-
rium concentrationgsindlow diffusivities for vacanciesit canbe obseredthatin orderto
simplify theanalysistheoriginalwork [12, 107] generallyneglectedbulk recombination
andmadea numberof assumptiongboutthe dominantmechanismsontrolling behaior
at differenttemperatureandtime scales.Henceto resole thisissue,it wasnecessaryo
modelmetaldiffusionexperimentamorerigorously

The metalsAu, PtandZn diffusemainly via the kick-out and Frank-Turnkull (or dis-
sociatve mechanism)12, 70, 108. Thisleadsto thereactions,

Ms+1 < M;, (2.45)
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Ms< Mi+V, (2.46)

whereM; and Mg represeninterstitial and substitutionalmetal as well astheir concen-
trations. A third reactionthat needsto be considereds the bimolecularrecombination
betweerninterstitialsandvacancies,

[+V & o (2.47)

Assumingthatsubstitutionametalis immobile we cannow write thefull setof equations
thatneedto be solvedsimilarto thatdiscussedn Section2.2.

It is alsonecessaryo specifythe initial boundaryconditions. For point defects,we
assumehatthe Si/metalsurfaceis aninfinite sourceandsink for pointdefects.Hence the
concentration®f interstitialsandvacanciesarefixed at their equilibrium values(C;" and
Cy) atall timesduringthe diffusion process.Theinitial interstitial concentrations taken
to be equalto Cf. However, thereis somedebateover the initial vacang concentration
sincepreviouswork on metaldiffusion hasuseddifferentinitial concentration®f vacan-
cies[12, 109]. We discussthis issuefurtherin the subsequensections.For the metals,
theinitial concentrationn the silicon is consideredegligible (< 18cm3). The surface
concentratiorof interstitialmetalis setto its solubility.

2.4.1 Zinc diffusion

Sinceextensie zinc diffusiondatais availablefor bothheavily dislocatedanddefect-free
material[12, 13], we focuson this metalfor muchof our analysis. In the experiments,
Brachtet al. [12] first equilibratedthe samplesat diffusion temperaturesangingfrom

870°C to 1208 C andthenintroducedzinc, which diffusedin from both surfaces.Dislo-

cationsact assourcesandsinksfor point defects.Hence,in heaily dislocatedmaterial,
point defectconcentrationsemainnearequilibrium (C; = C, Cy = C})) anddiffusionis

independenof theintrinsic point defectproperties.

We usethe metal propertiesfound by Bracht et al. [13] for diffusionin dislocated
silicon in our modeling of the defect-freematerial. For consisteny, insteadof fitting
single temperaturesall the curves were simultaneoushfit using temperatureactivated
parametersBrachtet al. [12] extracteda high valuefor C}, from this data,but required
aninitial vacang concentratiormuchlessthanequilibrium (Cy (t = 0) < 1W4C§). The
simulatedand measuregrofilesusingthe parameterextractedby Brachtet al. [12] are
shavnin Figs.2.5and2.6. alsounableto fit the data.However usingthe modeldescribed
above andavoiding someof the assumptionsnadeby Bracht,we were ableto obtaina
similarfit to the obseneddatausingCy (t = 0) = C}; (asexpectedgivenequilibrium) and
amuchlower valueof G}, (Figs.2.7 and2.8). TheextractedC;, hasthefurtheradwantage
of beingmuchcloserto theoreticapredictiong49].
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Figure2.5: Normalizedzinc diffusion profilesat 870°C into defect-freesilicon andcom-
parisonto simulationsusingpoint defectparameterérom Brachtetal. [12].

2.4.2 Platinum diffusion

Low temperaturaiffusion dataexist for Ptasit diffusesfasterthanZn or Au [66]. Plat-
inum profiles are characterizedy uniform bulk concentration®f the substitutionalPt
which do not changewith time, and at the lowesttemperaturean inverseU profile is
seenn non-equilibratedsampleg106]. Theflat profileshave beenattributedto theinitial

concentratiorof point defectsand assuminghe dominanceof the dissociatve reaction,
Zimmermanretal. calculateda C); valuesimilar to thatof Brachtetal. [12]. Theinverse
U profileswere explainedby aninitial supersaturationof vacancies|eadingto a metal
concentratiorin the bulk greaterthanits solid solubility. However, we find this beha-

ior canalsobe explainedby a carbonclusteringmodelasdiscussedelon andshovn in

Figs.2.9and2.10.

It hasbeerreportecbhasen MBE grown samplesvith elevatedcarbonconcentrations
that carbonactsasaninterstitialtrap[91]. Carbonin silicon canbe modeled/49] based
ondiffusionasaninterstitial,

Cs+1 < G, (2.48)

plusreactionof interstitialcarbonwith substitutionatarbonto form animmobilecomple

20



100 . . |

102

Concentration (Zn(x)/Zn(0))

=
—F 5
s

o m

NN
" % A“’ AAAA ‘A
10.4 A_) Wl | | ]
0.2

0.4 0.6 0.8 1.0
Normaliseld Depth(x/D)

o
o

Figure2.6: Normalizedzinc diffusionprofilesat 1208 C into defect-freesiliconandcom-
parisonto simulationsusingpoint defectparameterérom Brachtetal. [12].

Cal,
C+Cs<s Col. (2.49)

Sincecarbonclusterswith aninterstitial, eachclusterformationannihilatesaninterstitial
orgenerateavacang. If theinitial carbonclusterconcentrationms lessthanits equilibrium
value, the formation of carbonclustersleadsto an undersaturationof interstitials (or a
correspondingsupersaturationof vacancieswhich leadsto the inverseU profile. This
is possibleduring FZ crystal growth, if we assumethat the materialis quenchedrom
a high temperatureat which the clustersare unstable. It should be notedthat the flat
profile of platinumin the bulk is expectedevenif the sampleswere equilibratedbefore
thein-diffusion[104], althoughthe bulk Pt concentratioris lower in this case.To check
our analysis,the samecarbonmodel and parametersvere usedfor simulationsof zinc
diffusion. As seenin Fig. 2.11, we find that at the higher temperaturesisedfor zinc,
moderatecarbonlevelscarbondo not producea significantchangdn the profiles.

Shawvn in Fig. 2.12[16] is comparisonof extractedvaluesof DyCy,, D|C. From
this analysis,we obtainCy, ~ C asshavn in Fig. 2.13[16], four ordersof magnitude
smallerthanoriginally calculatedandmuchcloserto the resultsof atomisticcalculations.
Fig. 2.14 shavs the changein meansquarederror as eachof the parameterss changed
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Figure2.7: Normalizedzinc diffusion profilesat 870°C into defect-freesilicon andcom-
parisonto simulationsusingpoint defectparametergbtainedn this work.

fromits optimumvalue. Thuswe canconcludethatthe D,C/" productis well characterized
by the dataandthatit is possibleto establishsolid upperlimits for DyCy, andC/", but that
Cy is not accuratelydeterminedby theseexperimentsandonly a relatively looseupper
boundcouldbe obtained.
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Figure2.11: Effect of carbonon zinc diffusionat 870°C. Carbonhasonly a minor effect
evenatthelowestavailablediffusiontemperature.
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not consideringpoint-defectmediatediffusion.

2.5 Boron indiffusion

Combiningthe knowledgegainedfrom the previous sectionswe cannow simulateboron
diffusionin silicon successfully To demonstrateind verify our modelsand parameters
we focuson the in-diffusion of boron. In theseexperimentsa boronsourceis deposited
on the surfaceof silicon andthe sampleis annealedor varioustimesandtemperatures.
Henceborondiffusesinto silicon from a constantsurfacesource.Fig. 2.15showvs sucha
simulationfor a 950°C boronin-diffusionanneafrom Garbenetal. [39]. It is interesting
to notethatanincreasdn boronsurfaceconcentrationseadsto larger fluxesof Bl pairs
into the substratdeadingto largertail enhancement&@sshaovn in Fig. 2.16). This s the
samecoupleddiffusionphenemenowhich leadsto phosphorugink anstail profiles[33].
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2.6 Summary

Thus,in thischaptemwe reviewedthediffusionof dopantgarticularlyboronin silicon. We
followedit by reviewing coupleddiffusionmodelsfor dopantdiffusionin silicon. Finally,
in Section2.4we presenteduranalysisof metaldiffusionexperimentdo re-evaluatepoint
defectpropertiesn silicon.
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Chapter 3

lon Implant DamageEvolution

In this chapteywe first review thedifferentaspect®f transienienhancedliffusion(TED).
It is necessaryo understandhe different phenomenand decouplethemto be ableto
successfullymodel TED. Later, in Section3.6,we discussour work on modelingthe evo-
lution of theinitial implantcascadeMainly we verify thevalidity of someof thecommon
assumptionsnadefor theinitial conditions.Theseassumptionsreusedasa basisfor our
simulationsin therestof thiswork.

3.1 |Initial damage

At first glance,the predictionof defectevolution after implantationmight appearvery
difficult. Large numbersof point defectsare created,andthey cancoalescanto various
formsof extendeddefects. However, it is possibleto make somesimplifying assumptions.
Lookingatthedamagereatedy theion implantationprocesswe canseethatthenumber
of Frenlel pairsgenerateds muchhigherthanthenumberof implantedions(Fig. 3.1). In
fact, the interstitialandvacang curvesare almostindistinguishablédrom eachother, but
thereis a vacang-rich region nearthe surfaceandaninterstitial-richregion deepeiin the
substrateThis stemsfrom thefactthattheimplantationdrivessomesilicon atomsdeeper
into the substrate. Recombinatiorof this cascadehowever, would leave us with a net
“+1” damagewhereeachincomingion displacenesilicon atom,suchthatthenetl—V
doseis equalto theimplantdose.For light atomssuchasboron,this separatiorbetween
the netinterstitial and vacang profilesis minimal. Hencea “plus-one” model[46] has
beenvery successfuin predictingTED.

This picturemay soundvery simplified but hasreceved strongexperimentalsupport.
For sub-amorphizingmplants,Chenetal. [22] shavedthatthe amountof transientdiffu-
sioncausedy a Siimplantwasindependentf bothdoseandimplanttemperatureSince
bothfactorsaffect thenumberof Frenlel pairsremainingaftertheimplant,it supportghe
notionthatthe numberof pairscreatedoy implantationis not a primary variablein TED.
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Figure3.1: Total andnetdamagecreatedby a 40keV, 5 x 103 cm~2 Si implant. Monte
Carlosimulationswith TRIM [10].

Similarly Gilesetal. [47] implantedphosphorust normalincidenceanda hightilt angle
with the enepgy adjustedo have similar projectedrange.Again the total amountof TED
wasthe samedespitethe highereneqy tilted implantcreatingmoreFrenlel pairs.

Hence,the conclusionfrom presentexperimentaldataseemso indicatethat the to-
tal net damagecreatedis insensitve to the detailsof the Frenlel pair generationduring
implantationand mainly sensitve to the distribution of implantedions. However, this
cornvenientscenarioneedsrevision when consideringvery low dose,high massor very
high enegy implantswhenthe detailsof theinitial damagedistribution leadto deviations
from the “plus-one” model. Henceit is necessaryo carefully selecttheinitial conditions
dependingon a particularimplant. This will be discussedurtherin Section3.6. For ex-
ample,thesituationis muchdifferentfor a high enegy implant,wherethe interstitialsare
kicked in deeperinto the silicon leaving behinda vacang rich region nearthe surface.
Fig. 3.2 shaws simulationsfrom TRIM [10] a Monte Carloion implantationsimulatorof
a2 MeV Siimplant. Notethatthereis a distinctnetvacang rich region nearthe surface.
The vgcan% rich region extendswell over 1um and hasnet vacang concentration®f
~ 108 cm 3,
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Figure 3.2: Monte Carlo simulationshaowving netinitial distributions of interstitialsand
vacanciedollowing a 2 MeV, 1 x 10 cm2 Siimplant. The vacang rich layer extends
well overapm.

3.2 Early work on boron deactivation and TED

Early work on Boron TED concentrate@n experimentalobsenations,measuringhe ex-
tentof TED. After the inventionof rapid thermalannealing(RTA), first obsenationsof

TED werereported:evenfor very shortannealingimestherewasa considerablamount
of dopantdiffusion.

Most of the early paperg8, 73, 88] dealwith dopantimplantsinto silicon. A (high)
doseof boron, phosphorusr arsenicwasimplantedinto silicon, and after an RTA step
thefinal profile wasmeasuredo determinethe extentof TED. Angelucciet al. obsened
thatboronandphosphorushov TED to a large extent, but arsenicshows little TED, and
antimory shavs almostno TED [8, 9]. To show this, Angelucciformeduniform layersof
the dopants patternedhe sample createddamageby silicon implantationandannealed
at varioustimesandtemperaturesFor B andP, the Si-implantedregionsshoveda large
increasean junctiondepth,whereador As andShb,thedifferencewasminimal.

Combiningthe knowledgeprimary diffusion mechanism®f individual dopantswith
the obsenationson TED for differentdopantswe may concludethat TED is relatedto

35



interstitial assisteddiffusion. Indeed,after an ion implantation,thereis a high super
saturationof interstitialsdueto the damageof the implant, andthus, this resultis quite
logical.

If welook atthetime behaior of TED, we canobsene thattheenhancemerns nearly
independenbf the ion-implantdamagefor initial timesand after someperiod (duration
of TED) theenhancemergoesaway [8, 79], suchthatwe areleft with normaldiffusion
which is mary ordersof magnitudesmaller This meanghatfor early stagesof TED the
excessinterstitial concentrations approximatelyfixed,andafter sometime it dropsto its
equilibriumvalue.

Anotherseeminglyanomalousbsenationis thattheamountof TED is largeratlower
temperature$/3, 79). This canbe explainedin the following fashion: Although the dif-
fusion of dopantgs fasterat highertemperatureghe durationof TED is muchshorterat
highertemperaturesothattheoveralljunctionmovementgetssmallerasthetemperature
isincreased.

Hence thefollowing conclusioncanbe made:

e TED s causedy excesdnterstitialconcentratiothatpersistsafterion implantation.

e Theexcessinterstitial concentratiomemainsapproximatelyfixed during TED, and
thendropsto its equilibriumvalue.

e At highertemperaturethe excessnterstitialconcentratiordisappearsnorerapidly,
i.e.thedurationof TED is shorter

3.3 Interstitial clusters

As mentionedn Section3.2, the excessinterstitial concentratiomemainsapproximately
fixedduring TED, andthendropsto its equilibriumvalue. This tells usthattheremustbe
a mechanisnthat storesthe interstitialscreatedby the implantdamageandthenreleases
themduring TED, actingasa “source” of interstitials. In fact,if sucha meta-stablestate
for interstitialsdidn’t exist, they would rapidly diffuseto the surfaceand TED would be
overin averyshorttime.

Experimentdy Eagleshanet al. revealedthe actualsourceof the interstitialsduring
TED[28, 35]. They createddamagéy implantingSiinto Siandthenannealedhesamples
atvarioustemperaturesThey thenperformedplan-viev andcrosssectionalTransmission
ElectronMicroscopy (TEM) onthesamplesThey clearlysav thedefectghatstoreexcess
interstitials. Thesedefectsarethe so-called‘rod-like” or “ {311}” defects.

The atomicstructureof {311} defectshasbeenonly recentlyresohed[93]. It is be-
lievedthatinterstitialsform chainsalong< 110> directionandthesechainscometogether
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Figure 3.3: Boron chemical(SIMS) and actiation (SRP) profiles after annealingof a
2 x 105 cm~2 doseimplant at 850°C for 2 h. The peakof the implantedboron profile
is immobile andinactive to concentrationsvell belon equilibrium solubility (from Solmi
etal. [90]). Equilibrium boronsolid solubility at850°C ~ 5 x 10'° cm 3.

to form a {311} plane. This defectcan get very long (about1lum) in the <110> di-
rection, henceis given the name*“rod-like” defects. The fact that the time neededfor
dissolutionof {311} defectss equalto the durationof TED [35] is anexcellentindicator
that {311} defectsare the sourceof the interstitialsduring TED. More recently Cow-
ernetal. have shavn thatatlow temperaturesmallinterstitial clustersarealsoimportant
[27]. Thesesmallinterstitialclusterg1Cs) beinglessstablethan{311} defectsmaintaina
muchhighersupersaturationlearly evidentat lower temperaturesOn furtherannealing,
theselCs appeatto transforminto the morestable{311} defectsby aripeningtransition.

3.4 Boroninterstitial clusters

A striking featureof profilesfollowing implantationis thatpreviously substitutionatiopant
may becomenon-substitutionalasevidencedby lossof electricalactiity andinability to
diffuse. Fig. 3.3 shows a typical implant profile after an anneal. It is clearthat mostof
boronatthe peakis inactve andimmobile whereaghe boronat thetail hasundegonean
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Figure3.4: Deltadopedboronmarler layerafter TED drivenby a5 x 1013 cm~2, 40 keV
Siimplantandannealedt 790°C for 10 mins.

enhancedliffusion. Earlywork by Solmietal. shovedapparensolubility almostconstant
with dosebut muchlower thansolid solubility.

Obsenationsby Cowern et al. [26, 28] suggestthat in systemswhereB is present
in large dosesgxcessinterstitialshelp boronatomsto form boronclustersandarethem-
selvesincorporatednto theseclustergso-calledBoroninterstitialClusters BICs), thereby
reducingthe numberof mobile boron atoms. Although the BICs are not visible even
with high resolutionTEM, the diffusion profilesindicatethat boronis becomingimmo-
bile whereit is presentat high doses. Boron marker layer experimentsof Stolk et al.
[91] show this effect very clearly In theseexperimentsmarker layersweregrown using
molecularbeamepitaxy(MBE) andthenimplantedwith Si. Thus,thedamageloseis con-
trolled independenthfrom the dopantdose.Fig. 3.4 shows resdistritution aftera 40 keV
5x 1013 cm—2 Siimplantannealedt 790°C for 10 mins. The projectedrange(Rp) of the
Siimplantis closeto thefirst boronspike. However, interstitialsfrom the Siimplanthave
to diffuseinto the sampleto reachthe deeperspikes. It wasobsenedthata considerable
partof thenearsurfaceboronspike remainimmobileduringannealingvhereaghedeeper
spikesexhibit regularbroadeningvithout ary immobile B. They alsofoundthatsamples
with lower dopingonly exhibit anenhancedliffusionandnot animmobile peak.Further
they obsenedthe boronpeaksexist evenafter the dissolutionof all {311} defects.In the
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Figure 3.5: Areadensityof interstitialscontainedn {311} defectsasa functionof back-
groundboron concentratiorfollowing annealat 740°C for 15 mins. The solid line is a
fit to the dataassuminga quadraticdependencen B concentration.This would be the
dependencef aclusterof type Bomlm.

absencef enoughinterstitials,theborononly shovs enhancedliffusionasseenn thelast
peak.It canbe notedthata higherdosemarker layer shavs considerablelusteringeven
for thelow doseSi implant. This suggests high interstitial supersaturatiors necessary
for nucleationof the boronclusterprecursor Boron clustersmustgrow by absorbingn-
terstitials. This would alsoexplain the decreasén effective solid solubility with increase
in interstitial supersaturationsOnceformed,theseclustersarefairly stableandcanexist
in theabsencef any | supersaturations.

Hayneset al. [55] measuredhe total numberof interstitialsassociatedvith {311}
defectsformedatfter Si implantationfor differentbackgroundborondoping. They found
the fraction of excessinterstitialstrappedin {311} defectsdecreasedsa functionof the
boron concentrationup to nearly completedisappearancef the {311} defectsat high
borondoping. Again, this clearlyindicatesthe formationof boroninterstitial clustersthat
competewith {311} defectsfor interstitials. Fromtheir results,it is possibleto establish
upperandlower boundsfor the averagenumberof B atomsthatarerequiredto effectively
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Figure3.6: Clusteringdrivenby a2 x 103 cm~2, 40 keV Siimplantfor a B marker layer
of dose®2 x 1013 cm 2, annealedit 800°C for 35 mins.

remove oneexcessnterstitialfrom thefreeinterstitialpopulationin Si. Thiswasestimated
to bemorethan?2 but lessthanabout25.

Pelazetal. [83] performedsimilar experimentdo Stolk etal. on deltadopedsuperlat-
ticesbut variedthe marker layerborondoseand Si implantdose.Figs. 3.6 and3.7 shav
theannealegbrofilesfor two differentB markerlayerdosedor a2 x 103 cm 2, 40keV Si
implantandannealedat800°C for 35 mins. It is apparenfrom Fig. 3.7 asmallinterstitial
dosecanimmobilize severaltimesits own doseof boron.

Hence thefollowing conclusionsarein order:

Boronapparensolubility is loweredbelow solid solubility becausef agglomeration
with interstitials.

Formationof boroninterstitial clustersalsodecreasénterstitialsboundto {311}.

A smallinterstitialdoseis enoughto immobilizea muchlargerborondosesuggest-
ing anaverageB/I sizeof around3 —5.

Boronclusteringoccursonly underhigh | supersaturations.
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Figure3.7: Clusteringdrivenby a 2 x 1013cm~—2, 40keV Siimplantfor a B marker layer
of doses9 x 1013 cm 2, annealedat 800°C for 35 mins. Notethata low interstitial dose
candeactvatea muchlargerfractionof boron.

e Boronclustersaremorestablethan{311} defects.

3.5 Vacancyclusters

It hasbeenarguedin Section3.1 that mostof the vacanciefrom the implant damage
quickly recombineduring the early stagesof annealing.However, it wasshown in Sec-
tion 3.1 thatduring annealingof higherenegy or larger massimplantsit is possibleva-

canciesmay exist evenafterrecombination.

Severalexperimentdhave indicatedthe presencef thisvacang rich region. Enhanced
diffusion of Sb marker layershave beenobsened after MeV Si implants[36]. Metallic
impuritiesgetternotonly at Ry, theprojectedrangeof theimplantbut alsoat Rp/2 for high
enegy implants[14]. Thegetteringat R, is attributedto interstitialtype defectswhereas
thegetteringatRp/2 is explainedby the presencef theexcessvacanciesrom theimplant.
It is alsopossibleto createa vacang rich region by highermassimplants. Pbimplants
have beenfoundto decreasédoronclusteringin shallov boronmarker layers[56]. This
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vacang rich layercanbeusedasatool to reducethedepthandincreasectivationof boron
or phosphorugunctions.For instanceuseof MeV Siimplantshave beenfoundto reduce
the interstitialsin end of rangeloops from high doseimplants[85]. Sincethe vacang

inducedeffects seemto last over a period of annealingtime [36], vacanciesnostlikely

grow into largervacang clustersor voids. Modelsfor vacang clusteringarediscussedn

Chapter6.

3.6 Simulation of initial damage

It hasbeenpointedoutin Section3.1thatmostof therecombinatioroccursquickly leaving
anetdamagevery similar to a “plus one” modelfor light atomslik e boron. However, I/V
recombinations nottheonly procesoccurringduringthepostimplantphase Interstitials
andvacanciexanalsodiffuseandrecombineat the surface. They canalsoagglomerate
into extendeddefects.Herewe discusseachof theseeffectsseparately

3.6.1 Effect of surface

It is possiblefor a considerabldraction of the fastermoving speciedo recombineat the
surfaceandleave behinda netexcessof the oppositetypedefect. Thisis becausevhenthe
defectdensityis relatively small, the fasterdiffusing speciesanreachthe surfacebefore
encounteringhe oppositetype defect. As discussedn Section2.4, calculationssuggest
that the diffusivity of vacanciess higherthanthe diffusivity of interstitials, particularly
at lower temperatures.Thus we would expecta significantnumberof the vacanciesn
the vacang-rich region nearthe surfaceto recombineat the surface. Thus,we will end
up with muchhigher“plus” valuesfor low doseor high atomicmassimplants. Fig. 3.8
shaws a simulationconsideringhe damageannealing. TRIM simulationresultsareused
asinitial damage.It may be notedthatfor moderateor high implantdosed/V recombi-
nation quickly leadsto a approximately*+1” distribution (particularlyfor lighter atoms
andlower enegies),thusvalidatingthe effectivenesof the“+1” approachA morerigor-
oustreatmenbf this “+n” factorinvolvestheinclusionof correlationfactorsbetweerthe
interstitialandvacang cascadefl5] andis beyondthe scopeof the presentstudy

Experimentdhave shavn that TED scaleson-linearlywith doseandseemsdo almost
saturateatlow doses.Thisbehaior cannotbesatisactorily explainedusinga“+1” model.
We foundthatusingthe“+n” factorobtainedfrom simulationsof thefull 1 andV profiles
alongwith fastvacang diffusion satisfctorily explains the dosedependencef boron
marlker layer experimentsfor silicon implants[80] asshavn in Fig. 3.9. As shown in
Fig. 3.10, usingthis samemethodologyfor boron TED, we cansuccessfullypredictlow
doseTED, while usinga“+1” modelunderestimateghe total amountof diffusion. Note
thatfor low dosesimulationsclusteringis minimal andthe modelusedfor BICs haslittle
or noimpact.
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Figure 3.8: Net interstitial doseremainingafter the recombinatiorprocessstartingfrom
thetotal initial defectdistributions.Ey is thebarrierto I/V recombination.

3.6.2 Effect of clustering during recombination

For a accuratetreatmentof the damageannealingprocesst is necessaryo alsoinclude
clusteringof both interstitialsand vacanciesasthesemay decreasehe efficiency of the
recombinatiorprocess Recentexperimentof Cowernetal. [27] have shavn thatat low
temperaturesmallinterstitialclustersarethemainsourceof interstitials.However, theva-
lidity of usinga“+1” modelfor parameteextractionat suchlow temperatures notclear
[27]. For modelinginterstitial clusters,we usethe interstitial model derived by Cowern
etal. [27]. Usingparameterérom Cowernetal. [27] gave goodmatchto the experimen-
tal resultsusinga “+1” approach.Themodelderivedin Sec.6 [19] is usedfor modeling
the evolution of vacang clusters. As seenin Fig. 3.11 usingthe full damagdeadsto a
goodmatchto the experimentaldataof Cowernetal. It canbe notedthattheinitial super
saturationis dominatedby smallinterstitial clustersthatripeninto larger {311} defects.
Also shawn in Fig. 3.11is comparisorof supersaturationsisingthe full initial cascade
to usinga“+1” approximation.Both modelswerefoundto yield almostidenticalsuper
saturationsHowever looking at the total numberof vacanciesandinterstitialsin clusters,
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Figure 3.9: Dosedependencef TED measuredor a boronmarker layer following 200
keV Siimplants. A “+n” modelbasedon the full initial defectprofile is ableto predict
diffusionbehaiour.

it canbe noted(Fig. 3.12)thatthe recombinatiorprocesss not completeandsignificant
vacang clustersarepresentill around600 sec. This doesnot affect the supersaturation
asit is governedby the smallinterstitial clusters.This alsoconfirmsthe validity of using
a“+1” modelfor lowertemperaturegrhererecombinatiormay not have beencompleted.
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lessdiffusion than seenexperimentally A “+n” model basedon the full initial defect
profile is ableto predictdiffusionbehaiour. Datais from Intel Corp. [44].
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3.7 Summary

In this chaptey we have reviewed the experimentsand modelsneededor simulationof

the evolution of a ion implantedsilicon during annealing.Particularly, we reviewed ex-

perimentsthat highlight the needfor modelinginterstial, vacang and boron/interstitial
clustersfor successfuprocesssimulation. In Section3.6 we shaved our simulationsto

justify theuseof a“+1” approackfor theinitial recombinatiomrocess.n particular we
foundin Section3.6 deviationsto the“+1” modelfor low doseimplantswherethesurface
playsaimportantrole.
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Chapter 4

Boron Cluster Models

In this chapterwe will describeour work on differentapproache$or modelingof boron

interstitial clusters. As illustratedin Fig. 4.1, thereis a hugearray of potentialcluster
compositions. It is possibleto modelthis systemwith a variety of approaches Exam-

plesincludeeitherclusterbasedr moment-basedpproachesClustermodelsconsidera

subsebf discretesmallersizedclusters whereasmoment-basedodelslik e Kinetic Pre-

cipitation Model (KPM) [23] considera wide rangeof clustersizesbut make assumption
aboutsmoothchangesn propertiesvith size,andlimits the systemto a narraver rangeof

compositions.

4.1 Kinetic precipitation model

The aggregationprocesss driven by the minimizationof the changen free enegy with
clustering. Here we arerestatingthe approachof Clejanet al. [24, 32] using moments
to describethe evolution of the sizedistribution. This enegy canbe written asthe sum
of a volumeterm which representshe changein enegy uponaddingeithera boronor
interstitialto the Bl cluster plustheexcesssurfaceenegy andstrainenegiesassociated
with finite sizeprecipitates:

C C
AGum = —nKTIn ( S BSS) kT In (C—') FAGILAGESS  (4.)
B {

We assumehatthe excesssurfaceenegy is a smoothfunction of sizegivenby
AGH = €1 +con®2, (4.2)

wherel > a; > ap > ---. Thefirst term correspondso the asymptoticbehaior at large
sizeswhichis generallyassociatedavith the dependencef the actve surfaceareaonsize
(BICsareassumedo besphericaendhencea; = 2/3), andtheothertermsarecorrections
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Cluster

Figure4.1: Array of possibleBICs. Also indicatedschematicallyarethe rangeof compo-
sitionsconsideredy clusterandKPM approaches.

for thedeviation of thefreeenegy from thisasymptotidoehaior atsmallsizes.Thestress
enepgy canbefoundfrom elasticitytheoryto be of theform,

a
AGYfR**= Hn+ —(m—yn)2. (4.3)
If therewere no point defectsupersaturationthe optimum numberof incorporated

interstitialswould be m* = yn. However, whenC, > C;, the optimum numberof point
defectsancorporateccanbe foundby minimizing thefree enengy to be:

KT
m‘ = n <y+ > log(C /Cl*)> , (4.4)
which leadsto aneffective solid solubility of:
™Y KT .
ot =Cua( &) |- g lonic/c . @5)

It is evidentfrom the above equationthat the effective solubility decreasewith increase
in interstitialsupersaturatiorasobsenedexperimentally Thetypical compositiorranges
describeddy this approachs shovnin Fig. 4.1.

Thesizedistributionfor sizedargerthank— 1 isrepresenteth termsof asmallnumber
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of momentsasdiscussedby Clejanetal. [23]. Themomentsaredefinedas:

m="Y nfy, (4.6)
2

wherei =0,1,2,.... Thezerothordermomentof the distributionis simply the precipitate
density while the first momentcorrespondgo the densityof precipitatedsoluteatoms.
Higherordermomentdurtherdescribethe shapeof the sizedistribution. This transforms
the systemof equationgo thefollowing set[23]:

%—T:kiRk-l—n;( [(n+2)"—n'] R, (4.7)

Notethatthesumsoverthe R, canall bewrittenin termsof sumsover f,,, nf,, etc. Hence,
they canbecalculatedrom the momentsf momentsareusedto describethedistribution.
Sinceno finite numberof momentscanfully describeafull distribution, we needaclosure
assumptionwhich is an assumptioraboutthe form of the distribution. Sincenothingis
known aboutthe distribution over size space,it is logical to usean enegy minimizing
closureassumption{23]. The enegy minimizing closureassumptiorassumeghat the
distribution is the one that minimizesthe free enegy, giventhe moments.The resulting
systemis a threemomentsystemin which the first threemoments(mg, my andmp) are
solved[23, 43].

Settingk = 2 in Eqg.4.7 andoptimizingfor theenegy parametersve find we canmatch
alargeamountof availabledata.Figs.4.2,4.3and4.4show representatiefits of thisthree
momentmodel[17] to boronimplantannealdatafrom Intel [44].
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Figure4.2: Simulationsresultsfor a2 x 10 cm 2, 40keV B implantannealedit 700°C
usingKPM modelcomparedo datafrom Intel Corp. [44].
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Figure4.3: Simulationsresultsfor a2 x 10 cm 2, 40 keV B implantannealedit 800°C
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Figure4.5: Clusterreactionsonsideredn thefull modelasgivenby fundamentaphysical
calculationd102].

4.2 Multi cluster models

Anotherapproacho modelBICsis to considerfinite setof discreteclustersasshown for
example(dottedlines)in Fig. 4.1. Pelazet al. [83] derived sucha modelwith the cluster
enegeticsoptimizedto fit data. For a morephysicalbasis,we useclusterenegiescalcu-
latedby ab-initio methodsat LawrenceLivermoreNationalLabs[102]. In previouswork,
Caturlaet al. [60] andLilak etal. [67] presentedoronclusteringmodelsbasedon the
samecalculationsvhich we usein this work. In eachcase they considereda large range
of clusterssuchasshawn in Fig. 4.5, with anassociatedarge setof continuity equations
andparametersA problemwith theseapproachess thatthey leadto complicatednodels
with associatetbng simulationtimesandlarge setsof non-uniqueparametersHenceit is
necessaryo derive simplermodelsfor effective usein ProcessSimulators.

As showvnin Fig. 4.5eachclustercangrow/dissole by theaddition/releasef asilicon
self-interstialor boroninterstitial. For example,a substitutionalboron canreactwith a
boroninterstitialto form animmobile B2l which canfurtherreactwith anotherinterstitial
to form a Bsl» clusteror with a mobileinterstitialboron(B;) to give Bsl,. Therearethus
two possiblesetof reactions:

with associatedatesgivenby the equations:

C
Rg.,1 = 4mab (CBnImCI— Bnlm“), (4.10)

KBnim/!
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Table4.1: Clusterenegeticsbasedn atomisticcalculationd60] usedfor thefull system.

Reaction Binding Enegy (eV)

B +1 < BI 1.0
B + | < B; 0.7
B; + B & Bol 1.3
B, + 1 < Bol 1.6
Bsl +1 < Boly 1.2
Bl + Bj & Bal», 15
Bl +1 < Bl> 14
B3 + | < Bsl 3.3
B> + Bi < B3l 2.8
Byl + Bj & Bslo -0.1
Bsl + 1 < Bsly -1.3
Bsl + Bj & Bual» 15
CBn+1|m+1
Renn/B = 4maDg (CBnImCBi — Ki) : (4.11)
Bn|m/Bi

Clusterenepeticscalculationdrom Caturlaet al. [60] wereusedasthe basisfor the
simulations,with 10 differentclustersconsidered:Bl, Bls, Bol, Balo, Bsl, Bslo, Bals,
B2, B3. Theclusterenegiesusedin the simulationaretakulatedin Table4.1. It should
be notedthat usingdissociationenegiesfrom Caturlaet al. [60] andfollowing different
pathwaysfor the formationof B2l and Bzl from B andl yields differentbinding ener
gies.Hence anintermediateenegy waschosen.This choicedoesnot changetherelative
stability of clusters.

4.2.1 Analysisof model

We now try to derive a simple modelfrom this multi clustermodel. The large binding
enegiesfor the formationof B3l suggestshe importanceof B3l clusters.However, it is
necessaro look atthekineticsandenegeticsof all theseprocesset identify thenumber
of equationsandclusterconcentrationshat needto be solvedto modelthis system.For
example, interstitial rich clustersmay be more importantin the presenceof the higher
interstitial supersaturationypical of thevery early stagef annealing.

We first look at the kineticsof the differentprocessesConcentration®f clustersthat
arein dynamicequilibriumwith the free interstitialandboronconcentrationganbe ex-
pressedissimpleanalyticexpressionge.g.Cg,i,, = Kg,1,,CEC"). Fig. 4.6 shovsthetime
evolutionof clusterconcentrationsormalizedy theirequilibriumvalue(Cg,,i,,/Kg,i1,CRC™)
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for eachclusterspeciesA valueof '1" indicateshatthe systemis in dynamicequilibrium
with the free B andl. Thesenormalizedvaluesare calculatedat the peakof the implant
profile. Our analysisof this systemfind thatmostof the clustersrapidly achieze dynamic
equilibriumwith the free boronandinterstitial concentrationssuggestinghe possibility
of reducingthe numberof equationsand parametermieededo describethe system. As
showvn in Fig. 4.6, exceptfor B3l andBylo, all the clustersreachdynamicequilibrium
with the B and| concentrationsvithin 0.1 sec. B3l andByl, arealsoin local dynamic
equilibriumwith eachotherasdemonstratetdy their overlappingcurvesin Fig. 4.6.

We next identify the moststableclustersfor interstitial supersaturationsharacteristic
of differentannealingimes.Fig. 4.7 shaws the equilibriumconcentrationsf the clusters
underconditionstypical of the periodbefore{311} defectsform. For high interstitial su-
persaturationeepresentatie of very shorttimes(< 1 sec),Bl, canbepresentn significant
numbers.This helpsto immobilize boronatomsinitially. Note thatthe strongclustering
keepsthe free B andthusthe B2l concentratiodow, andat suchshorttimesthe B3l and
B4l2 concentrationarefar below theirequilibriumvaluesdueto theslowerformationrate
of B3l (Fig. 4.6). Once{311} defectdorm, theinterstitialconcentratiorrops.For typical
TED supersaturationi&; /C;* ~ 10°), thedominantspeciess Bsl, asshowvn in Fig. 4.8.

At the sametime, only a small subsetof the clustersare ever presentin significant
numbers. Fig. 4.7 shows the equilibrium concentration®f the clustersbeforethe for-
mationof {311} defects.Underhigh interstitial supersaturationgepresentatie of very
shorttimes (~ 1 sec),Bl, canbe presentin significantnumbers. This helpsto immo-
bilize boronatomsinitially. At suchshorttimesthe B3l andBg4l, concentrationgrefar
below their equilibrium valuesdueto the slower formationof Bzl. Once{311} defects
form, the interstitial concentratiordrops. Fromthe equilibrium diagramfor typical TED
supersaturationgC; /C ~ 10%) asshawn in Fig. 4.8,thedominantspeciess Bal.

4.3 Simple cluster model

Thefollowing conclusionganbe madefrom theabove analysis:

(i) The concentratiorof all the small clustersrapidly equilibratewith the free B and |
concentrations.

(ii) At shorttimes,Bl5 is thedominantcluster

(iif) At longertimes,Bg3l is thedominantclusterandneedgo be solvednumericallysince
it is presenin non-equilibriumquantities.

Basedntheabove obsenationswe cansimplify thesystenof immobileclusterdrom
tento thatof just Bsl. SinceBsl formsvia the unstableclusterBsl, [60] thereactions,

f
it

Bol + B; Bslo (4.12)

I
kg
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Figure4.6: Simulationsusingthe full clustermodelof normalizedclusterconcentrations
(relative to their equilibriumvalue)versugime for an800°C anneal.

f
X2
Bsl» \kT Bal + 1 (4.13)
2
canbecombinedo give anetformationratefor Bsl:
Cg,IC
RBg| = kg; C|32|CBi _ =BalH . (4.14)
Kg,l
k'K —0.1eV+13eV
Kgy = =2 = 4.15
usingvaluesfrom Tablel.
f f
f kz k1
ke =k ( ) = ] , (4.16)
Tk K 1+k; /(KKsy)

Wherek;/( 1+ k;) representshe probability that Bzl wi
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thanB»l + B;. Sincethesmallclustersarein dynamicequilibrium,
Cle = KBzICBCBi- (4-17)

k{ andk;, areassumedo be diffusionlimited andarehence,

ki = 4maDg;, (4.18)
kK, = 4magD. (4.19)

As Bl is the dominantclusterat shorttimes(seeFig. 4.7), we cannegglectthe other
small clusters. Sincethe Bl, reachedocal equilibrium quickly (seeFig. 4.6), we can
approximateheBl, concentratiorby solvingthe equations:

Ci* = Cg+Kpi,CaC2, (4.20)
Cl% = C +Kpg,CaC2 (4.21)

We canthususean analyticfunction for Bl, asa function of the total B and| concen-
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Figure 4.9: Comparisonof full model with the simplified model for a 40 keV
2x 10cm~2 B implantsannealedat 800°C for varioustimes. Also showvn for com-
parisonare SIMS datafrom Intel [44]. Note thatthe full modelandsimple modelshowv
indistinguishabldinal profiles. The B3l concentrationgor thetwo models(shown aftera
1 h annealjarealsonearlyidentical.

trations. However, the rateequationfor Bl is actuallyeasierto incorporateandrequires
minimal computationabverhead.

We comparedour simplified modelto the full systemandfound thatthe resultsare
virtually indistinguishable.A moment-basedhodelcharacterizedbasedon TEM results
wasusedfor interstitialdefect{311} defectsanddislocationloops)[41,42,43]. Fig. 4.9
shav anexampleof this comparisoraswell asto datafrom Intel [44] for TED at800°C.
Similaragreemenivasobtainedat higherandlowertemperature§700and900°C) aswell
asfor otherimplantdoses.

4.4 Extensionto chargestates

Theclustermodelsconsideredn earliersectiongdid notincludechage statedor thevar-
iousclusters.However, sinceclusteringinvolvesdeactvationandformationof clustersof
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differentchages,it is necessarto includeclusterchage statedo be physicallyconsistent.
We have extendedour modelbasedn chageddefectcalculationgrom Lenosky etal. [64]
which concludethatthedominantchage statef theclustersve have identifiedascritical
to modelingare (Bl,)*, (B2l)? and(Bzl)~. Clusteringproceedss:

(B))"+B~ < (Bal)?+2e, (4.22)
(B)°+B~ & (Bal)’+e, (4.23)
Since(B21)° quickly reacheslynamicequilibriumwith B andB;,
0) 2
_ ke
C(BZ|)0 — K(BZI)OCch:(Bi)f <a) . (424)

(Bsl)~ formationcanproceedoy areactionwith B; which haseithera netnegative (B;)~
or neutral(B;)° chage. Hencewe canwrite:

(Bi)) "+ (B2l)° < (Bal)” +1°, (4.25)
(Bi)°+ (Bal)® & (Bal)” +17. (4.26)
It shouldbe notedthat underextrinsic conditions,diffusion via (B;)° dominates(Dg [

p/ni), SOEq.4.26is thedominantpathway. Thereactionratesgivenby Eqs.4.25and4.26
are:

Re)-/B) = Ka/s, C(Bi)C(le)O_M ; (4.27)
I (Bi)=/Bal

Repesa = Kepre, C(BiwC(le)o—M (4.28)
' (Bi)°/B!

Assumingionizationreactionsarefastandthatdiffusivities areindependentdf chage
state(D(g;)- = D(g,)0 andD,o = D)+), we canwrite theequilibriumconstantdor Eqgs.4.27
and4.28in termsof the Fermilevel dependenborondiffusivities availablefrom equilib-
rium experiments[99 (D¢ andD3):

Kgy-/ea _ G0 Go _ Dg
K(Bi)O/BQ| C(Bi)7 C|+ DgK|+

(4.29)

K+ accountdor the Fermilevel dependencef interstitialconcentratiorf45]. It is defined
asdiscussedn Sec.2.2(Eq.2.18)to be:

CF = K+CP <n3) . (4.30)
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Thetotal rateof formationof (Bsl) ™ is then

Clea)-Co

(4.31)
Ki)- /82l

Rigi)/Bat = kB /le+kg°/B|

Cie-Caao —

where K g,)- /8,1 is theequilibriumconstantefinedfor Eq.4.27with,

kY By = ( AW caee ) : (4.32)

* ff
KBi_/Bz|CI° (1+V§;/BZ|)

4 .

kgo/|32| 0 capDg+ (/i) (4.33)

KB /BzIC|0 (1"' BY/B; |)
BiO/Bz| = DB+/(D|OC|*0K|+K|0/(Bi)—KB;/BZI)' (435)

Theformationof (Bl,)™ canproceedby thesereactions,
B)°+1t < (Bly)T, (4.36)
(B)°+1° & (Bl)T+e, (4.37)
(B)~+17 & (Blg)"+e, (4.38)
B)°+1° = (BIy)* +2e . (4.39)

Theoverall netreactionrateis thus:
_ Cal,

Rai, = kg, C(Bi)OCH K (4.40)

(Bi)O/1+
1, = 4780 (Ds, 1) x (14 = ") (14281 (4.41)

1, = 4Tag (Dp; I Kie Dg n ) .
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4.5 Comparisonto chemicaldata

The extendedboronclustermodelwasfoundto give goodmatchto the TED datashown

in the previous section. The modelparametersverefurther optimizedto fit awide range
of data. Showvn in Fig. 4.10is comparisorto datafrom Intel [44]. Similarly Fig. 4.11
shavs comparisorto datafrom Solmietal. [90]. We find theboronclustermodelalsocan
predictthe TED profilesfor higherborondosesy includingaloop modelfor interstitials.
Shown in Figs.4.12and4.13is comparisorto data[44, 90] for a2 x 10 cm 2, 40 and
20 keV B implantannealecat 800°C. However, it shouldbe notedthat this modeldoes
not predicthigh dose high temperaturenneals For thesecasesgxperimentshown sharp
boronpeakssuggestie of larger sizedclusters. Henceit would be necessaryo include
largersizeclustersto modelsuchdata.

4.6 Solid Solubility Model

Thesimplestmodelto includethe effect of largersizedclusterss to usea solid solubility
model. Therateequationgor thesolid solubility modelcanbeformulatedasfollows [43]:

om DA(Cg —Csg)? for Cg > Css

= Dem(Ca-C+{ § oo B CR )
oca _ om

o ot

whereCgsis theboronequilibriumsolid solubility, A is aneffective capturedistanceandm

tracksthetotal numberof boronatomsin precipitatesThefirst termin theabove equation
is for growth/dissolutionof the precipitatesywhereaghe secondermis for nucleationof

precipitatesvhenCg > Css. Thismodelis usedfor modelingannealingdf ultralow enegy

implantsasdiscussedn Chapters.
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keV (b) 80keV boronimplantsafter1 hr annealsat 800°C.
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4.7 Comparisonto marker layer experiments

Dopantmarker layer experimentshave emegedasa very powerful methodto probethe

underlyingmechanism®f dopant/defecinteractions Recently a uniqueexperimentwas

performedby Mannino et al. [27, 68] to understandhe formation of boron interstitial

clusters.We first describetheir experimentandresultsin detail. In the next sub-section
(4.7.2),we presenimodelingof this data.

4.7.1 Experimental background

Manninoetal. [68] comparepost-implantmarker layer diffusion datain waferswith and
withoutanadditionalboronlayercloserto the surface.Wafer A containgwo borondoped
marker layers,locatedat depthsof 900 and 1300 nm, well beyond the implant damage
distribution. Wafer B containsin additiona boronbox profile locatedin the depthrange
200-500nm. Both waferswereimplantedwith 40 keV Siionsto adoseof 2 x 103cm 2.
Thedamagdrom thisimplantevolvesinto abandof intrinsicinterstitialdefects-interstitial
clusters(ICs) and {311} defectscloseto the projectedrangeof the Si implant, during
subsequerdéinnealingasdiscussedn Sec.3.3[27]. For corveniencewe will referto this
defectbandasthe“IC band”. Theboronlayerin waferB wasfabricatedsuchthatthedeep
tail of the Siimplantdamageoverlapswith the borondopedbox profile (seefor example
Fig. 4.14). Manninoet al. [68] suggesthat this overlap causesucleationof a bandof
boroninterstitial clusters(BICs) at the left-handbox edge,locatedbetweenthe IC band
andthediffusionmarkers.A comparisorof marker-layerdiffusionin wafersA andB then
providesinformationon therelative stability of BICsandICs.

Fig.4.14shows SIMS profilesobtainedoy annealingat 600°C for varioustimes. Three
major phase®f annealingareobsened[68]:

e After 1 s annealfastdiffusion of the left side of the box profile wasobsered in
wafer B. Accordingto Manninoet al. [68], “This diffusion evidently takes place
at a very early stageof annealing beforethe interstitialshave hadtime to diffuse
throughthedopingstructur€. They suggestt is associateavith thedisplacemenof
B atomsat low temperaturelueto captureof freeinterstitialsfrom theion collision
cascade:This diffusion phases accompaniedby immobilization(clustering)of a
significantfractionof B atomsnearthetop left sideof thebox profile? Thisis noted
becauseof the low boronsolubility on the left side (C35~ 2x 10t'ecm~3). “Note
that BIC nucleationseemgo occurchiefly on the left side of the region (compare
with the significantdiffusion at the top right cornerof the box profile). The narrov
bandof BICs s stableenoughto persistfor atleast2 h of furtherannealing.

e “Rapid marker-layer diffusion occursin the period 1 s — 15 min, indicating that
interstitialsdiffusethroughthe entiredopingprofile within 1 s, andthatavery high
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Figure4.14: SIMS profiles of boron beforeand after annealingfor a rangeof timesat
600°C. Datafrom Manninoet al. [68]. Also plottedis the total damagefrom the Si
implantascalculatecoy UTMARLOWE [62].

interstitial supersaturatiors presenduringthis period. After 1 s the broadeningf
the shallav anddeepmarlker layersis essentiallythe same indicatingthatthereis
no longera significantgradient(andthusno significantflux) of interstitialsinto the
bulk of thewafer This confirmedthatthe densityof interstitialtrapsin the material
wasneggligible. The measurednarker-layer diffusionin wafer A thereforereflects
theinterstitial supersaturatior§c(t), in theregion of theIC band.During thistime
period,the TED measuredn waferB is clearlymuchlower thanin waferA, but is
still extremelyhigh”

e “During theperiod15 min — 2 hr theratesof diffusionin wafersA andB aremuch
reducedandappeato have corvergedto approximatelythe samevalue’

Fig. 4.15shaws the supersaturationS(t) for wafersA andB for annealingat 600°C
asreportedby Manninoetal. [68]. “The supersaturatiodecreaseasa function of time
in bothwafers,but thereareohviousdifferencesat shorttimesandlow temperatureskor
example,at 600°C, the supersaturatiom wafer A falls graduallyduringthe periodup to
15 min, thendropsrapidly. Thisdropis causedy aripeningtransitionin theC band,at
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Figure4.15: Supersaturationsbsened by the deepemarker layersfor Wafer A (No B
layer)andWaferB (B layer) shavn with time at 600°C. Datafrom Manninoetal. [68].

acharacteristidcime T (~15 min at 600°C), from small ICs to morestable{311} defects
[27]. In waferB, Sg(t) startsatlowervaluesthelC-{311} transitionappearso beblurred,
andatlongtimesSg(t) corvergestowardsthevaluein waferA.”

This behaior wasexplainedasfollows by Manninoet al. [68]. “After IC nucleation
andinitial growth, S rapidly reaches local equilibriumwithin the IC bandasdescribed
in Ref. [27]. Becauséhe interclusterdistancewithin the IC bandis ordersof magnitude
smallerthanthedistanceo the BIC band,thislocal equilibriumvalueis unafectedby the
existenceof the BIC band.Consequentlyhevaluesof Sc in wafersA andB arethesame,
andthedifferenceSy — Sz asobseredin Fig. 4.15canbetakenasadirectmeasuref the
decreasén the supersaturatio®(x,t) with depthin wafer B. Since,during the diffusion
phasesthe B-dopedregionsaretransparento interstitials,the spatialdecreasén S(x,t)
canonly arisefrom trappingof interstitialsin the BIC band. Basedon thesearguments,
they identify S= S¢ and S= Sgic where Sgic is the supersaturatiomt the BIC band.
After timet = 1, the valueof Sc¢ falls by 1-2 ordersof magnitudeto a valuelower than
that previously existing in the BIC band. The BIC bandno longeractsasan interstitial
sink, and may even becomea weak source. The behaior of S(x,t) beforethe IC-{311}
defecttransitionis summarizedn Fig. 4.16. The changein BIC behaior asa function
of Sc shows thatonceformedthe BICs aremore stablethanthe ICs which control TED
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aftertheinitial BIC nucleationphaseafterManninoetal. [68]).

atshorttimes,andarein factof comparablestability to {311} defectsdespitetheir much
smallersize.

Sincethereis noevidenceof aformationof ashouldeiontheright sideof theboronbox
profile, Manninoetal. [68] suggesthatthe numberof clusteredB atomsremainsroughly
constanaindthe BICs simply becomeenrichedn interstitials.Hence they supportPelazs
ideathatBIC evolution followsanl-rich pathway during TED [82].

4.7.2 Model results

Although, Mannino et al. [68] suggesthat the interstitialsaddedto the BIC layer may
be just gettingattachedo alreadynucleatedboronclustersa carefulanalysisof the phe-
nomenorindicateghatthisis nottheonly possibility. Theseexperimentsanbeexplained
basedon eitheroneor a combinationof thefollowing mechanisms:

(i) Thedecreas interstitialsupersaturatiomaybecausedy theadditionof intersti-
tials to existing clustersto form largeinterstitialrich clusters(e.g.Bl + (n—1)I < Bl
). Henceduringthe courseof TED theseinterstitialrich clusterswill dissohe andrelease
the trappedinterstitials. The dissolutionof theseinterstitial rich boronclusterswill con-
trol the supersaturatiosg andthusmeasuringhe supersaturatio®s anddurationof the
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enhancemenwill yield the stability of theseclusters.

(i) Anotherpossiblesxplanationmaybedueto theformationlargeboronclusterdike
B4l4. Theseareformedby attachingmobileB; to theexisting Bl clusterformedduringthe
initial stageof annealingof the implant. This mechanisntanbe consideredsgettering
of Bj atomsby theexisting Bl clusters.If the stability of B4l is similarto {311} defects,
thenonceagainthe trappednterstitialswould bereleasedluringthe dissolutionof {311}
defectsdueto formationof B4l from Bals).

(i) It is alsopossiblethat new boronclustersare nucleateddueto the high intersti-
tial supersaturationgrevalentundertheseconditions. Underthis mechanismbporonrich
clusterg(e.g.Bgl) areformedto trapinterstitials. Theseboronclusterscanexist evenafter
the {311} defectsdissole,andhencethe trappednterstitialsmaytake muchlongerto be
releasedackinto system.

The model by Pelazet al. [82] seemso suggesipathway (ii) asthe possiblemech-
anism. However, both (i) and (i) appearto contradictboron clusteringdata (seeSec-
tion. 3.4), which indicatedthattheratio of B to | in clusters(at leastat 800°C) is greater
than2to 1. Thesimplerexplanationis to allow nucleationof new boronclusterspathway
(ii)) ratherthanadditionof interstitialsto existing clusters.The only limiting criterionis
thatthe numberof boronclustersnucleateduringtheannealingorocesderelatively low
and hencecannotbe obsened by SIMS on the right side of the box profile. If we now
applyour existing modelfor nucleatiorof boronclustersvia theboronrich pathsuggested
by ab-initio calculationsanddescribedn Section4.2, we obsere it is possibleto obtain
similar results.For thesesimulationsthe full implantcascadérom UTMARLOWE [62]
is usedasinitial conditions.Comparisorto SIMS is shavnin Figs.4.17—4.19.It maybe
notedthatalthoughnew boronclustersarenucleatedhereis noobsenableshoulderonthe
right sideof theB box profile, whereaghereis substantiahucleatiorontheleft sideof the
box profile. Fig. 4.20shonvs comparisorio simulatedandobsenedsupersaturationdVith
the exceptionof underestimatingliffusion for the very shorttimes (1s), the modeldoes
a goodjob of predictingthe obsered behaior, thusestablishingt asa plausiblemech-
anismfor formationof boroninterstitial clusters.Of course,in the absencef longtime
experimentaldataprobingthe stability of the nucleatedooron clusters,any combination
of thelisted pathwayscanleadto adecreasén the obsenedexperimentakupersaturation

S-S
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Figure4.17: SIMS profilesof boronbeforeandafter annealingat 600°C for 1 seccom-
paredto experimentalSIMS data.Experimentatatafrom Manninoetal. [68].
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4.8 Comparisonto electrical activation data

In previous sectionswe were concernednostly with matchingthe chemicalconcentra-
tion profiles. However, predictingelectricalactvationis essentiafor the effectivenesof
processnodeling.Thus,we now look at modelingof boronelectricalactivation.

For modelingborondeactvation,we considertheclustersBl,, Bal», Bl, B3l [18, 20.
As discussedn Section4.4, basedon chaged defectcalculations,Lenosky et al. [64]
concludethatthedominantchage statesor theseclustersare(Bl) T, (Bal2)®, (B2l)° and
(Bsl)~. However, sinceelectricalactivationdataindicatesdominantclustersareneutralat
roomtemperaturewe assumehe dominantclusterBsl to be neutral(Bzl)°.

A temperaturgamp-upof 50°C/s for the RTA and1°C/s for the furnaceannealsvas
usedfor the simulations. We compareour model to isochronalannealingresultsfrom
Seidelet al. [87]. In theseexperiments,the active fraction of boronis measuredas a
function of temperaturdor a fixed annealingtime. Shawn in Fig. 4.21is a matchto
reverseannealingprofilesfrom Seideletal. [87] for two differentimplantdoses.In these
experimentsporonwasimplantedat 150 keV andfurnaceannealedor 30 mins. At low
temperature¢500 — 700°C, asshawn in Fig. 4.21), boron clustersare stableand thus
mostof theboronis inactive. Theactivationinitially decreasewith temperatureasthese
clustersform. At highertemperature¢> 750°C), theseboronclustersdissole, andthus
theactivefractionincreasesisafunctionof temperatureAs shovnin Fig.4.21,ourmodel
capturegshemainfeaturesof thedeactvation/actvationprocesdgor differentdosesThisis
alsoexhibitedfor higherdoseswherethe clusteringbehaior is strongeyleadingto lower
activation.

We further compareour modelto SRP and SIMS datafrom Pelazet al. Fig. 4.22
shaws the evolution of the active fraction comparedo experimentaldata[84]. Clusters
form during the ramp-upto 800°C, reducingthe active fraction quickly. During further
annealinginterstitialsupersaturatiodropsrapidly subsequertb dissolutionof interstitial
defects.This reduceghe stability of boroninterstitial clustersandleadsto anincreasean
active boronfraction with time asshown in Fig. 4.22. Note that the dissolutionprocess
needdreeinterstitialsfor theformationof theintermediatespecieB3l,, while dissolving
from Bzl to B2l. Thusactivation of boron as seenin Fig. 4.22is a slow processonce
theseclustersareformed. Shavn in Fig. 4.23is comparisorto a2 x 1014 cm=2 B implant
datafrom Pelazet al. [84] spike annealedat 800°C. Similarly we find good matchto
experimentaldatafor longeranneakimesasshown in Fig. 4.24.
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4.9 Summary

We have found that consideratiorof eithera finite setof discreteclustersor a moment-
basedmodelsuchasKPM canmatchexperimentaldatasatishctorily for mediumdoses.
For mediumandlow enegy boronimplants,we have developeda simpleclustermodelfor
modelingboroninterstitial clusters. This systemwasderived from a multi-clustermodel
basedon ab-initio calculationsperformedat LawrenceLivermoreNational Labs [102].
Basedon analysisof clusterkineticsandenepetics,we areableto matchtheresultsof the
full multi-clustermodel, while reducingthe numberof clustercontinuity equationsrom
tento justtwo. Theresultingmodelclearly illuminatesthe critical processegvolvedin
boronclustering. Despiteits simplicity, the modelaccuratelydescribesoronclustering
andanomalousliffusionoverarangeof experimentakonditions.This modelalsoyielded
correctqualitative behaior in matchingboronmarker layerexperiments.

We alsofoundthatwe canmodelborondeactvationkineticsduringlow andmoderate
temperatur@annealingafterimplantation. The modelis ableto capturethe kineticsof the
deactvationandactivationprocesseandthuspredictelectricalactivationduringannealing
overawide rangeof temperatureandtimes.
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Chapter 5

Ultra Shallow Boron Junctions

Accordingto the InternationalTechnologyRoadmagfor Semiconductor§l], it is neces-
saryto producehighly actvatedandshallov junctionsfor continueddevice scaling. For

example,it is estimatedhat devicesproducedn the year2006 with gatelengthsof 100

nmwill have sub-40nm junctiondepths.However, apparentlynev phenomenéave been
obseredunderthefar from equilibriumconditionsnecessaryor forming thesgunctions.
In this chapter we shaw that by carefulconsideratiorof modelsdevelopedin Chapter4

for muchdeepejunctions,thedependencef junctiondepthon processingonditionscan
be understoodor ultra-shallav junctionsaswell.

5.1 Rapid thermal soakanneals

Transientenhancedliffusion (TED) hasbeenthe dominanteffectin determiningunction
depthdor thepastdecadeandwill continueto beimportant.However, theuseof ultra-low
enegy implantsandshorttime, high temperaturdRTP annealinghasgreatly diminished
the importanceof TED in ultra-shallav boronjunctions. Reducingthe implant enegy
is particularly effective asit putsthe damagecloserto the surfacewhereit canbe more
readilyannihilatedthusreducingthetime periodoverwhich TED is presentRecentwvork
[2, 3, 7] shavsthat TED canbenearlyeliminatedfor implantenegiesbelon aboutl keV.
However, the reductionin TED hasrevealedother effects controlling boron diffusivity
(andthusjunctiondepth)for ultra-shallav profiles. This sectionfocuseson understanding
andmodelingof theseeffects.

Agarwal etal. [2, 3, 7] foundthatalthoughsiliconimplantsat 1 keV andbelow resulted
in normal marker layer diffusion, boron implantswith similar dosesand rangesled to
significantly (~ 4x) enhancedliffusion. They termedthis effect BED (boronenhanced
diffusion) and associatedt with the formation of a boron-rich phasenearthe surface.
However, applyingthe modelsdevelopedin earlier sectionsto this datawe find a good
matchto this dataasshawvn in Fig. 5.1. The solid solubility asevidentin the dataand
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Figure5.1: Simulatedandmeasuredoronprofilesfollowing 101°%cm—2 boronimplantsat
0.5to 5 keV. Datafrom Agarwal etal. [3].

simulationswas modeledusing a solid solubility modelasdiscussedn Section4.6. As

canbeseenthesimulationsaccuratelypredictthe obsened boronjunction depthsand/or
marker layerbroadeningnotonly for implants,but alsofor borondepositednthesurface
via MBE (Figs.5.2,5.3). Thereis indeedsignificantlyenhancedliffusionin this system
(Fig. 5.4),drivenby the samepair injection processvhich leadsto enhancedail diffusion

asdiscussedn Section2.5.

It wasnotedby Agarwal etal. [2, 3, 7] thattherewasa slightly greaterdiffusion en-
hancementor highertemperaturege.g.,factorof 3 at 950°C versus4 at 1050 C), while
coupleddiffusion effectsgive smallerenhancementat highertemperatureskor coupled
diffusion effects, the interstitial supersaturation(and thus diffusion enhancementj the
tail region dependsn the balancebetweeninterstitial injection, which is proportionalto
borondiffusion,andinterstitial diffusion backto the surface,which is proportionalto the
self-diffusion coeficient. Sinceborondiffusionhasa smalleractivationenegy (andthus
smallerincreasavith temperaturedhantheself-diffusion,smallersupersaturationsreex-
pectedat highertemperaturefor the sameboronsurfaceconcentrationHowever, for the
high boronconcentrationgn theseexperimentsthe surfaceconcentrations not constant
dueto the changesn the solubility with temperature We find from our simulationsthat
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Figure 5.2: Comparisonbetweensimulatedand measuredroadeningof boron delta-
dopedsuperlatticesin the presenceof an MBE-depositedboron layer and annealingat
950°C for 10 sec.Datafrom Agarwal etal. [3].

theincreasedolubility athighertemperatureapproximately}compensate®r thechanges
in theborondiffusionto self-diffusionratio, leadingto very little changen enhancement
with temperature As canbe seenfrom Figs.5.1-5.4,our simulationsaccuratelypredict
the experimentalbehaior. Fig. 5.4 shaws the changein diffusion enhancementersus
implantdose.Agarwal etal. [2, 3, 7] suggestedhattheratherabruptincreasen diffusion
enhancemenwith dosemight be dueto the formationof a boridephase .However, it can
be seenthatthe dosedependences reasonablypredictedsimply basedon coupleddiffu-
sionastheincreasedoronconcentratiorwith doseleadsto largerfluxesof Bl pairsinto
thesubstrate.

More recently Agarwal et al. presentedhew experimentalresultson the temperature
andtime dependencef BED, againusingan MBE depositedayer[6]. They foundthat
isochronall0 s annealshav a B marker layerdiffusionenhancemerthatincreasesvith
temperatureo a peakvalueandthendecreasesSamplesannealecat 8300°C do not shov
arny measurablenhancemenwhile samplegpreannealeat 1050 C andthenannealedat
800°C showv apronounce@nhancements they agree suchbehaior cannoteexplained
basedonly on coupleddiffusion effects. This is becauseoupleddiffusionenhancements
increasewith decreasingemperature For example,the diffusion enhancemen(S) from
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Figure 5.3: Comparisonbetweensimulatedand measuredroadeningof boron delta-
dopedsuperlatticesin the presenceof an MBE-depositedboron layer and annealingat
1050 C for 10 sec.Datafrom Agarwal etal. [3].

coupleddiffusioncanbe estimatedo bearound:

DCE(p/m) 0.7
S= TCF O exp (ﬁ) (5.1)
Theobsenationscan,however, be explainedby includingthe formationof boronclusters
at the lower temperaturesFor example,usingthe boroninterstitial clustermodel from
previous chaptey we find small clusters(suchas Bsl) form at lower temperaturesthus
reducingthe effective solubility of boron. This decreasethe measuregnhancementst
lower temperaturesincreasinghe temperaturéeadsto dissolutionof theseclustersand
hencemorepronouncedaoupleddiffusioneffects. Thus,asshavnin Fig. 5.5, it is possible
to explain the behaior obsered by Agarwal et al. [6], at leastqualitatively. The high
temperatur@reannealeadsto formationof largerboronprecipitategsolubility phase) It
will alsodissole ary of theas-gravn smallerclusters Henceduringthe subsquen800°C
anneathedriving forcefor theformationof smallerclusterss muchlower (sincesolubility
is now governedby the solubility phase)while muchmore enhancement obseredin
the samplewith the 1050 C preanneain agreemenivith experiments.
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various 0.5 keV boronimplant dosesand annealingat 1050 C for 10 sec. Datafrom
Agarwal etal. [2].

Agarwal et al. [6] alsopresentedhe time dependencef theseenhancementsThey
foundthediffusivity enhancemenastsfor over 100s at950and1000 C andincreasesor
upto 30sat105CC (e.g. 3x at3 sto 5.5x at 30 s duringa 1050 C anneal).Although
our simulationspredictroughly constantenhancementsver time at lower temperatures
consistenwith the experimentalobsenations,we find it is not possibleto predictthe in-
creasingenhancemendbsenedat 1050 C. Notethatthe overallenhancemernibsenedat
1050 C is alsosignificantlyhigherthanthe predictionof our model(Fig. 5.5). This sug-
geststhatthe point defectconcentrationsnay be affectedby changesn the boridephase
at highertemperaturesThe implicationsof the formationand subsequendlissolutionof
theboridephasds thusnotfully understoocindremainunderactive research.
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5.2 Spikeanneals

The achierementof sub-40nmultra-shallav source/drairextensionsrequiresiow enegy
implantsalongwith fastspike anneald¢o minimizediffusion. Theadvantageof usingfaster
ramp-uprate canbe understoodrom a simpleanalysisof TransientEnhancediffusion
(TED). Basedon the experimentalobsenationsdiscussedn Section3.3, it is possible
to comeup with a simple modelfor the estimationof TED effects. If the formation of
{311} defectsis associatedvith an effective interstitial solubility C3! which is main-
tainedthroughoutthe growth/dissolutionof thesedefects,thenthe flux of interstitialsto
the surfacecanbe approximatedy:

J'EP = D,C3Y/Ry, (5.2)
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whereR;, is the averagedepthof netinterstitial distribution (approximatelythe implant
range).Theperiodoverwhich TED laststhenis just:

Q  QRp

TTED = =
JITED D|C|311’

(5.3)

wherethe netexcessmplantdoseQ; = NQimpiant basedona®+N" model. During TED,
theinterstitial supersaturatiois C311/Cr, sotheamountof excessdiffusionexpecteddur-
ing TED is givenby:

\ CH_ DARIQRp
(Dt)TED—DATTEDﬁ C|* = D|C|* , (5.4)

whereD} is the dopantdiffusivity underequilibrium conditions.Note thatthe activation
enepgy of boron diffusion (~ 3.6 eV) is lessthanthat of self-diffusion via interstitials
(DICf ~ 4.8 eV), sothatdiffusiondueto TED is actuallydecreasedsthe annealingem-
peraturas increasedaslong assufiicienttimeis allowedfor completionof TED). It isalso
notablethat TED dependsgprimarily onthe D,C productratherthantheindividual terms.
Hence,using a higher ramp-uprate is more effective in producingshallover junctions.
Thusit is temptingto producefasterand fasterramp-upfurnacesto minimize diffusion
while maintaininggoodactvation.

AlthoughTED effectsreducewith implantenengy, theachiezablereductionin junction
depthwith increasingamp-upratehasbeenfoundto decreasevith increasingmplanten-
ey [4, 30]. Sub-1leV implantsshov amorepronouncedlecreasn junctiondepthwith
increasen ramprateswhile thereductionin junctiondepthfor higherenegy implantshas
beenfoundto saturatdor largerramprates.In thissectionwe applythemodelsdeveloped
in earlierchaptergo understanc&andmodelthe effect of RTP annealingcycle on junction
behaior sothatRTP processesanbe optimizedfor shallow, low resistancgunctions.

Fig. 5.6 shavs a schematidllustration of the temperatureversustime profile during
aramp-up.For the simulations a linear ramp-upis assumedAfter the lampsareturned
off, it is assumedhatthe wafertemperaturelropschiefly by radiatingheatto the furnace
walls, and hencethe ramp-davn rate decreasesat lower temperatures During the cool
down, the heatlossis proportionalto T4, so:

-0.33
3'[Rcool) (5.5)

T=Ti(1-
f( Ty

where,T; is the maximumattainedtemperatureR.qq is the cooling rate (K/s) at Ts (K)
andt is time elapsedafterreachingTs.

Sincethe experimentsconsideredvere performedunderlow ambientoxygenlevels,
oxidationenhance@ndretardediffusionwasmodeledasin previouswork [34]. For low
oxygenpartial pressuresdiffusion is retardedratherthanenhanced31]. At 1050C, a
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Figure5.6: Temperatur@ersugime profilesusedfor thesimulations Ramp-ugs modeled
aslinearwhereasool down is radiatve.

33ppmoxygenpartial pressureand 16 A initial oxide film resultsin C; at the interface
equalto about0.2C/". Simulationsof themodelthusincludingthe ORD effectis compared
to datafrom Lerchetal. [65] in Fig.5.7.

Firstwe look atthe qualitatve behaior of junctionmovementdueto spike annealgor
ultralow enegy B implants. The simulationspredicta reducedeffect of ramprateon x;
(asseerexperimentally)[5, 30] andsaturatiorin thejunctiondepthwith increasingamp-
up rates(Fig. 5.8). This saturationoccursat larger rampratesfor lower enegy implants.
For higherenepies,thefasteramp-upgetainmoreof theinterstitial clustersandmoreof
the TED actuallyoccursduringthe ramp-davn, thusnegatingary reductionpossibledue
to the fasterramp-up. In fact, for higherenegies,junction depthincreaseslightly with
increasedamprates,as TED persiststo lower temperaturesluring the ramp-davn. For
very fastramp-uprates,the ramp-upis only a small fraction of the total thermalbudget,
and hencethe cooling rate dominatesthe total junction movement. Thus, as shown in
Fig. 5.9, higherramp-davn ratesare effective in reducingjunctiondepth,if the ramp-up
rateis fastenoughthat TED is not completed. Figs.5.10— 5.12 shovs comparisornto
RTP annealdrom Downey etal. [30] usingtwo differentramp-upratefor threedifferent
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Figure5.7: Boron profilesversusoxygenpartial pressurdor 1keV, 10'°cm~2 boronim-
plantsannealedlO s at 1050°C (Lerch et al. [65]) are shovn along with simulations
matchedo theseprofilesby varyingthe surfaceinterstitial concentration.

implantenegies. Thesimulationggiveagoodmatchto theobseredboronjunctiondepths
acrosghe spectrunof conditions[21].
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5.3 Summary

In summarywe have investigatedhe phenomenavhich controljunction depthfor ultra-
low enegy boronimplants. We find it is possibleto modelthe extent of diffusionduring
both soakandspike RTA (rapid thermalanneals)ith varyingrampratesby considering
thefull thermalcycle with modelsdevelopedin previoussections.Thesemodelsallow the
optimizationof RTP annealingcycles consideringthe trade-ofs betweenjunction depth
andsheetresistance For example,with 1050°C spike annealsthe active dose(andthus
sheetconductvity) variesapproximatelylinearly with junction depth. However, faster
ramp ratesallow the useof higherspike temperaturesyith associatedigheractivation
andreducedsheetresistancéor the samgunctiondepth.
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Chapter 6

High Energy Implants and Vacancy
Clustering

Understandingindmodelingvacang clusterss essentiato modelingdiffusionfollowing
well formationandexploringthenovel useof vacanciesn theformationof next generation
devices.For example,useof higherenegy sub-amorphizingiimplantshasbeenfoundto
reducetransientenhancedliffusionfor mediumdoseboronimplants[92]. Fig. 6.1showns
experimentshy Sultanetal. [92] in which a Si pre-implantwasusedto obtainshallover
boronjunctions.In this chapteywe modelthe formationandsubsequerdnnealingof the
vacang rich layerproducedrom high enegy implants.

6.1 Vacancycluster model

Bongiornoetal. performedtight binding moleculardynamics(TBMD) calculationsto
obtainformationandthusbindingenegiesfor vacang clustersin siliconfor n < 35[11].
Their resultsshaw thatdifferentgrowth patternsfor clusterformationexist. The binding
enegy Ep(n) for addinga vacang to a n— 1 size clusteris not a smoothfunction of
size but ratherit is non-monotonic. As shown in Fig. 6.2 for small clustersizes(n <
24), HexagonalRing Clusters(HRC, clustersgrown by removing Si atomsfrom the 6-
memberedings presenin the Si crystalstructure)are more enegetically favorablewith
respecto SpheroidalClusters(SPC,clustersgrovn removing Si atomsfrom successie
shellsof neighborsof givenatoms).Hence we usevaluesfor SPCfor larger clustersand
HRCfor smallerclusters.In theabsencef TBMD calculationdor clusterdargerthan35,
we usea functionalform for the bindingenegy from Jaraizet al. [59]. Discretereactions
aresolvedat eachclustersize. Clusterscangrow or dissolhe with additionor releaseof a
vacang,

Vpo1+V & Vi (6.1)
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Figure6.1: Boronprofilesformedfrom a2 x 1014 cm=2, 5 keV B implantafteratwo-step
annealat 800°C/60secandthen 1000°C/15sec.A shallover junctionis formedif a 100
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Vacang clusterscanalsodissole by annihilationwith interstitials,
Vna+l<& Vo (6.2)

Thenetrateof formationof sizen clusterfrom sizen— 1 is givenby the sumof therates
of Egs.6.1and6.2as:

Ry = Ryt R, 6.3)

All reactionkinetics are assumedliffusion limited, and hencethe rate of formation

R\\%V”‘l of V, from Eq. 6.1is givenby,
V N1 V/Vi 1 Cv,
RVn =4mo,’ ;" Dv [ Cyv,_,Cv— KV/Vn—l , (6.4)
Vi

whereDy is the vacany diffusivity and GX[ \1/”‘1 is the captureradiusof the reactionand
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is definedas VNos
O-I\’]//anl — Acap .
4T@nop
anop is the hop distanceandis takento be equalto a,, thelattice constanof silicon. Ad,,
is the capturecross-sectioandis givenby;,

(6.5)

V/Vn1

Gt = ey ™2 = an(n—1)%/3a2. (6.6)

K\\,/n/v"*l is theequilibriumconstanfor Eq.6.1andis givenas,

V/Vno1r _ 1 Eb(n)]
Kvn = (5>< 1072 cm—3> exp[ KT (6.7)
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Thereactionratefor Eq.6.2is givenas,

C
R = afV"D, (c\,nq - K\I’/”Vi) . (6.8)
Vi

Theequilibrium constanfor this reactioncanbe obtainedas,

Vo 1
KVn_l _— m. (6-9)
Vi |

We assume smallbarrierk, , of 0.2eV to I/V recombinatior{33] andhence

I/Vn E
IV, Acap _Eiyv
On = Bnop exp[ —kT} (6.10)
E
4an(n)%/3ag exp [— %} . (6.11)

Thevacang clusterenegiesfrom Bongiornoetal. [11] areshavn in Table6.1. For
largersizedvacancieshe bindingenepgy usedfrom Jaraizet al. [59] is

Ep(n) = 3.65— 5.15 [n(2/3> —(n— 1)<2/3)] (6.12)

Netl andNetV concentrationfrom TRIM [10] areusedasinitial conditions.We usean
analyticalmodelfor interstitialtype extendeddefectsrom previouswork by Genceret al.

[40,41,42,43] As perthis model,interstitialsagglomeraténto {311} defectsandfurther
transforminto loops. The {311} andloop modelsare calibratedto transmissiorelectron
microscoy (TEM) data[35, 81].

6.2 Comparisonto Au-labeling experiments

Oneof the primary problemsassociatedvith modelingvacang clustersis the difficulty

of directly observingthe defects.Most of the available experimentsprovide indirect evi-

denceof the presencef vacang clusters.In this paper we useAu in-diffusiondata[96]

from MeV Si implants. In the experimentg96] consideredSi wasimplantedto a dose
of 10cm=2 at differentMeV enegies. The implantswere performedat 300°C to pro-
moterecombinatiorof pointdefectsandthusavoid amorphizationThesamplesverethen
annealedat differenttemperaturesindtimes. Finally, they wereimplantedwith Au and
annealedtalowertemperatur€750°C). Au from theimplantwasfoundto getteraround
Rp/2 andwasmeasuredy RBS. Thefinal Au concentratiorwasreportedto berelatively
insensitve to the time of Au drive-in diffusion andis much higherthanits equilibrium
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Table6.1: Parameterdrom Bongiornoetal. [11] usedfor the simulations. E¢(n) is the
formationenegy andEp(n) is the binding enegy in eV. We useSPCformationenegies
for n> 24 andHRC for the clusterssmallerthan25.

Size 1 2 3 4 5 6 7 8 9 10
E;(n) 3.40 5.20 7.14 9.36 10.68 11.37 13.7 14.08 14.72 15.58
Ep(n) - 1.60 1.46 1.18 2.08 2.71 1.07 3.02 276 254

Size 11 12 13 14 15 16 17 18 19
E;(n) 17.84 18.27 18.86 19.61 22.03 22.44 23.05 23.79 25.27
Ep(n) 1.14 297 281 265 098 299 279 266 192

Size 20 21 22 23 24 25 26 27 28
Eif(n) 26.31 26.91 28.36 29.86 30.06 30.71 31.04 31.38 31.51
Ep(n) 236 280 195 190 320 275 3.07 3.06 3.27

Size 29 30 31 32 33 34 35
Ef(n) 31.87 32.67 33.45 34.22 35.00 36.12 36.4
Ep(n) 3.04 26 262 263 262 228 312

solubility in silicon. TEM imagesreveal Au relatedprecipitatesapproximatelylSOA in
diametedistributedoveradepthsimilarto thatindicatedby the RBS profiles. Au diffuses
rapidly in Si via aninterstitial mechanism.Hence,anincreasan vacang concentration
movesAu; morestronglyontosubstitutionakites,eithervia Au; +V — Aus or by decora-
tion of vacancieluster/oids. Thetotal Au concentrations dependenbn theinteraction
of the Au; with vacanciesandvacang clusters.Sincetheexactnatureof thekineticsof Au
precipitationis not clear we cannotquantitatvely determinethe vacang clusterconcen-
trationsusingtheseexperiments Recentesultsindicatethattheratio of gold to vacancies
isinfactcloseto 1 [61].

Simulationsshaov thatvacang clustersarefairly stablein the vacang rich layerand
canleadto enhancementf vacang diffuserslike Sh For example,we obtain a time
averagedvacang supersaturatiof< Cy /C); >) of ~ 20 aftera 950°C/600s annealof a
2 MeV 10'® cm~2 Siimplant. Fig. 6.3 shows a typical sizedistribution after a shorttime
annealat 750°C. As shavn here,the moststableclustersare of clustersizesn = 6, 10,
14,18 and24. Also shown in the sameplot is the distribution at 950¢°C. It is clearthat
larger clustersplay a moreimportantrole at highertemperaturefor which thereis arapid
growth to largersizes.Fig. 6.4shovsa2 MeV 10 cm 2 Siimplantannealect750°C for
varyingtimesandcomparedo experimentaldata[96]. We obtaina very goodprediction
of the depthdistribution of the clusteredvacanciesAt 750°C, the clustersarevery stable
andalmostno changen total clusteredvacang concentrations seenbetweernlOmin and
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Figure6.3: Simulatedsizedistribution of clustersaftera shorttime annealat 750°C and
950°C. Clustersareripeninginto largerclusteramorepredominantlyatthe highertemper
ature.This alsoshonvsthemoststablesmallclustersizesto bearound6, 10,14,18 and24
dueto the non-monotonidindingenegy.

1 h annealsgonsistentvith experimentabbsenations[96]. Fig.6.5shovscomparison$o

dataat 950°C. Notethatthe simulationsagreewell with thetime dependencef the data.
At highertemperaturesyacang clustersare annihilatedby an increasedlissolutionof

interstitial defectsfrom the bulk andsurfaceannihilationof vacanciesShavn in Fig. 6.6
is the comparisorto 1000°C data. The clustersaroundRy/2 arethe largestandtherefore
the moststable.Hence thereis a peakin clusterconcentratiorat Rp/2 in the simulations
similar to thatobseredin the experimentaldata[96]. We canfurtheranalyzeour results
to seethe fraction of vacanciesn smallersizedclusters(n < 36). Note thatthesewere
the clustersfor which we usedTBMD resultsfrom Bongiornoetal. [11]. Figs.6.7 and
6.8 shaws the significanceof the additionof larger sizedclusters.At 750°C, a significant
fraction of smallersized clustersare present. However, at 950°C most of the clusters,
especiallyaroundRp/2 have ripenedinto largerclusterg(n > 35).

An importantfactorin matchingthe vacang clusteringis relatedto the interstitial
clusteringmodelused.Sincethesesimulationsinvolve a high implantdoseof 1016 cm 2,
we canexpectto seeconsiderabléransformatiorto loops. Indeed,in all the simulations
mostof the {311} defectstransforminto loops. If we useonly a {311} modelanddo not
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Figure 6.4: Simulatedclusteredvacang concentrationcomparedio Au RBS datafor
750°C annealsof 10 min and1 h. Simulationshow thatthereis very litle changein the
clusteredvacang concentratioetweernlOmin andl h. Thisis in agreementvith results
from Veneziaetal. [96] who alsoreportthat Au concentrationsre nearly constantfor
longerannealsipto 8 h at 750°C. Notethatthe surfacepeakin the datais becaus®f the
Au implantusedfor thein-diffusion.

considerloop formation, the vacang clustersare quickly annihilatedby the interstitials
from the bulk at the highertemperaturesAs seenin Fig. 6.9, usingonly a {311} model
without arny loop formationleadsto dissolutionof all the clustersin a time spanof less
than60 s, contraryto the experimentalobsenations.
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Figure 6.5: Simulatedand clusteredvacang concentrationcomparedo Au RBS data
after950°C annealof 10 sand10 min. At 950°C, vacang clustersareannihilatedoy an
increasedlissolutionof interstitialdefectsfrom the bulk andlossto the surface.Notethat
the simulationsagreewell with thetime dependencef thedata.
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Figure6.6: Simulationandclusteredvacang concentrationgomparedo Au RBS data
aftera 1000°C annealof 10 min. At 1000°C, the vacang clustersareincreasinglyan-
nihilated from the surfaceandthe dissolutionof interstitial defectsfrom the bulk. The
clustersaroundRy/2 arethe largestandthereforethe moststable. Hencethereis a peak
in clusterconcentratiorat Rp/2 (0.9 um) in the simulationssimilar to thatobsenedin the
experimentaldata[96].
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Figure6.7: At 750°C, aconsiderabldractionof thevacanciesrein smallersizedclusters.
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Figure6.8: Theabovefigure shavsthesignificanceof theadditionof largersizedclusters.
At 950°C mostof the clustersespeciallyaroundRy/2 have ripenedinto larger clusters
(n> 35).
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Figure6.9: Time dependencef vacanciesn system(depthof 1000 um). Usingonly a

{311} modelwithout ary loop formationleadsto dissolutionof all the clustersby about
60 s, contraryto experiments.It shouldbe notedthatthe experimentalvaluereportedby

Veneziaetal. [96] is measuredetween0.2 — 1 ym to avoid including the Au implant

profile. This methodalso leaves out the doseof vacancieselonv 0.2 um. Hencethe

experimentakesultsareexpectedto belower thanthe simulationresultsdespitehaving a

goodagreemenin the depthdistributions. Also, without loopsthe vacang concentration
dropsbelav theequilibriumvaluedueto theinterstitialsupersaturatioffrom thedissolving
{311} defects.
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6.3 Moment basedmodels

The physicalrate equationmodel describedn the previous sectionsis computationally
very expensve sincethefull sizedistributionis trackedateachpointin space Evenif one
limits thenumberof precipitatesizesthatwill besolvedfor, thenumberof variabless still
very large for efficient solutionof the equationsystem.If the systemhasmultiple spatial
dimensionsthe numberof solution variablesbecomesprohibitively large. Clejanet al.
developeda more efficient approachbasedon consideringthe size distribution in terms
of asmallnumberof momentq23]. Only the evolution of thosemomentsareconsidered
ratherthanthefull distributionateachpointin space Werestateaheequationsasdescribed
in Sectiond.1 againfor corvenience.Themomentsaredefinedas[23]:

m=YS n'fn, (6.13)

wherei =0, 1,2,.... Thezerothordermomentof the distributionis simply the precipitate
density while the first momentcorrespondgo the densityof precipitatedsoluteatoms.
Higherordermomentdurtherdescribethe shapeof the sizedistribution. This transforms
the systemof equationgo thefollowing set[23]:

o :ZiR2+ni (n+1) =] Ry (6.14)

Notethatthesumsoverthe R, canall bewrittenin termsof sumsover f,, nfy,, etc. Hence,
they canbecalculatedrom the momentsf momentsareusedto describethedistribution.
This reduceghe systemof equationgo be solvedto:

a .
= Dy [2MCF + MOy — moCesf |
¢ = 5 s 619
n=
o= MCifer 3 == DAaGra
n=

whereC} = C* /Cssand f, = f,/mo.

If we allow interstitialsreactwith the vacang clusters,we would needto add extra
termsto the momentequationsWe canfurtherneglectthe generatiorof interstitialsfrom
vacang clusters(backward reactionof Eq. 6.2). Thus,with the samedefinitionsof y; as
beforeandsettingyo = A» f, themomentscanbederivedto be:

omg

5 = Dv [A1Cv? — mCssyo] — DICimoyo (6.16)
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= Dy [2?\1Cv2 +moCvy; — MoCssyy | — DiICIMo [Yo+ Y/ |
= Dy [47\1Cv2 + moCvy4 — MoCssy, | — DICimo [Yo+ V5 — 2V |
= —Dy [2?\1(3v2 +moCvy; — MeCssy; | + DiCiMoYo

= —DiIGmo[Yo+V;]

Sinceary finite numberof momentss insufficientto describeanarbitrarydistribution,
it is necessaryo adda closureassumptionyhich is anassumptioraboutthe form of the
distribution, f, = f(n,z). The z are parameter®f the distribution which canbe deter
minedfrom the moments. The numberof momentswe needto keeptrack of equalsthe
numberof parametere thedistribution function.

Sincewe wantto develop the mostcomputationallyefficient model, we considerthe
possibility of representinghe systemin termsof its first two momentgollowing thework
of GencerandDunham[43]. Thevaluecanbefoundapproximatelyfrom aweightedsum
of An. Therefore pur systenreducego:

a —_
a—TO = Rp =D\ (CZ — mCssyo) — DIACIMoYo
om v
Tl = 2R+ DAmpy(Cy —Csey1) — DIACiMg (1 —Yo) (6.17)
6CV \/r
= = —[2Re+DAMy(Cy —Cesyt) + DiACIMoo]
0C —
a—tl —DiACimg (14 Yo)
with
vo = Cif
Yo = fa=vo/Ci (6.18)

i = %éﬁ for1
N—=

Usingthefull setof rateequationsit is now possibleto calculatey; numerically Thefull

rateequationmodelwassimulatedat a singlegrid point. A large maximumsize of 1000
was chosento remove ary errorsdueto pile-up at the largestsize. The simulationwas
run for differenttimesto extracty; andriy. Figs.6.10and6.11show y; plotted against
My extractedfrom the full model. It canbe notedthaty; satisfythe following limits as
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expected43]:

limyo = C]

m—2

limy = 0 (6.19)
mg— o0

imy. = 0

rﬁl—>2

Iimy =1

M —o

For larger iy, y; arefound to have only a weak dependencen temperature. Further
Vi seemto be uniquefunctionsof iy within reasonablerrors. However to confirm this
hypothesist is necessaryo beableto obtainthe samey; irrespectve of its thermalhistory.
Figs.6.10and6.11alsoshav comparisondetweernwo-stepanneal It wasfoundsamples
simulatedat 1000°C with and without a 400°C preannealave very similar y;, giving
credencedo the possibility of usingonly the first two momentgo modelthis system.It is
now possibleto find analyticexpressiongo fit the obtainedy;. For example,we cannow
usethe obtainedy; in the setof equationggivenby Eqns.6.18. Thereare no otherfree
parametersn this system.NotethatCss canbetakenasCy; andis not afitting parameter
Usingthey; thusderived,we howeverfoundthesimulationto benumericallyunstabledue
to the strongchangen y; at smallaveragesizes.Hencea new setof y; wereconstructed
neglectingsmallsizeeffects. A kinetic barriercanbe addedto correctfor the growth rate
atsmallsizes.Figs.6.12and6.13shaw suchy; values.A barrierof 0.4eV wasaddedo all
reactionsasa correctionto includesmall sizeeffects. This systemwasnow foundto give
goodmatchto experimentaldataandthefull rateequationmodel. As shovn in Fig. 6.15
the AKPM modelmatcheghe full rate equationmodelfairly well over both dissolution
anddepthat 1000°C. FurtherFig. 6.14 shavs annealsat 950°C shaving goodtime and
temperaturelependence.
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Figure6.10: yp valuesextractedfrom simulationsof the full systemof rate equationdor
threedifferenttemperature$400,800,1000C) . Also shavn in the sameplot is yg value
for a1000°C annealaftera preanneaat 400°C. Notethattheyy is almostindependentf
its thermalhistory,
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Figure6.11: y; valuesextractedfrom simulationsof the full systemof rate equationdor
threedifferenttemperature$400,800,1000C) . Also shavn in the sameplot is y; value
for a1000°C annealaftera preanneaat 400°C. Notethatthey; is almostindependentf
its thermalhistory,
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Figure6.12: Analytic fit to yp neglectingsmall size effects. This wasdoneto avoid the
exponentialchangen y; values.
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Figure6.14: Comparisorof AKPM andfull discreteclustermodelat950°C
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Figure6.15: Comparisorof AKPM andfull discreteclustermodelat 1000°C
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6.4 Summary

A setof discreteclustersare usedto modelvacang clusterevolution after high enegy
ion-implantationin Si. The parametersor this systemarefrom atomisticcalculations.It
wasfoundthatthis systemis ableto predictthe temperaturetime anddepthdependence
of vacang clustersseenin the experimentalresults. A procedurehasbeenproposedo
reducethis complex modelinto a simple two-momentmodel. The parametergor this
two momentmodelare derived from the full rate equationmodelandare foundto give
goodpredictionto data. This efficient two-momentmodelcanbe easilyincorporatednto
technologymodelingtoolsandappliedto modelmorecomple situations.
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Chapter 7

Conclusionsand Futur e Work

/7.1 Summary

Our aimin this work wasto understan@gndmodelthe evolution of ion implantedsilicon
during annealing particularlywith respecto the characteristicshovn by boron. In our
work, we have contributedover arangeof topicsnecessaryo helpin theunderstandingf
the evolution of anion implantedSi wafer.

We evaluatedmetaldiffusionexperimentgo betterunderstangboint defectproperties.
Usinga consistenmodelingapproachwe foundthevacang diffusivity to be of the same
orderof magnitudeastheinterstitial diffusivity. Theresultingvacang diffusivity is much
fasterthan derived from previous analysisbut is much closerto atomisticcalculations.
However, we foundit wasnot possibleto identify vacang transporfpropertiesaccurately
from metaldiffusionexperimentsalone.

To understandhe initial conditionsfor our simulationswe simulatedthe initial dam-
ageannealingorocesdo determinghe point defectconcentrationpresentafter recombi-
nationwithin thedamagecascadelt wasfoundthatfor low doseor high enegy implants,
the numberof interstitialsremainingafterthis recombinatiorcanstronglydeviate from a
“+1” of theimplantdosedueto diffusion of vacanciego the surface. We alsosimulated
thefull damageo understandheeffect of formationof interstitialandvacang clusters.It
wasfoundthatthoughvacang clusterscansurviveto relatively long timesatlow temper
aturesthechangean obsenedsupersaturatiofrelatve to usinga“+1” model)is negglible,
andhencea“+1” modelcanbe usedeffectively underthesecircumstances.

We evaluateddifferentapproacheso modelingboron/interstitialclustering. In par
ticular, we looked at modelingboronclustersusinga moment-based#inetic precipitation
modelandclusterbasednodels.We foundthatbothmodelscanpredictexisting datawell
if necessarparameterganbe optimized. Sinceab-initio calculationshave emegedasa
powerful tool to help determineclusterprecursorsglusterbasedmodelshave the advan-

121



tageof beingmore physically-basedor modelinginitial stagesof clustering. A simple
clustermodelwasderived from an extensive modelbasedon atomisticcalculationsper
formedat LawrenceLivermoreNationalLabs[60]. This simplemodelwassuccessfully
usedin modelingboroninterstitial clusters wasfurther extendedto includechage states
of clustersandunderstandnarker experiments.This modelwasalsoableto matchelec-
trical activationdata.

The boronmodelwasusedsuccessfullyin understandingindmodelingultra low en-
ergy boronimplantsfor both soakand spike anneals.It wasfound thatit is possibleto
modelnew behaior like saturationof obtainableminimum junction depthin agreement
with experimentalresults. We alsolooked at modelingthe excessvacang layer formed
afterhigh enegy implantation.For this, a vacany clustermodelwasdevelopedbasedn
clusterenepgeticsvaluesfrom Tight Binding Molecular Dynamics(TBMD) calculations
[11]. Thismodelwasfurthersimplifiedusingamoment-basedpproacho enableefficient
incorporationinto industrialprocesssimulators.

7.2 FutureDirections

In recentyears progressn atomisticcalculationshave madeit possibleto obtainformation

enepies of dopant/defectlusters. However, thesetechniquesbecomecomputationally
prohibitive for larger sizedclustersthat canevolve during the annealingorocess.Hence,
althoughthey help us understandhe clusterprecursorsno calculationsexist for larger

clustersizes.Thebehaior of largerclusterscanoftenbeestimatedrom experimentabb-

senations,andthe propertiesxhibited by suchlarger clusterscanbe modeledefficiently

by usingmoment-basedpproachesEffective modelingof suchsystemsshouldinclude

discreteclustersat small sizesandmomentsto representarger sizedclusters. This situ-

ationis complicatedfor two componensystemdik e boron-interstitialclusters.Herethe

clusterscangrow into largerinterstitialor boronrich phasesandthe momentbasedmodel

itself needgo be derived carefully This canbe simplified by working with afull discrete
modelasa basisfor deriving the couplingbetweernthe moments.It canbe expectedthat

thesemaydependon theform choserfor theformationenegy of theseclusters.

Ultra low enegy implantshave beenfoundto form anamorphoudayerwhich forms
anew boridephase.Theimplicationsof the formationof this newv phasearenotyet fully
clearwith regardto contributing to point defectsupersaturationsr electricalactivation.
New experimentsare neededo highlight the effect of the formation of this new phase.
Experimentakesearchgroupsare focussedon increasingthe activation beyond the solid
solubility of boronby differentmethodslik e laseranneals pre-amorphizationmplants.
The underlying physical activation mechanismgiuring theseprocessess an important
areafor future study

Accordingto the InternationalTechnologyRoadmagdor Semiconductor§l], devices
producedaround2010with gatelengthsof 50 nmwill needhighly active sub-20nmjunc-
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tion depths(around100—-200monolayers).As the channellength decreasedateral dif-

fusion becomesnoreimportant. However, accordingto currentunderstandingf dopant
diffusion, suchjunctionsare unattainabldor boron. Overcomingthesebarriersrequires
a betterunderstandingf all processest an atomisticlevel. This not only includesin-

teractionof boronwith point defectsbut alsoincludesinteractionwith interfaces(oxide,
silicides)andotherbulk trapsandimpurities.
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