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ABSTRACT

As device sizesin VLSI technologyget smaller the importanceof predictve processmodeling
increases.One of the biggestchallengesn predictve processmodelingtodaylies in modelingof
TransientEnhancediffusion (TED). TED is the greatly enhancedliffusion of dopantsin silicon
seenduringannealingof thedamagecreatedoy theion implantationof thedopants As onemovesto
smallerthermalbudgets,TED is oftenthe primary sourceof diffusionandthusdetermineghefinal
junctiondepth.

It is known that TED is causedby the excessinterstitial concentratiorthat persistsdueto ion
implantation.But how this excessanterstitialconcentratior@volvesover time andaffectsthediffusion
of dopantgemainsunclear Ourwork attemptdo understandhe physicalprocessesccurringduring
ion implantannealing expressthemin a mathematicamodel, integratethis modelinto a diffusion
eguationsolver andquantitatvely matchthe experimentabbsenations.

To this end, we have developeda solid physicalmodel (KPM) for the evolution of extended
defects({311} defectsanddislocationloops)which areobsened underTED conditions. We have
alsodevelopeddifferentversionsof KPM that have applicability underdifferentcircumstancesand
have differentlevels of computationakfficiency. We believe thatthe rangeof modelsdevelopedwill
give the userthe ability to make a compromisebetweeraccurag andcomputationatime.

We have appliedKPM to {311} defectsthatare obsered undernon-amorphizingmplantcon-
ditions andwe were ableto get a good agreement.We have thenusedthis modelto predict TED
behaior basedon marker layer experimentsand we found a good match. To extendthe modelto
dislocationloops,we assumedhatdislocationloopsform by unfaultingof {311} defectsasobsenred
experimentally We accountedor this transformationn our modelandwe wereableto obtainagood
matchto the experimentaldatawithout ary modificationsn the {311} defectmodel.

Our work alsoinvolvedin developinga computersoftwarethatis capableof solvingthe models
thatwe have postulatedTo thisend,we have developedDOPDEESaone-dimensionahulti purpose
partial differentialequationinitial value solver. To enablefastertechnologytransfer we have also
developedProcesaViodeling Modules (PMM) which consistsa set of scriptsthat encapsulatehe
modelsthatwe have developedin areadyto useform.
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Chapter 1

Understanding TED

1.1 Intr oduction

One of the mostimportantchallengesn VLSI technologytoday is to shrink device sizesto their
limits, sinceboth the speedandthe yield (fraction of deviceswhich work) increaseasdevicesget
smaller However, asdevices get smallerand junctionsget shallover, somephenomenaegin to
get more and moreimportantandthe validity of currentprocesssimulatorsbecomegjuestionable.
Predictve processsimulationplaysa major rolesin today’s TechnologyCAD (TCAD), andhence,
we needimprovementsn currentprocessimulators.

As onetriesto fabricateshallonver junctions,one movesto smallerthermalbudgetsduring pro-
cessingvith thehopeof having lessdiffusionof dopants But, onecomponenof thediffusion,called
TransientEnhancediffusion (TED), remains.TED is the greatlyenhancedliffusion of dopantsn
silicon seerduringannealingpf the damagecreatedoy theion implantationof thedopantslt is often
the casethatfor today's processingparameter§ ED is the only significantcomponenbf diffusion.
Thus,theneedfor accuratanodelsthatcanaccountor the behaior seenduring TED emepes.

Ourwork aimsat obtaininga physicalmodelthatcanbe appliedto thebehaior of dopantsunder
TED conditions.Althoughtherearenumerousarticleson experimentabbsenationsconcerningrED
in theliterature[2, 9, 29, 30, 31, 36, 40], little fundamentamodelinghasbeendone[13, 19, 34,45].
Ourwork hasthefollowing uniquefeatures:

e Our work relieson a physicalmodel of diffusion andinteractionof dopantatomsand point
defectsratherthanonanempiricalapproach.

e Thework is basedonthe evolution of the sizedistribution of extendeddefectsduring TED.

e It alsoincludesdeactvationof dopantsandincorporationof point defectsn dopantclustersor
precipitates.

Having accountedor the primaryphysicalprocessethatareoccurringduring TED, our goalwas
to arrive at a meaningful,and yet computationallyefficient model that can be incorporatednto a
diffusionequationsolver. It is notavorthy to mentionthata physicalmodelcanbeincorporatednto
ary diffusionequationsolver, sinceit is independenof the propertiesof the solver, like the number
of dimensions.



1.2 Experimental dataon TED

1.2.1 Early work on TED

Early work on TED concentrate@n experimentalobsenations,measuringhe extentof TED. After
the invention of rapid thermalannealing(RTA), first obsenationsof TED werereported:even for
very shorttimesof annealingherewasa considerablemountof dopantdiffusion.

Mostof theearlypaperg2, 36, 49] dealwith dopantimplantsinto silicon. A (high) doseof boron,
phosphorusr arseniovasimplantednto silicon,andafteranRTA stepthefinal profilewasmeasured
to determinghe extentof TED. Angeluccietal. obseredthatboronandphosphorushonv TED to a
large extent, but arsenicshaws little TED, andantimory shovs almostno TED [3, 2]. To shaw this,
Angelucciformeduniform layersof the dopants patternedhe sample createda damageby silicon
implantationandannealedt varioustimesandtemperatureskFor B andP, the Si-implantedregions
shovedalargeincreasen junctiondepth,whereador As andSh, thedifferencewasminimal.

The enhancement/retardatiai diffusion during oxidation, nitridation and oxynitridation indi-
catesthatboronandphosphorugliffuse primarily via pairing with interstitialsandantimory andar-
senicdiffuseprimarily via pairingwith vacancie$18]. It hasbeenobsenedthatboronandphospho-
rus shav enhancedliffusion during oxidation,and during oxidationinterstitial-typestackingfaults
grow. Therefore,oxidation mustbe injecting interstitialsand boron and phosphorusnust have an
interstitialdominatediffusionmechanismSimilarly, antimory diffusionis enhancedluringnitrida-
tion, but retardedduring oxidation. Thereforeantimory mustbe diffusing primarily via vacancies.

Combiningthe knowledgeon primary diffusion mechanism®f individual dopantswith the ob-
senationson TED for differentdopantswe may concludethat TED is relatedto interstitial assisted
diffusion. Indeed afteranion implantation thereis a high supersaturatiorof interstitialsdueto the
damageof theimplant,andthus,this resultis quitelogical.

If welook atthetime behaior of TED, we canobsenethattheenhancemers nearlyindependent
of the ion-implantdamagefor initial times(Fig. 1.1); and after someperiod (durationof TED) the
enhancemergoesaway [2, 39, suchthatwe areleft with normaldiffusionwhich is mary ordersof
magnitudesmaller This meansthatfor early stagesof TED the excessinterstitial concentratioris
approximatelyfixed,andaftersometime it dropsto its equilibriumvalue.

Anotherseeminglyanomalou®bsenationis thatthe amountof TED is largerat lower tempera-
tures[36, 39], asdemonstrateth Fig. 1.2. This canbe explainedin the following fashion:Although
the diffusion of dopantds fasterat highertemperatureghe durationof TED lastsshorterat higher
temperaturessothatthe overall junctionmovementgetssmallerasthetemperaturés increased.

Hence thefollowing conclusionsarein order:
e TED is causedy excessnterstitialconcentratiorihatpersistsafterion implantation.

e Theexcessinterstitial concentratiorremainsapproximatelyfixed during TED, andthendrops
to its equilibriumvalue.

e At highertemperatureshe excessinterstitial concentratiordisappearsnore rapidly, i.e. the
durationof TED is shorter

All of theabove qualitative obsenationswill helpusto build ourmodel.

2
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Figure1.1: Time dependencef TED. Implantationof 5 x 103 — 2 x 101 cm~2 Si at 200keV, and
diffusionat 800°C. Datafrom Packan[39].
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Figure1.3: Enegy dependencef TED. Implantationof 1 x 1012cm=2 Si at 10-200keV, anddiffu-
sionat 800-1000C. Datafrom Packan[39].
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1.2.2 Separatingthe enhancementrom the damagedose

In orderto gainmoreinsightinto themechanisnof TED, experimentslevotedto thistopic have been
done[30, 31, 40, 44]. Sincein the experimentdiscussedn the previous sectionit wasimpossibleto
separatéhe enhancemerftom the damagedose researcherdesignedexperimentdor this purpose.
They put a tracerdoseof the dopant(usuallyboronor phosphorusgeepinto silicon. The damage
is usually createdby implantingsilicon into the samesample. Thus, the damagedoseis controlled
independentlyfrom the dopantdose. This enablesus to investigateregions wherethe materialis
intrinsic, andthe dopantis far from its solid solubility limit.

Sinceamorphizatiorandsolid phaseepitaxialregrowth is a complex processtself, experiments
aimedat avoiding additionalunknavns usedimplant dosesbelov the amorphizatiorthreshold. The
amorphizatiorof silicon with silicon implantsoccursusually at dosesabove 2 x 1014 cm=2, which
alsodepend®ntheimplanteneny.

Theexperimentonfirmtheresultsmentionedn theabove subsectionandaddsomemoreinter-
estingaspectgo the picture.Firstof all, theamountof TED increasesvith increasingsiliconimplant
enegy [39] (Fig. 1.3. This is a bit surprising,since,althoughthe amountof total damagegener
atedincreasesvith implantenepy, the netinterstitial excessis nearlyindependenfrom theimplant
eneqgy, only the positionof the peakof damagedependingon implantenegy. Looking at the time
behaior atdifferentimplantenegies,we canconcludethattheinitial enhancemens aboutthesame
in all casespnly thedurationof TED is longerfor deepetimplants[39].

Thereasorbehindthis obsenationis very simpleif oneassumeshe primarysink for the excess

4
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Figure1.4: Dosedependencef TED. Implantationof 1 x 102 — 1 x 101 cm~2 Si at 200keV, and
diffusionat 800—1000C. Datafrom Packan[39].

interstitialsto bethe surface: Thefartheraway thedamagdrom the surfaceis, the harderit will beto
getrid of it. Althoughinterstitial-vacang (I/VV) recombinatiormight play a role in beinga sink for
interstitials,otherexperimentsndicatethatit is fast,suchthatproductof concentratiorof interstitials
andconcentratiorof vacanciegC,Cy) dropsto its equilibriumvaluein thevery early stagesf TED,
which leavesusthe surfaceasthe primarysink.

Oneotherinterestingobsenation is that the dependencef TED on the silicon implant doseis
non-linear[40] (Fig. 1.4). Evenfor siliconimplantdosesaslow as1 x 102 cm~2 substantiatopant
movementis obsered. This behaior is one of the biggestchallengesn TED and still no fully
satishictoryexplanationhasbeenfound.

Anotherobsenationis the fact that increasingthe dopantimplant dosedecrease3ED [31]. It
might be expectedthat the dopants,too, are “using up” interstitials. It hasbeenobsened that a
constantratio of the marker layer doseto the damagedosegives an almostconstantdiffusion en-
hancement.

Hence thefollowing conclusionsarein order:

Higherenegy damagamplantsresultin moreprofile movement.

Surfaceis theprimarysink for excesgnterstitials.

TED increasesub-linearlywith increasingdamagedose.

TED decreasewith increasingdopantmaker layerdose.

5



1.2.3 The sourceof the interstitials

As mentionedn sectionl.2.1,the excessinterstitial concentratiomemainsapproximatelyfixed dur-
ing TED, andthendropsto its equilibriumvalue. This tells us thattheremustbe a mechanisnthat
storesthe interstitialscreatedby the implantdamageandthenreleaseshemduring TED, actingas
a“source” of interstitials. In fact, if sucha meta-stablestatefor interstitialsdidn’t exist, they would
rapidly diffuseto the surfaceand TED would beoverin avery shorttime.

Recentexperimentsrevealedthe actualsourceof the interstitialsduring TED [10, 17]. Eagle-
shamet al. createdthe damageby implanting Si into Si andthenannealedhe samplesat various
temperaturesThey thenperformedplan-viev andcrosssectionallransmissiorkElectronMicroscopy
(TEM) onthesamplesThey clearlysaw the defectsthatstoreexcessnterstitials.

Thesedefectsare the so-called“rod-like” or “{311}" defects. The atomic structureof {311}
defectshasbeenonly recentlyresolhed[50]. It is believedthatinterstitialsform chainsalong<110>
directionandthesechainscometogetherto form a {311} plane.This defectcangetverylong (about
1um) in the <110> direction,hences giventhename“rod-like” defects.

Thefactthatthetime neededor dissolutionof {311} defectds equalto thedurationof TED [17]
is anexcellentindicatorthat {311} defectsarethesourceof theinterstitialsduring TED.

1.2.4 Interactions involving dislocation loopsand boron-interstitial clusters

Studiesconcentratingpn formationandevolution of dislocationloopsgeneratedy Si implantation
have beenpublished[7, 35, 52]. It hasbeenobsered that the growth rate of dislocationloopsis
constantin time, asit would be predictedby a bulk-diffusion mechanism. A quantitatve model,
which predictstheloop evolution correctly hasalsobeendeveloped7].

Experimentsy the samegroupalsoreportinteractionsbetween{311} defectsand dislocation
loops[33]. Resultxclearlyshow thatthedistributionof trappednterstitialsbetween{311} defectsand
dislocationloopsis dependenbn the implantdose. Interestingly the amountof trappedinterstitials
in {311} defectsseemgo saturatearound2 x 10'3cm~2 at 700°C.

Implantationof boroninto silicon at very low dosesandenegiesproduceso visible {311} de-
fects, but substantiallTED is obsened [57]. Thethresholdfor {311} formationis estimatedo be
5 x 102 cm2 for silicon implantsand1 x 1014 cm~2 for boronimplants. The questionwhetherbe-
low thesedosediny interstitial clustersexist or notremainsunanswered.

Recentobsenationsby Cowernetal. [9, 10], suggesthatin systemavhereB is presenin large
dosesexcessinterstitialshelp boronatomsto form boronclustersand arethemselesincorporated
into theseclusterg(so-calledboroninterstitial clusters BICs), therebyreducingthe numberof mobile
boronatoms.AlthoughtheBICs arenotvisible evenwith highresolutionTEM, thediffusionprofiles
indicatethatboronis becomingmmobilewhereit is presentat high doses.



Chapter 2

Models of Importance for TED

2.1 Coupleddiffusion of dopantsand point defects

SinceTED is animmediateresultof enhancemendf dopantdiffusiondueto presencef pointdefects
(mainly interstitials)in excessof their equilibrium values(i.e. existenceof a point defectsuper
saturation)thefirst thingwe will investigatds the effect of point defectson dopantdiffusion. In this
section,we presentwariousdiffusionmodelsanddiscusgheir applicabilityto TED. In the following
equationsB represent®ur dopant,l representinterstitialsandV representyacancies.C denotes
theconcentratiorandD denoteghediffusivity of a certainspeciesndicatedby the subscript.

2.1.1 Fermi diffusion model

In the mostsimplistic view, dopantdiffusion canbe describedoy the “Fermi” diffusion model,in
which the effect of pointdefectson dopantdiffusionis completelyignored:

a{% = 0-DglCs (2.1)

whereDg is afunctionof the Fermilevel:
Dg = DY + D¢ (p/ni) + Dg (n/ny) (2.2)

This modelis only valid underequilibrium conditionswhen both interstitialsand vacanciesat
their equilibrium levels. Obviously, TED is a total deviation from this assumptionso we cant use
this modelunderTED conditions. However, diffusivity of dopantss determinedusingthe “Fermi”
model,so the parametersn the more sophisticatedliffusion modelsshouldrelateto Dg asdefined
above.

2.1.2 Pair diffusion with a singlepoint defect

Dopantsareknown to bediffusingvia pairingwith pointdefectg18]. We wantto build up thetheory
thatleadsto the pair diffusion of dopants.For this purposewe startby assuminghe dopantdiffuses
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only via pair formationwith interstitials:
B+« BI (2.3)

In thischemicakeactiontheforwardratewill beproportionako theCgC, product,andthereverse
ratewill be proportionalto Cg|. The netforwardreactionratecanbewritten as:

kgl (KgiCsCi —Ca) (2.4)

whereKg, is the equilibrium constantand hasunits of cm?® (inverseconcentration).In equilibrium,
Cg) will beequalto Kg CgC;. Thesystenresultsin the following continuity equations:

0C

a—tB = —kgi(KgICsCi —Cg))

% _ #.pdc KgiCsCj —C 2.5
5 = UD | — kg1 (KgiCsCi —Ca) (2.5)
oG o o

TBl = [-Dg0Cg| + kgi (KgICs8Ci —Cpg))

If we assumehatpairingis fast(thatis kg, is verylarge),thenthe pairingreactionwill alwaysbe
in equilibrium,andwe canreducethe continuity equationgo two by eliminatingthetermsassociated
with thisreaction:

W = [0-Dg0Cg o
9(C +C [0-Dy0IC +0- D T
% = U-DiC +0-Dg UCg

with Cg) = Kg|CgC,. NotethatCg +Cpg| = Cg, thetotal concentratiorof our dopantin silicon. This
is thevaluereportedoy Secondaryon MassSpectrometrySIMS). Similarly C, +Cg| = ClT, thetotal
interstitialconcentrationlf we assuméhatCg| < Cg andCg| < C;, thenCg ~ Cg andC, ~ ClT. This
approximationsvill bevalid underequilibriumandoxidationenhancedliffusion (OED) conditions.
We cantheneliminateCg, from theabove equations:

0C - -
a—tB = [J-Dg D(KgiCsC) (2.7)
aCi L L
¥ = [0.-D,0C +0O-Dg U(KgICsCi)
which canbe modifiedinto:
0Cg - o C
— = [O-DgKg/Cild — 2.
P BIKeIC O(Cg C|*) (2.8)
aC L L. . C
M D-D|DC|+D-DB|KB|C|*D(CB—L)
ot G

If C; =C/, thenthe diffusivity of the dopantshouldbe equalto Dg in the “Fermi” model. Thus
we cansaythatDg = Dg Kg|C/'.

0Cs - Dpg=

— = [-—(CgC 2.9
P Cr (CeCy) (2.9)
C - - - Dg=

— = U-DiJ - —0

P 0C + c (CsCy)



It is evidentthatthedopantwill diffusenotonly becausehereis agradientin Cg, but alsobecause
thereis agradientin C; andvice versa.

2.1.3 Pair diffusion with both point defects

If we assumehatthe dopantcanpair bothwith vacanciegndinterstitials,we canwrite two possible
groupsof reactions.In eachcasethe rightmostcolumngivesthe netforward rate of the reactions.
First, we have dopant/pointdefectpairingreactions:

B+l & BI kel (KgiCeCi — Cai) (2.10)
B+V < BV kev (KeyvCgCv —Cgv) '
And thenwe have thedirectandindirectrecombinatioreactions:
I+V < 0 kR(C|Cv—C|*C\*/)
BI+V < B CaiCv — KaiCsCi'CY)) (2.11)

kg (
BV+1l < B kr(CvCi — KBVcBkaC{k/)
BI+BV < 2B  kr(CgiCayv — KgiKevC3C/CY)

Note that the rate constantfor eachof the recombinatiorreactionsis assumedo be kg, which
is a simplification. In fact, if we assumaiffusion limited processeghe reactionratesfor the four
reactionshouldbe4ra(D, + Dy ), 41a(Dg| + Dy ), 41a(D, + Dgy ) and4ra(Dg + Dgy ), respectiely.
For the purpose®f this reactionset,we canassumehatDg; = D; andDgy = Dy. Thisis notabad
assumptiorsinceboth point defectsandpairsarefastdiffusers. This assumptiormakesall the four
ratesequal.

If we assumehatpairingis fast,sothatCg, = KgCgC; andCgy = KgyCgCy, we may combine
therecombinatiomeactionsnto asingle,effective one.Notethatnoneof therecombinatiorreactions
will effecttotal dopantconcentratiortcg):

kr(CiCv -GG

kr(CgICv — KgICeC/'Cyy
kr(CevCi — KevCgC'Cy)
kr(CgiCav — KgiKgvC3C/CY

= kr(GCy —C'CY)

= krKgICg(CICy —C/CY) (2.12)
= krKgyCg(CiCv —C/Cy) '

= krKgiKgyC3(CICy —C/'CY)

— e N N

which gives:
k" = kr(1+ KgiCs)(1+KpvCa) (2.13)

The continuity equationgeduceto:
d(Cg +Cgi +Cav)

= |_j -Dp ﬁCB| + _|j . DBVﬁCBV

ot
W — .D/8C + - DaifICs: — K&'(CIOy — C/CY) (2.14)
W = ﬁ-DvﬁCv—Fﬁ-DBVaCBV—k%ﬁ(ClcV_er)

with Cg| = K CgCj andCgy = KgyCgCy. We candenotethediffusivity of thedopantatomdueto the
interstitialoy mechanismunderequilibrium conditions(Cy = C/") by D'B. Similarly, diffusivity of the
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dopantdueto the vacang mechanisnwhenCy = Cy * canbedenotedby D\é- NotethatD'B +DY =
Dg, thetotal diffusivity of the dopantunderequilibrium conditions. This givesthe following setof
continuityequations:

an S C oy Cv

T = DDBl:I(CBc_l* +|:|DBE| CB—*

0 _ B.pfc 4800 (S ) —kefcoy —crcy) (2.15)
ol G B Bcl* kg'(CCy —C/Cy, :

% _ 7 pyficy + 0080 () —kefcey —crc
ot - - PvilvrU-De B@"‘R(Iv—lcv)

2.1.4 Pair diffusion with a single point defect,including Fermi level effects

The precedingsetof of equationggnoredthe dependencef dopantdiffusivity on Fermilevel. This
dependencstemsfrom the factthatthe numberof point defectsavailablefor diffusionchangeswith

the Fermilevel. We assumehat interstitialscanbe neutral, positively or negatively chaged. We
assumehatthe chaging reactionsare muchfasterthan pairing reactions sincethey areelectronic
reactionsandthe mobility of electronss muchlarger thanthe mobility of dopants. Therefore the
electronicreactionsarealwayscloseto equilibrium:

e +et & 0 np = n?
P+e & I- C- = K-Co(n/m) (2.16)
O+et < IF C+ = Ki+Co(p/ni)

Eachof thesechaged interstitialscan pair with dopants. Again, we assumehat pairing is in
equilibrium:

B-+1° & BI° Cgo = KgoCsCo
B_+|+ iS4 B|+ CB|+ = KB|+CB(K|+C|0(p/ni)) (217)

The notationabove may be confusing,but is laid out asfollows: Cg,0 is the concentratiorof the
resultingpair from thereactionof anionizeddopantandl®. If the dopantis anacceptorit will carry
anetnegative chagein its ionizedstate,makingBI° negatively chaged. If the dopantis a donor it
will carrya netpositive chagein its ionizedstate,makingBI° positively chaged.

Notethedopantis anacceptolcarryinganegative chage)it is very unlikely thatit will pairwith
a negatively chagedinterstitial dueto repulsion,makingCg - = 0. A similar statements true for
donors.But we keepthe Cg,- termto make the analysismoregeneralandassumehatKg,- = 0 for
acceptoraindthatKg,+ = 0 for donors.

Notethatdueto the chage of ions,the continuity equationwill notonly have adiffusioncompo-
nent(J8f), but alsoa drift componen(Jt). Thedrift termsarisebecauséhe chagedspeciean
alsomove becausef forcesof the electricfield, createdoy the gradientof electronconcentrationn
thesubstrateThetotal flux of pointdefectsandpairswill beequalto thesumof fluxesof eachchage
state:
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o _ & T (JUF . gt (2.18)
ot izzl BI' T VBl '
oc! =S it ity L e it
ot -0- z G+ -0 z (JBli +Jg, )

i =1

Next we dothegenericderivationof \Tgilfif-i—\]“glr!ﬁ. Assumethatthedopantis anacceptarandhence
carriesachageof —q. If thedopantwasa donot it would carrya chage of +q. Thiswill make the
chageon aBI' pair (i + 2)g, wherez= +1 if thedopantis adonorandz= —1 if the dopantis an
acceptar Then,we canwrite thediffusiontermas:

THiff =
= —Dgill(KgiCa(KiCo(p/Mi)"))
= —DgiKgiKi(CgCro(p/mi)")
= —D}/Cy [(p/m)'D(CaCro) +CaCioll(p/m)'

—~ ~D}/Cs | (p/m)'1(CaCio) +CaCiol (p/m) ~T(p/m)| (2.19)

And thedrift termbecomes:

B = Hei(i+20ZCy

= Dy, (q/KT)(i +2)ECg; (2.20)

wherep = D/KT is the mobility accordingto the Einsteinrelationshipand Z is the electricfield
vector The electricfield canbe calculatedfrom the gradientof the potential,which in turn canbe
foundfrom thelocal carrierconcentrationgivenby a Boltzmanndistribution (¥ denotegheintrinsic

potential):
n=n;exp (%ﬂ]) (221
E = -0y
= —DO(KT/qIn(n/m))
= (KT /qIn(p/n)) (2.22)

Juift — Dpgyi(i — 1)CgyiDlIn(p/m)
= Dgi(i — 1)(KgiCa (KiCo(p/m)") (ni/DD([/mi)
= DgiKgiK;i(i — 1)CaCp(p/m) " *T(p/m)
= Dh/Chy(i —1)CaCro(p/ni) ~*D(p/ny) (2.23)
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Addingthediffusionanddrift termswe get:

Jpi =

~D}/Cs | (p/mi)'T(CaCio) + CaCio(p/m) ~*T(p/m)]
~D5/Co(p/mi)" | E(CaCio) +CaCrollIn(p/m)]

Summingover all thechage stateswe will get:

i=—1

(Dg +Dg (p/ni) +Dg (n/m))

, [ﬁ(chlo) +CgCyol] |n(p/ni)}

(2.24)

(2.25)

For donors,we needto replacen(p/n;) with In(n/n;). It mayreadilybe obsenedthatunderequilib-
rium conditions(Cyo = CJ5), thisreducedo “Fermi model” (Eq. 2.1).

If we carry out a similar analysisfor J; we canseethatthe termwith the gradientof (p/n;) is
beingcanceledy thedrift term:

jltiiiff

= —D|i—|jC|i

= —D|i_|j(|_<’|ic|0(p/ni)?)

= —D;iK;i0(Cpo(p/m)")

= —D;K;i [(p/ni)iac|o+C|oi(p/ni)i]

= —DyKy [(p/ni)‘ﬁC|o+C|oi(p/ni)i’1i(p/ni)}
= Dyi(q/KT)IEC
= DyiCiDIn(p/m)
D|ii(K|iC|0(p/ni>i)(ni/p)i<p/ni)
= DyKuiCo(p/ni)"~*0(p/m)
= Uity gt DKy (p/ri) DIC,
+1

= Y Ji= Dyl +Ke(p/m) + K[ (n/m)ECe
i=—1

(2.26)

(2.27)
(2.28)

(2.29)

Thelastequationwasobtainedby the simplifying assumptiorihatinterstitialsat differentchage
statesdiffuseequallyfast,thatis D;o = D;+ = D,-. Thereis no experimentalevidenceto shav that
they diffuseatdifferentspeeds.

2.1.5 Pair diffusion with both point defects,including Fermi level effects

We will merely statethe resultshere. Derivation is analogougo the previous sections. The only
pointto payattentionhereis thatthefractionalinterstitialoy componenof diffusionmaychangewith
Fermilevel. For exampleit is known that phosphorugliffusesprimarily via interstitialswhenit is
intrinsic, but it diffusesprimarily via vacanciesvhenpresentin large concentration$l1]. We can
handlethis situationby having separat&eomponentdik e DL, which standfor “dif fusivity of boron
dueto the positively chagedinterstitials. We maywrite:
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D5 +DY = DY

Dt +DY = Df (2.30)
0 +
DI3 + DIB — fintr
DY +D;, !

where f{"" is the fractionalinterstitialogy componenof diffusionfor intrinsic boron. Thatis, fi"" is
the fraction of diffusivity causedby the interstitialsfor intrinsic conditions. Of course thesethree

equationsare not enoughto determinethe four unknavns D, D\B’O, Dy andDY", so, anotheras-
sumptionmustbe madebasedon the experimentaldatafor the dopant.For example,we canassume
thatborondiffusesalwaysthroughinterstitialoy mechanisnat all Fermilevels. We canthendefine:

_/n
Db = DP4+pY (PYip (P
B B +Dg n +Dpg n

0 -(nNn
DY = DY’ +DY’ (£)+D\B’ (H) (2.31)

Thisresultsin thefollowing systemof equations:

oCg

i —UJg — OJgy
o EVE ef 2.32
ot —03 — 0381 — k&' (CioCyo — CloClo) (2.32)
acy, . o o
5 -0k - 0% — k&' (CoCyo — CiCo)
where
Jo = —D=3/C|>'< [i(CBC|o)+CBC|oﬁIn(p/ni)}
By = _D\B//C\/O[ (CsCyo) —i—CBCVoDIn(p/n.)}
J = —DoxilCpo (2.33)
¥ = —DVoXVEICVO
kef kr(X1 +T15Cg) (Xv + T8/Cg)
with

oo e () 2

xv = 1+Kys (£>+K\,_ (nﬂ) (2.34)

n
o - et 2k ()
| |

n
| |
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If Cg) < Cg andCgy < Cg, onecanassumeéhatCl = Cg andwrite:

C' = (Xi+mCs)Cpo
Cy = (Xv+TwCs)Cyo (2.35)

A noteabouttherecombinatiorratek,%ﬁ: Actually therateis toohighasgivenhere becausé also
includesrecombinatiortermsthatactuallywould not be present.For example,anV~— andl~ would
be very unwilling to recombinebecausehey would repeleachother If the dopantis an acceptor
we would have 4 suchpairs: I~ andV~; IT andV*, BI® andV—; BV® and|~ (Note that BI® is
actuallynegatively chaged). For anacceptorBl~ andBV— areunlikely to exists,sowe don't have
to considerthem.

Thuswe have only 4 extra pairs out of the 25 pairs that canrecombinewith eachother The
errorof includingtheses pairsin the expressiorfor recombinatioris oftennegligible, andmalkesthe
equationgmuchsimpler If moreaccuray is desiredthe following mustbe subtractedrom the k,%ﬁ
above:

kr[Ki—Kv— (n/1) %+ K+ Ky+ (p/M)% + Kg oKy — (n/ni) + KgyoKi— (n/n)] (2.36)

2.1.6 Fivestreammodel

If we don’'t make the assumptiorthatpairingis fast,we shouldkeepall five variables.We cancarry
outasimilar analysisto eliminatethe chaging reactions.Theresultingsystemcanbe expressea@s:

oC
a—tB = —Rei—Rsv +Rai+v + Rev+i +2ReitBv
oC = o
TBl = —0Jgi+Rei —Rei+v — Rei+Bv
oC .
a':’v = —0Jsv +Rev —Rev4i —ReitBv (2.37)
oc’ .
e —0J —Reg —R4v
oy L o
a_cf[v = —0v—Rsv—Rv
where
- D5 [= ( Ca Cgi = p
= —_BIOg= —0OIn{ —
JB' Cf‘o[ <Tr|>+n'| n<ﬂi)]
P

vV
JBv = —D—f [D(Cﬂ)-l—cﬂﬂln( )}

Cyo Ty Ty ni
Rei = kBI[CBCI—%CBI]

Rev = kBV[CBCV—chV] (2.38)
Reiyv = kr(CaiCv —CoComiXvCs)

14



Revii = kr(CavCi —CoC ot/ Xi1Cs)
Reviel = kr(CavCal —C/oClomimyC3)

andothervariableshave samemeaningsasin the previoussection.

2.2 Initial conditions: Damagecreatedby ion implantation

To developmodelsfor TED, we needto have agoodunderstandingf thedamageheion implantation
proces<reates.Sincethereis no accuratevay of measuringhe damageprofile experimentally we
haveto rely on Monte-Carlosimulationgfor calculationof theimplantdamageln thiswork, we used
theMonte-Carloion implantsimulatorsTRIMCSR [4, 53] andUT-Marlowe [51].

The damagecreationprocessanbe summarizedsfollows: As anion with high kinetic enegy
entersthe silicon substratejt undegoesa seriesof collisionswith a numberof silicon atoms. The
kinetic enegy of theion is high enoughto displacetheseatomsfrom their original sites,leaving a
vacang behind.Thesesecondaryonsalsocollide with othersilicon atoms,etc.,creatinga collision
cascadeOneimplantedion caneasilycreatethousand®f Frenlel pairs (interstitial-vacang pairs),
dependingon the enegy and massof the implantedion. If the createddamagds high enough the
substratevill becomeamorphous.

2.2.1 Non-amorphizing implants

We first want to investigatenon-amorphizingmplants. In thesetypesof implants,the doseof the
implantedion is small enoughthat the createddamagedoesnt reachthe amorphizationthreshold.
Thus, the substratemaintainsit crystallinenature,althoughthereis extensve damagen the crystal
structure.

TRIMCSRassumeshatthe structureis amorphougo begin with. Thereforejt ignoresary chan-
nelingthatmay occurdueto the crystallinenatureof the substrate On the otherhand,UT-Marlowe
takesthe crystal structureof the substraténto accountand canpredictthe tilt androtationdepen-
denceof thetail of theprofile. Thedifferencebetweerthetwo simulatords obviousasrepresenteth
Figure2.1. Eventhoughtheimplanthasbeenperformedat 7° tilt and45° rotationto minimize chan-
neling,still substantiathannelingoccurs.Therefore UT-Marlowe will beour choiceof simulatorfor
non-amorphizingmplants.

Looking at the damagecreatedby the ion implantationprocesswe canseethat the numberof
Frenlel pairs generateds much higherthanthe numberof implantedions (Fig. 2.2). In fact, the
interstitialandvacang curvesare almostindistinguishabldrom eachother but thereis a vacang-
rich region nearthe surfaceandaninterstitial-richregion deepein the substrateThis stemsrom the
factthattheimplantationdrivessomesilicon atomsdeepeiinto the substrate.

We know that even during the implantationprocesshe Frenlel pairswill recombine. After an
extremelysmallthermalbudget(1 msat600°C), we would expectthatmostFrenlel pairswould have
recombinedecaus¢hesystems sofaraway from equilibrium. Thiswould leave uswith anet“+1”
damagewhereeachincomingion displacesonesilicon atom,suchthatthe netl—V doseis equalto
theimplantdose.
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Figure 2.1: Comparisorof UT-Marlowe and TRIMCSR simulationsof a 40keV 5 x 103 cm2 Si
implantat 7° tilt and45° rotation.
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However, I/V recombinationis not the only processoccurringduring the postimplant phase.
Interstitialsandandvacanciesanalsodiffuseandrecombineat the surface. Ab-initio calculations
shaw thatthediffusivity of vacanciess higherthanthediffusivity of interstitials,particularlyatlower
temperatures.Thus we would expectthe vacanciesn the vacang-rich region nearthe surfaceto
recombineatthe surfacemorereadilythanthey would recombinewith aninterstitial. To demonstrate
this effect, we have performedsimulationsassuminghat Dy > D, andboth surfacerecombination
andl/V recombinatiorarediffusionlimited processeskigure2.3 shavs thatwe indeedgeta region
nearthe surfacewherethe net|—V concentrations higherthanpredictedby a“+1" approachand
thenetl-V doseis largerthan“+1".

This effectis, however, dosedependentlf we have arelatively high dose thereis a higherprob-
ability thata vacang will first find aninterstitialandrecombinewith it. If we have arelatively low
dose thereis a higherchancehatthe vacang will hit the surfacebeforefinding anotherinterstitial.
Therefore we would expectthe netl—V doseafterrecombinatiorto be increasingwith decreasing
implantdose. We have run a seriesof simulationsto affirm this perceptionandindeedwe seethat
the“plus factor” canbeashighas10 (Fig. 2.4).

Notethattherearealsootherphenomenaccurringduringtheimplantationprocesssuchasamor
phouspocketformation,which mightincreasehe magnitudeof the*+n” effect. Formationof amor
phouspoclketsconfinegheinterstitialsandvacancies$o arelatively smallregionin spacelf avacang
manageso escapgheamorphougpocket, it hasafairly high chanceof hitting the surfaceratherthan
anotheramorphougocket. We believe that we have taken this effect into accountto someextend
by assumingD; = 0 in our simulations but clearly atomisticsimulationsarerequiredto accurately
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Figure 2.4: Net damage(I-V) dosedivided by implant dose (plus factor) for a seriesof non-
amorphizingdOkeV Siimplants.

estimataheseeffects.

2.2.2 Amorphizing implants

Thepictureis slightly differentfor amorphizingmplants.If thesubstratés amorphizedipto acertain
depth(the amorphous/crystallineterface),this portionwill regrow epitaxially, giving a defectfree
region aroundthe peakof the implant, andleaving an excessinterstitial profile only nearthe tail of
theprofile (Fig. 2.5). Thisinterstitialrich regionis alsocalledtheendof range(EOR) region andthis
is wherethedislocationloopsform.

Note that the net damagedoseis much lessthanthe implant dose,sincemuch of the damage
goesaway during solid phaseepitaxialregrowth. Therefore, TED from anamorphizingimplantcan
actuallybe lessthanfrom a non-amorphizingmplant. However, dislocationloops,which arevery
stable,have a negative impacton the device characteristicsThey arein the middle of the depletion
region, andthereforeincreasdheleakagecurrentof the junction.

Anotherimportantdifferencefrom thenon-amorphizingmplantsis thattheamorphizatiorthresh-
old hasno uniquevalue. Amorphizationthresholds thetotal vacang concentratiorabose whichthe
substrates assumedio beamorphizedlt is usuallyexpressedsapercentagef thesiliconatomcon-
centration(5 x 10?2cm—3). Studieshave shavn thatthis thresholddependon implanttemperature
andimplantdoserate,sinceboth of thesefactorsaffect the damageaccumulatiorprocesg47].

Moreover, thenetl—V doseis avery strongfunctionof theamorphous/crystalling/c)interface.
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Figure 2.5: TRIMCSR simulationof total and netimplant damagefor a 50keV 1 x 10°cm=2 Si
implant. Amorphizationthresholdhasbeenassumedo be 10%.

Under conditionsof Fig. 2.5, a 30A changein the a/c interfacewould changethe net -V dose
by 25%. Evenif the a/cinterfaceis measuredaxperimentally the end of rangedamagestill cannot
be determinedaccuratelybecauseof the sensitvity of the net|—V doseon the location of the a/c
interface. Therefore,it is importantto have anothermeasure suchas the numberof interstitials
trappedn dislocationloops,to modelthe netdamageainderamorphizingconditions.

2.3 Other parameters

2.3.1 Point defectproperties

Oneof the mostimportantparameter$or TED is point defectpropertiesgspeciallythoseof intersti-

tials. We tried to useasaccuratevaluesaspossible but sinceno directmeasuremenaf point defect
propertiecanbeperformedall parametevalueswe obtainin our simulationshaveto bere-calibrated
whena differentsetof point defectpropertiess used.In this sectionwe investigatethe relationship
betweerpoint defectpropertiesandmodelingresults.

The mostimportantparametetis the self diffusion coeficient via interstitials (D,C;" product).
The value of this productdirectly effects simulationresults. More precisely D|C; and /Dt (the
junction movementduring TED) areinverselyproportionalto eachother Luckily, the D|C;" canbe
relatively well determinedrom experiments However, themostreliableexperimentdor determining
D\C aremetaldiffusionexperimentswhich areusuallyperformedat highertemperatureghan TED
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conditions. Therefore a smallerrorin the actvationenegy of D,C mayleadto a big errorin TED
predictions.

The valuesof diffusivity of interstitials(D;) and equilibrium concentratiorof interstitials (C/")
individually don't affect TED resultsdirectly, aslong astheir productis constant. The durationof
TED is controlledby theflux of interstitialstowardsthe surface which is directly proportionalto the
ratio of solid solubility of interstitial (Cs¢) to C. Thus,aslong asthe D|C;" productandCss/C/ ratio
is constanttheresultswill remainunchanged.

The vacany parametersion’t affect the simulationresultsboth for TED and extendeddefect
evolution, exceptfor the“+n” effect describedn section2.2.1. Evenfor thateffect, the actualvalue
of Dy isirrelevant;the only thing thatis importantis Dy > D,.

In summary the primarily relevant point defectpropertiesare D|C; andCss/C/". In this thesis,
point defectvaluesfrom metaldiffusionareused[5, 58] consistentlyl/V recombinations notasig-
nificantprocesdor TED (exceptfor thefirst ps); thereforewe canassumdor simplificationthatit is
diffusionlimited. We have alsoassumedhatinterstitial precipitation(formationof extendeddefects)
is alsodiffusionlimited. This assumptions necessaryf we assumdastsurfacerecombinationsee
next section),in orderto ensurea steadyinterstitial flux towardsthe surface.

2.3.2 Surfacerecombination

UnderTED conditions,the surfaceis the main sink for interstitials. Databy Eagleshanet al. [17]

suggest surfacerecombinatiorratethatis decreasingvith time, sincethe rateat which interstitials
areconsumeds decreasin@pproximatelyexponentiallywith time. Otherexperimentalobsenations
alsoindicatethat a fasteffective interstitial surfaceregrowth exists for small thermalbudgets,with

amuchslower onefor longertimesandhighertemperature§l5]. Thus,ratherthanusinga simple
model with constantsurface recombinationrate, we usedthe film segregation model of Agarwal

andDunham[1] to accountfor surfaceregrowth. In this model,the primarymechanisnby which the
surfaceconsumednterstitialsis not surfacerecombinationbut segregationof interstitialsto theoxide
layer.

However, after performinga seriesof simulations,we find that the surfacehasno strongeffect
on theresults,aslong asit hasa fastrecombinatiorrate. The main reasonbehindthe exponential
decayin Eagleshans datais Ostwald ripening process.We find that usinga fast, constantsurface
recombinatiormodelgivesalmostexactly the sameresultsasthefilm segregationmodel. Therefore,
we switchedto aconstansurfacerecombinatiormodelwherewe assumedhattheratio of thesurface
recombinatiorvelocity andinterstitial diffusivity is > 0.1A°1,
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Chapter 3

Modeling Extended Defectswith Kinetic
Precipitation Model

3.1 Intr oduction

As mentionedn sectionl.2.3,TransmissiorkElectronMicroscogy (TEM) obsenations[10, 17] shov
that {311} defects(also known as “rod-like defects”)form, grow and eventually dissole during
annealingf ion implantedsamplesinitially, thereis ahugedriving forceto form {311} defectssuch
that, for sub-amorphizingilicon implants,almostthe whole net excessinterstitial doseaggreates
into theseextendeddefectswithin a very short period of time (lessthan5s at 815°C) [17]. As
annealingcontinuesthesedefectsundego Ostwald ripening: Their averagesizeincreaseandtheir
numberdecreasesThe total numberof interstitialsboundto thesedefectsdecreaseapproximately
exponentially andeventually all {311} defectsdissole anddisappearlt hasbeenreportedthatthe
time scalefor their dissolutionis aboutthe sameasthe time scaleof TED [10]. Theseobsenations
stronglysuggesthat{311} defectsplay a centralrole underTED conditions.If we could modelthe
evolution of thesedefectscorrectly we shouldbeableto predictTED.

In general hucleationandgrowth processegplay a critical role in a large rangeof materialspro-
cessingsystems.Classicalmodelingapproacheslivide suchprocesse#to two discretesteps,with
nucleationand growth being modeledusing fundamentallydifferentassumptionseachvalid only
underidealizedconditions.Thus,althoughtheseapproachearevery usefulfor understandingjual-
itative behavior, they areunsuitablein mary casedor the developmentof quantitatve models,par
ticularly undercomplex annealingconditions(e.g., multi-stepanneals) Noting the power of modern
computergo solve comple systemsof coupleddifferentialequationswe have developeda unified
approactio modelingof nucleatiorandgrowth processewhich extendsnucleationtheoryto include
thebehaior of supercriticalaswell assub-criticalaggreates.

3.2 Full Kinetic Precipitation Model (FKPM)

The major challengein modelingthe evolution of precipitatesand extendeddefectsis the fact that
differentsizeddefectshave very differentproperties.The Full Kinetic PrecipitationModel (FKPM)
[14] treatsprecipitatef differentsizesasindependenspecieq f,,) andaccountdor theirkineticsby

21



| 1 l n
Figure3.1: Growth anddissolutionof precipitatesdy attachmenandemissionof soluteatoms.

consideringhe attachmenandemissionof soluteatoms(Fig 3.1).

Thedriving forcefor precipitationis the minimizationof thefreeenegy of the systemwherethe
freeenegy of asizen extendeddefectis givenby:

AGp = —nkT|ng—:+AG§X° (3.1)
S

Here,Ca denoteghe soluteconcentrationCss is the solid solubility andAGF® is the excesssurface
andstrainenegy of a sizen extendeddefect. We usuallyassumehat AGF® hasa polynomialform,
sinceary functioncanbeapproximatedy a polynomial:

AGE® = ggno + a;nP1 + a,nf? (3.2)

with B2 < B1 < Bo < 1. Thelargestexponent(Bo) controlsthe asymptoticbehaior for large sizes.
Theoreticakalculationg43] for thefunctionalform of AGE*°shaw thatit is reasonabléo assumehat
Bo = 0.5since{311} defectsareplanardefects We usedB; = —0.2, 31 = —1 ascorrectiondor small
sizebehaior. ag, a; anday remainastemperaturéndependentitting parameters.

The main reactionin the systemis the attachmentand emissionof soluteatomsto and from
precipitates. If I, denotesthe net growth rate from size n to n+ 1, we may write the following
equation:

"7 DA (CE -Cifp) forn=1 '

Notethatl, is differentfrom otherterms,becauset representshe ratefor formationof the defects
by reactionof two interstitials.

The growth rateof precipitatess written in the form DA, whereA,, incorporatesffectsof both
diffusionto the precipitate/siliconnterfaceandthereactionat theinterface.\, is calculatechasecbn
solvingthe steady-statéiffusion equationin the neighborhoodf a precipitate taking its shapento
account(seeAppendixA). C; representshe interstitial concentratiorat which therewould be no
changen free enegy for a precipitategrowing from sizen to sizen+ 1. C; canbefound by setting
AGp = AGp1 andsolvingfor Ca.

(3.4)

AGES, — AGﬁ“:)

The evolution of the sizedistribution f,, is givenby the differencebetweerthe netrateat which
defectsgrow from sizen— 1ton (I,_1) andthenetrateof growth from sizenton+ 1 (I,). Sincethe
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fundamentabrowth processs the incorporationof a soluteatom,the total changein Cp includesa
termfrom eachgrowth reactiongiving asumover I :

of
—atn = Infl— In (35)
0Ca il

3.3 ReducedKinetic Precipitation Models (RKPM)

TheFull Kinetic PrecipitatiorlModel addsanextradimensionnamelyprecipitatesize,to theproblem
beingsolved. Evenif onelimits the numberof precipitatesizesthatwill be solved for, the number
of variabless still very largefor efficient solutionof the equationsystem.If the systemhasmultiple
spatialdimensionsthe numberof solutionvariablesbecomegprohibitively large.

To minimizethe computationabudget,we have developeda moreefficient versionof this model,
basednthework of ClejanandDunham[8]. Insteadof calculatingall the f,, onecalculatesonly the
lowestmoment®f thedistribution (m = 37, n' f,, wherei = 0,1,2,...). Thistransformshesystem
of equationgo thefollowing set:

%—T:Zill—kni[(n—kl)i—ni]'n (3.7)

Notethatthe sumsover the |, canall bewritten in termsof sumsover f,, nf,, etc. Hence they
canbe calculatedfrom the momentsf momentsareusedto describethe distribution. This reduces
the systemof equationgo be solvedto:

a .

a_”t“ = Da [22\C3 + moCayit — MoCssy ]

W= 3 [+ =], (3.8)
n—=

Vi = MCifa+ ¥ [0 — (=1 A1 i f

n=2

whereC: = C* /Cssand f, = fn/mo.

Sinceno finite numberof momentscanfully describea full distribution, we needa closureas-
sumptionwhichis anassumptiorabouttheform of thedistribution, f, = f(n,z). Thez areparame-
tersof thedistributionwhich canbedeterminedrom themoments.The numberof momentsve need
to keeptrackof equalsthe numberof parametere thedistribution function. This resultsin different
versionsof RKPM:

3.3.1 3-momentmodel (3KPM)

If nothingis known aboutthe distribution of extendeddefectsover sizespaceijt is logical to usean
enegy minimizing closureassumptiorj8]. The enegy minimizing closureassumptiorassumeshat
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the distribution will be the onethat minimizesthe free enegy, giventhe moments.It canbe found
from constrainedninimizationof the free enegy (AGp). This resultsin the following (normalized)
distribution with threeparameters:

fn = zoexp (—~AGEC/KT +zin+2n°) (3.9)

Theresultingsystemis a 3-momentsystem(SKPM):

b
T = DG - miCeg]
om
0 = DI[2CE+mCav} — moCsyy] (3.10)
b
a—TZ = D [4NMCR+MoCays —MoCssy, |
s _ _om
o ot
with
Yo = MCifz
V+ = )\ann
Y1 = Aléif}‘l‘ %)\n—léﬁlfn (3.11)
nN=

[ee]

v, = MCifo+ %(Zn—l))\n_lq_lfn
Nn=

For the 3-momentmodel (3KPM), the distribution functionis not readily integrable. Therefore,
we cant analyticallyreplacea function of the parametersf the distribution functionwith afunction
of the moments,which are our solution variables. Instead,we have to solve the following set of
non-lineay coupledequationsat every time stepandgrid point:

1 = ;zoexp (—~AGEC/KT + z1n+ 2on?)
n—=

My = ;nzo exp (—AGEC/KT +zin + zn?) (3.12)
n=

M = ;nzzoexp(—AGﬁxc/kT+21n+22n2)

n=

To make the simulationcomputationallyefficient, we solve the above non-linearsetof equations
for arangeof I’y andi, valuesandcalculatethey; for thesevalues.Thenthey; arestoredin alookup
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Figure3.2: Distribution of {311} defectdensitiesover defectsizesandbestfit to log-normaldistri-
bution. zo = 0.8 hasbeenusedin all fits. Datafrom PanandTu [41].

tableandinterpolationis usedto find valuesof y; for valuesof iy thathave not beentatulated.Clejan
and Dunhamhave appliedthis systemto dopantdeactvation and shoved that the useof a moment
basedapproactdoesnt refrainusfrom capturingthe physicsof the system[8].

3.3.2 2-momentmodel (2KPM)

For {311} defectsanddislocationloops,the sizedistribution hasbeenmeasuredxperimentally41].
Theresultssuggesthatthedistributionis roughlylog-normal:

fn = zoexp(—In(n/z1)?/2) (3.13)

Whenwe analyzethedata,we find thatz, appeardo beindependentf annealingime. Thedistribu-
tions canbe approximatedy log-normaldistributionswith z, = 0.8 (Fig. 3.2). Thus,we canreduce
the numberof parameterghencenumberof moments)to 2. The resultingsystemis a 2-moment
system(2KPM):

0 _

a—r;b = 11=D [MCZ — mCesyp |

om

= = 2l1+Dmo[Cay] —Cseyy] (3.14)
oCn _ _om

o ot
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with
Yo = MCif
V+ = )\ann
i = Y AGCifo (3.15)
1 n; n

Note that for the 2KPM, the integral of the distribution function canbe found analytically and
thereforegheparametersf thedistributioncanbecalculatedrom themomentdy meansf analytical
functions.Thiseliminategheneedfor thelookuptableandinterpolation giving speedandrobustness
adwantagesHowever, still they; needto be calculatedoy sums,whichis aniterative process.

3.4 Analytical Kinetic Precipitation Model (AKPM)

RKPM, althoughcomputationallymore efficient thanthe FKPM, canstill be very costly for large
simulationsin multiple dimensions We have developedan even moreefficient versionstartingwith
2KPM.

Firstof all, we notethatfor {311} defectsthekinetic precipitationrateA, is a weakfunction of
the precipitatesize (ascomparedo dislocationloops)andconvergesto a constantasthe precipitate
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sizeincreasegFig. 3.3). Therefore,it would be reasonabléo replaceA, by a constantvalue A for
all sizes.This valuecanbefoundapproximatelyfrom aweightedsumof A,,. Therefore our system
reducego:

0
6—”;'0 — 1y = DA [C2 — mCeyo]
om
5 = 2l1+DAmo[Ca — o] (3.16)
0Cp _ _O0m
o ot
with
vo = Cif
vi = 5 G (3.17)

Notethatin the above equations f, is givenby the distribution function we assumeandcanbe
determinedully if iy is given. For example,if the distribution functionis a geometricdistribution
function(f, = z7}), thenthedistribution canbedeterminedy solvingthefollowing setof equations:

1 = 2z
m = N2z, (3.18)
Thesolutionof this systemgives:
=2
S
1-7
Zp = — (3.19)
1

Hencethenormalizeddistribution canbewritten in termsof iy

- 1 (i —2\"7?
fn= — (m1—1> (3.20)

Sincewe alsoassumea functionalform for C;, they; areuniquelydefinedif rmy is known. so,in
fact,they; arefunctionsof iy :

>

Yo = Yo(fm)
yi = yi(ffy) (3.21)
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Looking atthe functionalform of C; and f,, we maywrite thefollowing limits for thesefunctions:

r'?|1:_r112y0 =G

Iimy = 0 (3.22)
m—o

limy, = 0

m—2

Iimy =1

m—o

Thus,for every AGF® f, pair, we canfind acorrespondingo(riy), y1(rfu) pair; andinsteadof using
theparametersf AGS® asourfitting parametersye canusecorrespondingarametersf yo(rfy) and
y1(rim) asfitting parameters.

To demonstratéhis transformationyve useanexample.Assumethatthe sizedistributionis again
geometricalas given by Eq. 3.20. For simplicity of calculation,assumdhaté; is alsogivenin a
geometridashion:

Cr=ab"1+1 (3.23)

ThisgivesC; = 1+aandf, = 1/(ffy — 1), resultingin:

l+a
= .24
o= 7 (3.24)
For y1, we have to do the following summation:
= pt+1
i n;(a +)m1—1(m1—1)
m1—2 ab
= 1 3.25
ml—l[ml(l—b)—1+b+} (3.29)

Similarly, startingwith the polynomialform of AGS*® as given by Eq. 3.2 and the log-normal
distribution of the defectsizesasgivenin Eq. 3.13, we calculatethe correspondingo(riu), yi(rim)
pairsnumerically Figures3.4and3.5 shav the setof calculatedy; for a givensetof coeficientsfor
thepolynomialof AGF©. Ourcalculationshow thattheresultscanbeapproximatedy thefollowing
functionsof My:

. K1
= 2
Yo(f) -] (3.26)
. m—2 (K0+2)K2>
M) = - 1+-—
Va(y) m1+Ko< m + Ko

To get a feel for thesefunctions, we have plotted themin Figure 3.6, in additionto Figures
3.4 and 3.5. The parameteiy controlsthe x-scale,parameteiK; definesthe overall scaleof yg
andthe parameteK, defineshe magnitudeof the peakfor y;. Usingthesethreeparametersye can
coverawide rangeof curve shapes.

Sincethey; calculatedfrom 2KPM and determinedby the analyticalfunctionsof AKPM are
approximatelyequal, we would expect that both modelswould give the samesimulationresults.
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Indeed whenwe testbothmodelsunderthe sameconditions the resultsarealmostindistinguishable
(Fig 3.7). To obtainFig 3.7, we have usedthe parametersf Fig. 3.4, with aninitial 5x 103cm—2
interstitialdose.

It is alsopossibleto find C;, andhenceAGH e, if the parametersf they; (K;) andthedistribution
functionis given, althoughthis procedurds lessstraightforvard. Sinceyy is the productof C{ and
f2, knowing yo, we caneasilyfind C;. Ontheotherhand.,y; is only dependenonCj throughCy. So,
we canfind C;, by solvingalarge setof linearequationghatis definedby:

Nmax

yi(ftn) = Zzéﬁfn(rﬁl) (3.27)

atdifferentriy. Onceé; is determinedAGE*® canbefoundby solvingtheexpressiorfor C: (Eq.3.4)
for AGE*®, which givesarecurrenceelation:

AGES, = AGZC+KT InC; (3.28)

Obviously, AG$*® mustbe setasareferencepoint.

3.5 Simple solid-solubility model (SSS)

All of the abore modelsaccountfor the fact thatthe characteristic®f the precipitateschangewith
changingaveragesize, and thereforecan be consideredas “sophisticated”’models. The simplest
modelfor precipitationis to assume constansolid solubility cut-off. Thisamountgo assuminghat
all soluteatomsabovethesolid solubility level will form precipitatesnstantaneouslyWe have added
akinetic ratefor this systemandwill useit for comparisonsvith KPM modelsdiscussedn thetext.
Therateequationdor this modelcanbeformulatedasfollows:

om DA(Ca —Csg)? forCa > Css
oCr _ _om
o ot

The first term in the above equationis for growth/dissolutionof the precipitates whereasthe
secondermis for nucleatiorof precipitatesvhenCp > Css Sincethis modelkeepsrackof only one
moment(my), we canclassifyit asa 1-momentmodel. This modelis similar to the modelproposed
by Rafferty [48], in the sensehatboth modelscapturethe dynamicsof clusterformation,but usea
constansolid solubility.
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Chapter 4

Modeling {311} Defectsand TED

In this chapterwe will applythe modelsthatweredevelopedin thepreviouschapterto {311} defect
evolutiondataby Eagleshanetal. [17] to obtainparametewaluesfor thesemodels.We will thenuse
theseparameterandmodelsto predictTED andcomparehe predictionsto boronmarker layerdata
by Packan[39] andChao[6].

4.1 Evolution of {311} DefectProfile

Eagleshanet al. [17] implanted5 x 103 cm~2 Si into silicon at 40keV and annealedhe samples
at varioustemperatures.They measuredhe resulting {311} defectdistributions using TEM and
reportedthe momentsof this distribution. However, they wereunableto obsere defectssmallerthan
a cut-off of 20A andassumedhatall {311} defectshave a constantwidth of 50A. An elongated
defectshouldnt have its width largerthanits length,sowe assumedv = min(l, 50,&) (seeAppendix
A). Wefit our datato momentdhatwe calculatethe sameway Eagleshanetal. did, but we will shov

thattherealmomentamight be differentfrom those.

First,weappliedthe3-momenmodel(3KPM) to Eagleshansdata.We optimizedour parameters
(ao, a1, a2 andCgg, With only Cgs beingtemperaturelependentjo matchthe datarepresentedit can
be seenthat we were able to obtaina good agreemenbetweenthe dataand the model (Figs. 4.1,
4.2 and4.3). We shav modelresultsboth for the full distribution (actual)andthe portion of the
distribution with size greaterthan20A (obsenable). Note that the averagesize of the obsenable
defects(l > 20,&) seemso diverge from the averagesize of all defects,andwe will explain this
behaior later.

To gainabetterunderstandin@f the systemlet usinvestigatehow the depthprofile changeover
time (Fig. 4.4). It canbe obsenedthatthe {311} defectpile is beingconsumedrom the sidethat
is closerto the surface,andthis procesanovesthe profile deeperlinto the substratewith time. As
a matterof fact, the approximatelyexponentialdecayof the numberof interstitialsin {311} defects
arisesfrom thecombinatiorof the Ostwaldripeningbehaior andtheshift of the{311} defectfrontier
away from the surface.

Fig. 4.5 shows a plot of C}; versusdefectlengthfor this system. It canbe obsenedthatC} has
a peakaroundn = 7, which would be the leaststableclustersize. The factthat small clustersare
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stablegivesriseto the very rapid formationof {311} defectswhereaghe continuouslydecreasing
C; forl > 10A givesriseto the ongoingOstwald ripeningin the system.Theleveling off aftersizes
| > 300A stopsthegrowth of {311} defectsaround = 1504, assuggestethy thedata.Notethatthe

exactshapeof C; depend®n theform assumedput the generalkslopeis necessaryn orderto match

the experimentaresults.

Theshapeof thedistributionoverthesizes(Fig. 4.6)alsotells usthatthereis anunstableregion of
clustersizes suchthatthedistributionsaredouble-pea&d. This shapeof thedefectsizedistributionis
animmediateresultof theenegy-minimizingclosureassumptionThefactthatEagleshanetal. can-
not obsere clusterssmallerthan20A resultsin an overestimatiorof the averagesize (seeFig. 4.2),
aswell asanunderestimationf my, thenumberof clustergFig. 4.3). Theclustergn thefirst peakare
completelyinvisible to them. Luckily, theseclustersdon't contrikute significantlyto m;. Note that
for alog-normalclosureassumptionthereis no secondgpeak,suchthatthe averagesizeof obsenable
clustersandall clustersis the same.

We characterizedhe parameter®f the systemfor differenttemperaturegspecifically 815°C,
738C, 705°C and670°C), taking only Css astemperaturelependentTwo of thesefits areshown in
Fig.4.7.

We thenappliedthe samesystemandparameterso the dosedependencef interstitialsin {311}
defects. Poateet al. [46] reportedthat above a thresholddosethe numberof interstitialsin {311}
defectsattheinitial stageof TED increasedinearly with implantdose but with aslopeof aboutl.4.
Our modelwasableto accuratelypredictthis behaior (Fig. 4.8), boththe slopeaswell asthe dose
belor whichno {311} defectsform.
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TED. Datafrom Poateetal. [46] for 40keV Siimplantsand1hr anneaklt670°C.

4.2 Predictionof TED

We usedthe parameter®btainedin the previous sectionto predict TED behaior asa function of
implantandannealingconditions.For comparisonywe useddatafrom Packan39], whousedmplants
of 29Sj into silicon at enegiesrangingfrom 10keV to 200keV anddosesrangingfrom 1 x 102 to
2 x 10 cm—2. TED wasmeasuredby observingprofile movementof adeepboronmarker layer No
furtherfitting wasdoneat this stageandall parametersverefrom work citedpreviously[1, 5] or from
matchingdataby Eagleshanet al.

Theresultsshowv thatthemodelpredictionsdo agoodjob in matchingthetime andenegy depen-
dence(Figs.4.9and4.10). The modelnot only givestheright magnitudefor the obsernedenhance-
ments,but alsopredictslengthof time TED lasts. In addition, it alsocorrectly predictsthat higher
dosesor enegiesmalke TED lastlonger, but give similar enhancement®r shorttimes(Fig. 4.10).
Thepredicteddosedependencmatchesnostof thedata(Fig. 4.11),with substantiatlifferencesonly
for the lowestimplantdose.Pleasenotethatin thesesimulationsa “+1” damagedosewasusedand
theeffect of usingaplusvaluethatis dosedependenwvill beinvestigatedater.

4.3 Comparisonof models

In this section,we will comparefour extendeddefectmodels:3-momentmodel (3KPM), which was
demonstratedh the previous section,2-momentmodel (2KPM), the simple solid solubility model
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(SSS)andtheanalyticalmodel(AKPM). We first review theassumptionsf thesefour models:

e 1-momentmodel: In thismodelwe assumehatsoluteatomsabove solid solubility precipitate
to extendeddefectswith a diffusion limited rate. This model doesnot accountfor Ostwald
ripening.

e 2-moment model: We uselog-normaldistribution of extendeddefectswith fixed zo. The
variableswve have aremg andnmy.

e 3-momentmodel: We useenegy minimizing closureassumptiorwith threemoments.

e Analytical model: We useanalyticalfunctionsfor the reactionratesthat dependon average
size.

Figure4.12shaws the comparisorof 1-, 2- and3-momentmodelsto the {311} dissolutiondata
from Eagleshanet al. [17]. It canbe obsered that both the 2 and 3-momentmodelsaccurately
capturethe obsered behaior. However, the 1-momentmodel cannotaccountfor the exponential
decayin thenumberof interstitialsstoredn {311} defectssinceit neglectsOstwaldripeningprocess,
andpredictsanapproximatelylineardecayin thenumberof interstitialsstoredin {311} defects.The
exponentialdecayrateis aresultof decreasingupersaturatiorof interstitialswith time, whichis, in
turn, aresultof theripeningof defects.

Whenwe apply AKPM to the samesetof data,we find thatit alsodescribeshe Ostwald ripening
procesequallywell, althoughthe computationtime is muchsmaller(Fig. 4.13andFig. 4.14). This
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Figure4.12: Comparisorof 1, 2 and3-momentmodelsfor evolution of {311} defects.Both 2 and
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Figure 4.14: Evolution of the averagelengthof {311} defectsandcomparisorto analyticalmodel
(AKPM).

makesthe AKPM modelof choicefor simulationof {311} defectsin large systems.The factthat
AKPM doesnt requireary proprietaryoperatorsenablesasyintegrationto mary PDE solvers.

If we look at TED datafrom Packan[39], the differencedetweerthe threemodelsis relatvely
small(Fig. 4.15).Onecanreadilyobsenre thatthefinal amountof TED predictedby all threemodels
is approximatelythe same.This is dueto the factthatthe final amountof TED is not dependenon
how the interstitial supersaturationevolvesover time, but ratheron effectivenessof the surfacein
consumingnterstitials.Only at shorttimesdoesthereseento beasignificantdifferencebetweerthe
models.If we look at shorttime behaior moreclosely the differencebetweerthe modelsbecomes
moreevident (Fig. 4.16). The 1-momentmodelpredictsa constantenhancemenaf diffusivity until
TED is over, whereaghe 2-momentmodelaccountdor thereductionof diffusivity enhancement
or interstitial supersaturation— during TED. Again, thisis aneffect causedy the Ostwald ripening
process.

4.4 Effect of “+n” factor

Let'sinvestigatehedifferencedvetweerusinga“+1" modelfor initial damageandthemorerigorous
“+n” modeldescribedn section2.2.1usingAKPM. Sincethe”+n” modelpredictsa plusvalueas
high as 10 (Fig. 2.4), we would expectthatthe TED predictionsat lower doseswould be would be
substantiallyincreasedHowever, simulationsshov only a mamginal increasgFig. 4.17). Thereason
behindthis canbeunderstoodby investigatinghedepthprofile of thedamagédFig. 2.3). Althoughthe
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lowerimplantdosesndeedresultin ahigherplusvalue,muchof this extrainterstitialconcentratioms
nearthe surface,suchthatit is dissohedvery quickly. Thereforetheneteffect of this excessdamage
is minimal.

However, to fully understandhe effects,a morerigorous”+n” modelhasto be developedbased
on atomisticsimulations,which takes diffusion of interstitialsand vacanciesduring annealinginto
accountandalsoconsiderdactorssuchasamorphougpocket formation.

4.5 Summary

In summarywe have developeda rangeof KPM modelsandtestedthemfor validity andaccurag

underdifferentconditions. For the evolution of {311} defectsandfor TED behaior the difference
betweerthe2 and3-momenimodels(2KPM, 3KPM) andtheanalyticalmodel(AKPM) is negligible.

The orderingof modelswith respecto their computationakfficiengy is asfollows (from mosttime

consumingto leasttime consuming):3KPM, 2KPM, AKPM, SSS.For the rangeof availabledata,
AKPM seemdo bethebestcompromisebetweercomputationagfficiency andaccurag.

The simplesolid solubility model(SSS)is not ableto accountfor the Ostwald ripeningprocess,
andthusis unsuitablefor modelingof extendeddefectkineticsandshort-timeTED behaior. How-
ever, it doesa goodjob in predictingthe final amountof TED. But the kineticsof {311} defectsat
theinitial stagesf TED is importantif we have temperatureamps. Dependingon the speedof the
temperatureamp,we mayendup with differentamountsof clusterednterstitials. The SSSmodelis
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not capableof makingthis distinctionsinceit doesnt accountfor Ostwald ripening. Anotherpoint
wherethe {311} defectkineticsis importantis whenwe have a competingprocesssuchasboron
interstitial cluster (BIC) formation. In sucha case,both {311} defectsand BICs will competein
capturingtheinterstitials,andthe kineticsbecomemportant. With respecto all of these we won't
recommendisingSSSmodelfor modelingextendeddefects.
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Chapter 5

Modelsfor Dislocation Loops

5.1 Extending KPM to dislocationloops

Our first approachto modelingof dislocationloopswasto extendthe KPM modelto includedislo-
cationloopsin additionto {311} defects.We did this by assuminghattherearetwo populationof
extendeddefectswhich caninteractwith eachother We assumedhatfor smallersizesit wasener
getically morefavorableto stayasa {311} defect,but above a certainsizeit wasmorefavorableto
transforminto a dislocationloop (Fig 5.2). Our simulationsgave a cross-@er aroundn = 2200. The
transferratefrom {311} defectsnto dislocationloopscanbe expresseas:

{3113 loop
D [fém}—fr'?"pexp (_AGn —AGn )

o T (5.1)

whereb is a “capturedistance. We found a value of 20pum for b. Thusthe transferfrom {311}
defectsnto dislocationloopsis aratherslow process.

Pan et al. [42] implanted1 x 10t cm~2 Si into silicon at 50keV and annealedhe samplesat
850°C and1000°C. They measuredheresultingdislocationloop distributionsusingTEM. We mod-
eledtheir datausinga similar approachto {311} defects. The parameterdor {311} defectswere
from previouswork [25]. It canbe arguedthatCss for loopsshouldbejustC/, sinceaninfinite size
perfectloop is nothingbut an extra planein silicon. For partial loopsCss shouldbe slightly highet
but smallchangesn Css hadno significanteffectin our simulationresults.Initial damageconditions
wereobtainedasdescribedn Section2.2.2,wherethe amorphizatiorthresholdhasbeenadjustedo
getthecorrectdoseof interstitialsin loops.

Ourresultsshowv thatwe wereableto correctlymodelthe evolution of the systemandtransforma-
tion of {311} defectsinto dislocationloops(Fig. 5.3). We werealsoableto getthe correctOstwald
ripeningbehaior (Fig. 5.4). Similarmatchedor datafrom Lui etal. [35] thatincludedlongeranneals
which ledto substantialoop dissolution(Fig. 5.5).

Therelatively slow dissolutionrate of dislocationloopsstemsfrom the factsthatthey cangrow
very large andCss for loopsis closeto Cf'. This resultsin C}; for loopsapproaching’, sothatthey
sustainonly a small supersaturationof interstitials. Sincetheseloopsaredeepin the substrateand
sustainonly a minimal supefsaturationtheflux to the surfaceis smallandthusdissolve they slowly.
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5.2 Analytical loop model

Althoughthe modelpresentedn the previous sectiongivesgoodpredictionsof loop evolution, it is
computationallyexpensve. Therefore we seekto find ananalyticalmodelfor loop evolution based
ontheanalyticalmodelfor {311} defectf AKPM). Theapproactwe takeis similar: We assumehat
{311} defectstransforminto dislocationloops by an unfaulting reactiononcethey reacha critical
size.We cannotethefollowing pointsfor thefunctionsthatareinvolvedin AKPM:

e Loopshavealowersolidsolubility than{311} defectstypically aroundC;. Thereforewehave

to setthe solid solubility of the {311} defects/dislocatiotoop distribution to C2°P. Sincethe
yi areinverselyproportionalto the solid solubility they have to be multiplied by the difference
for smallersizes.

e TO ensurer!iin y1 = 1, we needa functionalchangeafterthe {311}/loop crosseer point (Neyit).

e They; haveto becontinuousatthe {311}/loop cross@er point (Nerit).

To understandavhattypeof functionthisrestrictionsggive, we proceedasearlier: We useAGE*® for
dislocationloops(whichis identicalto AGE® for {311} defectsat sizessmallerthanngi;), andalog-
normaldistribution function; andfind the corresponding; aswe did for {311} defectsby Eq.3.17.
Theresultsareshavnin Fig 5.6, togethemwith analyticalfunctionsthatcapturethe behaior of y;.
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We find a setof y; functionsto be usedwith AKPM by extendingthe setof functionswe usedfor
{311} defects:

311}
S

Cé{ K1
CE -1

1 a
K for My > Ny
\ 3<m1_1) 1 > Nerit

c3 py —2 (1+ (Ko+2)K2

w o= ) C ko \M kg

Ko+2\*° .
1+K for My > Ny
+ 4(m1+Ko> > Neit

for My < Ngrit

Yo = < (5.2)

) for My < Nt
(5.3)

\

whereK3 andK,4 arechosersuchthat continuity of yp andy; areensuredFig. 5.7). In our simula-
tions, we have useda cross-eer point of neir = 1000andleft a asafitting parametersPleasenote
that nerit shouldnot be interpretedas“the pointwhere{311} defectto dislocationloop transforma-
tion happens, but rather“the sizebelowv which no {311} defectto dislocationloop transformation
happens. Thetransformatiorwill happeratary sizegreaterthanngi.

We againcompareour modelagainsdatafrom Panetal.[42]. As onecanreadilyobsenre,agood
matchcanbefound(Fig. 5.8andFig. 5.9). Sincethismodelcant distinguishbetweertheinterstitials
containedin dislocationloops andthe interstitialscontainedin {311} defects,we cant plot them
separately However, to obtainanideaon how the {311} defectswould evolve, we canturn off the
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loop portion of the modelandplot {311} defectsin the absencef loops(Fig. 5.8). The modelalso
givesa goodfit to the Ostwald ripeningprocessf dislocationloops(Fig. 5.9).

5.3 Simulating TED

We have appliedour loop modelto TED conditionsto predictdopantmovementof a buried marker
layerdueto anamorphizingmplant. To this end,we have useddatafrom Chao[6] andHuang[32].
Chaoalso had datafor non-amorphizingmplants,and for thoseimplantsthe model predictsthat
dislocationloopswill neverform in agreementvith experiment.

Our resultsshav thatwe wereableto predict TED behaior over a large rangeof implantdoses
(Fig. 5.10). Although the factthata 1 x 10'°>cm~2 implant causedess TED thana 1 x 10" cm2
implantmay seemsa little paradoxicaln thefirst look, it is very reasonablevhenwe considerthat
mostof theimplantdamageannealout by epitaxialregrowth for amorphizingmplants.

5.4 Modeling heterogeneousiucleation

Themodelwe demonstrateth the precedingsectionsassumedhatthesolemechanisnof dislocation
loop formationwasthroughtransformatiorfrom {311} defects,andthatthe {311} defectsgrow to
a certainsize (nqit), after which it becomesenegetically favorableto transforminto a dislocation
loop. Moreover, we assumedhatthe nucleationof {311} defectsandhenceformationof dislocation
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loopsis ahom@eneougprocessThatis, in thewafer, thereis no preferredsitefor {311} defect/loop
formation andthesedefectswill form anywherewhenthereis enoughdriving force to form these
defects.

However, experimentalobsenationsby Pan et al. revealedthat after annealingan amorphizing
implant,thereexistsalsoloopsthatarein sizemuchsmallerngi: [41]. Althoughour previous model
doesnt rule out this possibility, it is very unlikely thata small {311} defectwill transforminto a
dislocationloop sinceit is enegetically unfavorable.Panetal. concludedhatthesdoopsmusthave
nucleatedlirectly from the matrix.

But why do we obsere loopsthat nucleatedirectly without {311} defectsif we have anamokr
phizingimplant,andobsenre only {311} defectsf we have anon-amorphizingmplant? Theanswer
may be hetepgeneousucleationwith the amorphoud crystallineinterfaceactingas a nucleation
sitefor dislocationloops. Thereforewe canhave dislocationloopsthataremuchsmallerthan{311}
defectssincethey have formedby nucleationassistedy theamorphous/crystallinmterface.

We now seekwaysto extend our modelto includethis capability Oneway of accomplishing
this goalis to have two separatelistributionsof extendeddefects.Thefirst distribution would bethe
distribution for {311} defectsanddislocationloopsthatwereformedby transformatiorfrom {311}
defects,which is the distribution we consideredn previous section. The seconddistribution would
befor dislocationloopsthatformedheterogeneouslsit the amorphous/crystallinmterface. We can
dealwith the heterogeneousatureof the seconddistribution by lowering the formationenegy of
theseextendeddefectsaroundthe amorphous/crystallinenterface. A simpleway of achieving this
goalis depictedin Fig 5.11. Sincewe cant seesmall size defects the determinatiorof how AGS®,
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Figure5.11: Distribution of C;; for heterogeneousucleation.Note thatC;, will be differentfor the
pureloop distribution basedn spatiallocation.

andhenceC}; lookslik e at smallsizeswill have to depencheavily on atomisticcalculations.

Oneissuehereis the“thickness”of theheterogeneousucleatiorregion. An initial approximation
could betheroughnes®f a/cinterface. However, the regionswherethis nucleationeffectsthe point
defectconcentrationsangrow to the maximumloop size.

5.5 Summary

In summarywe wereableto modeltheformationandevolution of dislocationloopsby extendingour
modelfor {311} defectsto a systemwith two distributionsandaccountingfor the transferbetween
{311} defectsanddislocationloops. We alsodevelopeda computationallyefficient versionof this
model,basedon AKPM.

The loop modelextendsour TED predictioncapabilityto amorphizingdoses.We wereableto
obtaingood TED predictionsfor alargerangeof implantdoses.
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Chapter 6

Software DevelopmentEfforts

In orderto carryout the simulationsdescribedn the precedingchaptersye have developeda multi-

purposepartialdifferentialequationsolver, DOPDEESwhichis capableof solvinginitial valueprob-

lemsin onespatialdimensionusinga finite differencesmethod. The systemof partial differential
equationss specifiedusing a “dial-an-operator’paradigm,and the programusesTcl (a re-usable
and extendiblecommandanguagedevelopedat UC Berkeley [38, 54]) asa front end. DOPDEES
hascommandsgor structuregeneratiorandmodification,aswell asfeatureghat make simulationof

time-varying parameterge.g. temperaturgamps)possible.The solver is fastandsuitablefor useas
aprocessimulatorandmodeltestbedin 1-D.

ProcesModelingModules(PMM) is aframework for platform-independerscriptizationof com-
monly encounterednodelsin the processnodelingcommunity PMM freesthe userfrom theburden
of specifyingall equationsandparameterfor commonlyknown models but still retainsthe powerto
specifyarbitraryequationsandmodels.It alsoprovidesa framenork for transferringmodelsdirectly
from the university to the industry without the needfor a vendorto implementthosemodelsin a
commerciaprocessimulator

6.1 DOPDEES

The shrinkingdimensionof VLSI devicesleadsto morecomplex phenomendecomingimportant
duringfabrication. This requiresa flexible ervironmentfor developingprocessnodels. The system
shouldnot restrictthe userto predefinedmodels,but rathershould enableimplementationof arny
systemof continuumequationsDOPDEESis suchaneffort.

DOPDEESs a multi-purposePDE initial valuesolverin onespatialdimensionthatusesa “dial-
an-operator’paradigmfor specificatiorof the equationsystem[37]. The primary aim of the codeis
rapiddevelopmenif continuummodelsandit maybeusedfor avariety of systemslt is intendedo
be easyto useandeasyto extendwith new operators.

DOPDEEScanbeusedin ary systemwherethe userwantsto obtainsolutionsfor coupledpartial
differentialequationgPDES). The programwasoriginally written to solve diffusion/reactiorprob-
lemsandthis is why it comeswith operatorssuitedfor suchsystems.However, if the operatorsor
functionsthe userneedsarenotincluded,it is relatively easyto addthem. Anotherpositive feature
is thatthe useris ableto selectthe integrationengine asdifferentsystemdenefitfrom differentnu-
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Field - Equation
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Function Evaluable

Figure6.1: A structuran DOPDEESconsistof regions,which eachhave anumberof fields(solution
variables)yndagrid structure Eachfield is associateavith anequationof thetypedf /ot = S op.

mericalalgorithmswhich associatedrade-ofs in speedandstability. Therearealsocommanddor
grid generatiorandresultextraction. The userinterfaceof DOPDEESIs in Tcl, which providesfor
powerful input scripting.

DOPDEESsolvesa given setof partial differential equations. The (one dimensional)spaceis
assumedo bedividedinto chunkscalledregions andit is assumedhat differentequationseedto
besolvedin differentregions(Fig 6.1). Thesolutionvariablesarecalledfields andit is assumedhat
for all fieldsequationsf thetypedf /ot = ... exist thatdescribethe PDEs. A field specifiedin one
region doesnt exist in others,unlessexplicitly specified.Actually, the only communicatiorbetween
regionshappenshroughboundarytransfers.

The right hand sidesof the partial differential equationsare specifiedas a sum of operators:
df /ot = Y op This approachis calleddial-an-opeator, sincethe usercanchoosethe operatorson
theright handside. The operatorcanmake useof functions which canbe definedin termsof fields
anddefinedparametersswell asotherfunctions.

DOPDEESactuallydiscretizeghe userspecifiedoartial differentialequationsaandthensolvesthe
resultingsetof ordinarydifferentialequationgODE) usinga standardDDE solver, or solver“engine”
(Fig. 6.2). This considerablyreduceghe codedevelopmenttime, while the useof well-known, bug-
free codeleadsto stability in the program.

DOPDEESsupportstime-varying parametersywhich enableshe userto simulatesystemdike
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Figure6.2: DOPDEEShandlesPDEsby discretizingthemusingfinite differencesandfeedingthem
into a standardODE solwer.
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temperatureamps. The parameterandfields are handledalike usingthe samefunctions,the only
differencebeingthata parameters a singlevaluedquantityin aregion, whereadields have different
valuesat eachspatialgrid point. Whenfunctionsaredefined theresultingquantityis singlevaluedif
all amumentsaresinglevalued,otherwiseit is assumedo be multi-valued. This eliminatesthe need
for writing separatdéunctionsfor parameterandfields, but still leadsto efficient execution.

6.2 ProcesdModeling Modules (PMM)

The conceptof ProcessModeling Modules(PMM) developedfrom our realizationthattherewasa
gapto befilled betweera processnodelingsoftwarelike SUPREManda partialdifferentialequation
(PDE) solver like DOPDEESor Alamode. Processsimulatorsare not flexible enoughto provide
choiceovertheequationgo besolvedfor; they arehard-code@ndusercontrolis limited to afixedset
of modelsandparameteralues.Onthe otherhand,whenusingageneraPDE solwer, it is necessary
to specifyevery singleequationandparametein all input decks,evenif someof the equationsand
parameterareconsideredo bewell-known. In additionto the overheadnvolved,this mayalsolead
to inconsistenciebetweerusersor groupsof users.

Thus,oneform of softwareprovidesalmostno flexibility , while the otherrequiresthe samework
to bedoneoverandover, oftenleadingto errors.We attackthis dilemmaby writing reusablenodules
that canbe incorporatednto input decksof PDE solvers. This approachretainsthe flexibility of a
PDE solver, while providing reasonablelefaultsfor modelsandparameters.

Severalstandardnodelshave beenimplementedn PMM, aswell asmary modelsthathave been
developedat BostonUniversity. Fig 6.3 shavs available modelsaswell astheir interdependencies.
PMM (ProcessViodeling Modules)usesa hierarchicalmodeldescription suchthat modelscanin-
cludeothermodels,andensuresnter-operabilityof modelsby consisteng checks.Currently PMM
includesa collectionof modulesfrequentlyencounteredh VLSI processnodeling:

e Dopantdiffusion,simpleandcoupledwith point defects.

Pointdefectdiffusion,generatiorandrecombination.

Dopant-dopanpairing.

Two-streandiffusionin polysilicon.

Clusteringof point defectsandprecipitationof dopants.

PMM modeldescriptionareindependentf the PDEsolverused thusproviding amechanisnfor
transferof modelsbetweersimulationpackagesln additionto DOPDEES PMM hasbeeninterfaced
with the Alamodesolver [55], which is part of the SUPREMOO7 system.We have alsopublished
a white paperdescribingthe commonscripting platform [56]. The TCAD software vendorAvant!
Corp. shaws an effort to integratePMM with their newv processsimulator We believe thatthe use
of the PMM conceptwill speedmodeldevelopmentandfacilitatetransferof thosemodelsbetween
groupsof users.The mostdirectimpactwould be rapid transferof modelsfrom university research
groupsto industry withoutthe needto wait for implementatiorby commerciakoftwarevendors.
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Figure6.3: Modelsimplementedn PMM andtheir interdependenciedodulescaninherit parame-
tersfrom lower level modulesanddo consisteng checks.

6.3 Simulation of dopant diffusion

As an examplewe will considerdiffusion of two dopantsboronandarsenic,in silicon. The diffu-

sivity of bothboronandarsenicaredependenon the local Fermilevel, andthereforethey canaffect
eachothersdiffusionthroughthe netdopantconcentration At high concentrationsarsenicis know

to becomemmobile andelectricallyinactive. We will considera simple modelwherethe effect of

point defectinteractionds not takeninto account(the Fermimodel)andthe deactvation of arsenic
is assumedo happerabruptlyabore the solid solubility. More rigorousmodelsexists both for diffu-

sionanddeactvationandhave beenimplementedn DOPDEES/PMMframewvork. Underconditions
wherethe pointdefectconcentrationsrecloseto theirequilibriumvalues this modelshouldprovide

reasonableesults.

Thesetof PDEsin our systemcanbeformulatedasfollows:

Cs =~ (= ,
= = DDB(DCB—CBDm(n/n.)) (6.1)
oC L .
=2 = DDAS(Dcﬁghrcggtmln(n/ni)) 6.2)
C3%' = min(Cas,Cso) (6.3)
n C3%—Cq Cat-Cg\?
3= (o) () ©9
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The diffusivities of boronandarsenicareassumedo dependon n/n; in a standardnanner In
addition to the silicon region, we also have an oxide region on top of the structureand boronis
assumedo sayregatepreferentiallyto the oxide. Figure 6.4 shows the scriptusedin DOPDEESfor
model definition. Note thatthe operatorsneedto specifyto which field (i.e., equation)they belong
to. UsingPMM greatlysimplifiestheinputfile sinceit callsthe pre-defined-ermimodule(Fig. 6.5).
Notethatthe usercanstill specifyanarbitrarysetof PDEs,for this casePDEsfor boronsegregation
to anddiffusionin the oxide, whenusingPMM modules. This ensuresmaximumflexibility while
simplifying theinput. Figure6.6 shavs theinitial andfinal dopingprofilesin thestructure.
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set TEMPK [unit 900 C]

# Silicon atom concentration

set CSi [unit 5e22 cm-3]

# "Average" lattice spacing in Si
set ASi [expr pow($CSi,-0.333333)]

# Define operators
region select Oxide

# Diffusion of boron in oxide
set DB_0x [arrhenius 1.83e-2 3.82 cm2/s]
op diff CB $DB_0x CB

region select Silicon

# Active arsenic concentration
set CSS_As [arrhenius 2.22e22 0.47 cm-3]
set CAs_act [func min CAs $CSS_As]

# Carrier concentration in silicon
set NI [arrhenius [expr 3.9e16*pow($TEMPK,1.5)] 0.605 cm-3]
set nni [func carrierconc [func sum $CAs_act [func prod -1 CB]] $NI]

# Diffusion of boron in Silicon

set DB_O [arrhenius 0.037 3.46 cm2/s]

set DB_P [arrhenius 0.76 3.46 cm2/s]

set DB [func diffusivity $nni $DB_O O $DB_P 0]
op diff CB $DB CB

# Drift of boron
op diff CB [func prod -1 $DB CB] [func log $nni]

# Diffusion of arsenic

set DAs_0 [arrhenius 0.0666 3.44 cm2/s]

set DAs_M [arrhenius 12.8 4.05 cm2/s]

set DAs [func diffusivity $nni $DAs_O $DAs_M O 0]
op diff CAs $DAs $CAs_act

# Drift of arsenic
op diff CAs [func prod $DAs $CAs_act] [func log $nni]

# Segregate boron to the oxide

set mseg [arrhenius 1126 0.91]

set Ktr [func div [func sum $DB_O $DB_P] $ASi]

op transfer Oxide CB CB [func div CB $mseg] CB $Ktr

# Run the simulator.
solver run 0 [unit 30 min]

Figure6.4: DOPDEESInput scriptfor the solvingthe equationsystemfor co-diffusionof boronand
arsenic.
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set TEMPK [unit 900 C]

# Define operators
region select Oxide

# Diffusion of boron in oxide
set DB_Ox [arrhenius 1.83e-2 3.82 cm2/s]
op diff CB $DB_Ox CB

region select Silicon

module fermi -sss -suprem -debug

# Segregate boron to the oxide

set mseg [arrhenius 1126 0.91]

set Ktr [func div [func sum $D(B,0) $D(B,P)] $ASi]
op transfer Oxide CB CB [func div CB $mseg] CB $Ktr

# Run the simulator.
solver run 0 [unit 30 min]

Figure 6.5: DOPDEESInput script for the solving the sameequationsystem,but with the Fermi
modelimplementedisinga PMM script.
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Figure6.6: Theinitial dopantprofilesandfinal profilesaftera 30min annealat 900°C accordingto
simulationusingthe Fermimodel.
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Chapter 7

Summary and Futur e Dir ections

7.1 Modeling and experiments

Our aimin this work wasto understandhe physicalprocessesccurringunderTransientEnhanced
Diffusion(TED) conditions expresshemin a mathematicamodel,integratethis modelinto a diffu-
sionequationsolver andquantitatvely matchthe experimentabbsenations.

To this end, we have developeda solid physicalmodel (KPM) for the evolution of extended
defects({311} defectsanddislocationloops)which areobsened underTED conditions. We have
alsodevelopeddifferentversionsof KPM thathave applicability underdifferentcircumstancesand
have anassociatedangeof computationakfficiengy. Thefull setof modelsdevelopedin this work
givestheuserthe ability to make appropriatdrade-ofs betweeraccurag andcomputationatime.

We have appliedKPM to {311} defectsthatare obsered undernon-amorphizingmplantcon-
ditions and we were ableto get a good agreementvith the available experimentaldata. We have
thenusedthis modelto predictTED behaior basedn marker layerexperimentsandwe foundgood
agreementor the magnitudeof TED, aswell asthetime enegy anddosedependencelo extendthe
modelto dislocationloops, we assumedhat dislocationloopsform by unfaulting of {311} defects
asobsenedexperimentally We accountedor this transformatiorin our modelandwe wereableto
obtaina goodmatchto the experimentaldatawithout ary modificationsin the {311} defectmodel.
We alsoindicatedhow the samemodelcould be usedfor heterogeneousucleation.

Note that we have only dealtwith silicon implantsand marker layer experimentsin this work.
A naturalextensionof our work is to extendit to dopantimplants,which are usedfor makingreal
devices. One of the phenomenahat becomesmportantundertheseconditionsis the decreased
solid solubility of boron,which hasbeenattributedto formationof boron-interstitialclusterg(BICs).
Modeling BICs with a comprehensie, yet computationallyefficient modelremainsstill a challenge
atthis point, althoughseveralresearcherbave madesubstantiaprogressn thisfield in recentyears.

Oneimportantfactis thatthe TED predictionsstronglydependon point defectpropertiesespe-
cially theD,C/ product.All theresultsobtainedn this work would bedifferentif we useda different
valueof D|C. Althoughwork hasbeendoneto measurepoint defectpropertiesat highertemper
atures,the extrapolationto lower (TED) temperaturess error prone. Obtainingaccuratevaluesfor
point defectparametergitherthroughexperimentsor throughab-initio calculationds essential.
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7.2 Software development

Ourwork alsoinvolvedin developinga computersoftwarethatis capableof solvingthe modelsthat
we have postulated.To this end, we have developedDOPDEES a one-dimensionamulti-purpose
partial differentialequationinitial value solver. To enablefastertechnologytransfer we have also
developedProcesaViodeling Modules (PMM) which consistsa set of scriptsthat encapsulatehe
modelsthatwe have developedin areadyto useform.

AlthoughDOPDEES/PMMframeawvork is goodfor modeldevelopment/testingt haslimited ap-
plicability in a productionenvironment, primarily dueto its 1-D nature. One commercialTCAD
softwarevendor(Avant! Corp.) hasdevelopeda similar framewvork (TaurusPMEI) thatcanbe used
in 1, 2 and3 dimensionalproblems. The modelsthat we implementedunderthe DOPDEES/PMM
framewnork will be portedto TaurusPMEI framenork for wider usewithin theindustry
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Appendix A

Calculation of the Kinetic Precipitation Rate

In thisappendixwe derivethekinetic precipitationratefor variousprecipitateshapesTo thisend,we
solvethesteadystatediffusionfield aroundaprecipitate calculatingtheflux attheinterfacefollowing
thetechniqueausedby Dunham[12]. We startwith thefollowing definitions:

D: Diffusivity of soluteatoms.

k: Surfacereactionrate(k—1 = 0 if thereactionis diffusionlimited).

An. Surfaceareaof asizen precipitate.

rn. Radiusof thesphere.

Rn: Radiusof thedisc.

b: Reactiondistancgonelattice spacing).

C": Concentratiorat the surfaceof a sizen precipitate.

Ch: Concentratiorthatwould bein equilibriumwith a sizen precipitate.
C: c-c~.

cS: Concentratioratthe surfaceof asphere.

Our basicequationis flux in to the surface= amountof materialconsumed:

AD 9€ = Akt —C2) (A1)

dr r=surface

We will executethefollowing stepsfor eachprecipitateshape:

1. Write down C(r) asafunctionof ¢ (sumover spheredor usingr ratherthanb).
2. Write down Cﬁ{'t asafunctionof c® (setr = r'" in the previousstep).

3. Takethederivative of C(r) with respecto r andevaluateat theinterface.

4. Solvefor ¢ from stepl andsubstitutento above to find Ref.

5. Write down A,.
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A.1 Sphericaldefects
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FigureA.1: Division of the capturecross-sectionf a {311} defectinto sphere®f equalarea.

5.
A A
An = R A~ Ref (A-14)
For thedisc (torus)An, = 4T°R,b, sowe get:
. 4R,

A.3 {311} defects:

Weassumehat{311} defectsaareplanamwith arectangulashapeandgrow primarily in theirlength.[5Q
Thecapturecross-sectionf a {311} defectis assumedo becylindrical regionsof radiusb with half-
sphereateachend(Fig. A.1), whereb is thesiliconlatticespacing.In orderto find the diffusionfield
arounda {311} defect,we dividedthis regioninto sphere®f radiusb which have atotal surfacearea
equalto thatof the sumof thetwo cylindersandfour half-spheresWe thenaddedup the steady-state
diffusion fields of thesespherego find the concentratiorat a distancer alongthe mid-line of the
width of a {311} defect:
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(A.16)

Cint — 4¢s [In ("7"-1— b2+("7")2> —In(b) +1In ("7"-1— \/(I +b)2+("7")2) —In(l +b)] (A.17)

! ] (A.18)

1
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For the {311} defectA, = 4w+ 81h?, sowe get:

Reff
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Appendix B

BU Parameter Set

In this sectionwe wantto list all the parametersisedin thisthesis.

# _____________________________________________________________________
# PMM -- Process Modeling Modules (for DOPDEES and Alamode)

# (c) 1997 Alp H. Gencer alp@bu.edu

# $Id: params-BU.tcl,v 1.2 1997/09/16 16:53:44 alp Exp alp $

# _____________________________________________________________________

# You may use this software if you own a licence to use DOPDEES or

# Alamode. You must not modify this software in any way. Details of
# license can be found at http://engc.bu.edu/"alp/pmm
# _____________________________________________________________________

# Atom concentration in Si

param CSi [unit 5e22 cm-3]

# Lattice spacing of Si

param ASi [expr pow([param CSi],-0.33333)]

param pi4a [expr [param ASi]*4+%3.1415927]

# Intrinsic electron concentration in Si

param n_i [func prod [arrhenius 3.9e16 0.605 cm-3] \
[func power $TEMPK 1.5]]

# A minimum concentration for VLSI

param Cmin [unit 1e8 cm-3]

# Dopant charges

param Cnet_coeff P 1
param Cnet_coeff_As 1
param Cnet_coeff B -1

# Solid solubility of As
param Css_As [arrhenius 2.22e22 0.47 cm-3]

# Diffusivity of As

param Diff_O_As [arrhenius 1 4.09 cm2s-1]
param Diff_m_As [arrhenius 19 4.09 cm2s-1]
param Diff_p_As 0

param Diff_d_As 0

# Fractional interstitialcy component
param Fi_0O_As 0.3

param Fi_m_As 0.5

param Fi_p_As -100 ; # Irrelevant
param Fi_d_As -100 ; # Irrelevant
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# High concentration diffusivity effects for As
param Hcd_pre_As [arrhenius 418 1.96 cm2s-1]
param Hcd_pow_As 4.5

# Coupling with point defects
param Kpair_I_As [arrhenius [expr 1/[param CSi]] -0.3]]
param Kpair_V_As [arrhenius [expr 1/[param CSi]] -1.2]

# Solid solubility of P
param Css_P [arrhenius 2.9e22 0.45 cm-3]

# Diffusivity of P

param Diff_O_P [arrhenius 1.0 3.58 cm2s-1]
param Diff_m_P [arrhenius 1.0 3.58 cm2s-1]
param Diff_d_P 0

param Diff_p P 0

# Fractional interstitial component
param Fi_O_P 0.999

param Fi_m_P 0.001

param Fi_d_P -100 ; # Irrelevant
param Fi_p_ P -100 ; # Irrelevant

# High concentration diffusivity effects for P
param Hcd_pre_P [arrhenius 3.53e4 1.65]
param Hcd_pow_P 4.5

# Coupling with point defects
param Kpair_I_P [arrhenius [expr 1/[param CSi]] -0.5]
param Kpair_V_P [arrhenius [expr 1/[param CSil] -1.0]

# Solid solubility of B
param Css_B [arrhenius 9.2e22 0.73 cm-3]

# Diffusivity of B

param Diff_0_B [arrhenius 0.30 3.57 cm2s-1]
param Diff_p B [arrhenius 1.8 3.57 cm2s-1]
param Diff_m B 0

param Diff_d_B 0

# Fractional interstitialcy component
param Fi_O_B 0.999

param Fi_p_B 0.999

param Fi_m_B -100 ; # Irrelevant
param Fi_d_B -100 ; # Irrelevant

# No high concentration diffusivity effects for B
param Hed_pre B 0
param Hcd_pow_ B 1

# Coupling with point defects
param Kpair_I_B [arrhenius [expr 1/[param CSi]] -0.5]
param Kpair_V_B [arrhenius [expr 1/[param CSil] -0.1]

# Point defect properties

param DCstar_I_887 [unit 4.70e4 cm-1s-1]
param DCstar_I_E [unit 4.95 eV]

param DCstar_V_887 [unit 1.05e5 cm-1s-1]
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param DCstar_V_E [unit 3.80 eV]

# Diffusivities

param Diff_0_I_887 [unit 1.05e-6 cm2s-1]
param Diff_O_I_E [unit 1.77 eV]
param Diff_0_V_887 [unit 4.6e-6 cm2s-1]
param Diff O_V_E [unit 1.8 eV]

# Multiplied DV by le4

# Charge state info

param Kchg_m_I [arrhenius 5.68 0.5]

param Kchg_p_I [arrhenius 5.68 0.26]
param Kchg_m_V [arrhenius 5.68 0.145]
param Kchg_p_V [arrhenius 5.68 0.455]

# I-V recombination
param KR_E 0.2; # almost diffusion limited

# Surface recombination length
param Surfrec_I [unit 10 Al
param Surfrec_V [unit 10 A]

# Which pairs have been defined
set PAIRS {{B P} {B As}}

# Paring coefficients
param Kpair_B_P [arrhenius [expr 1.0/2.86e26] -1.8 cm-3]
param Kpair_B_As [arrhenius [expr 1.0/2.22e¢26] -1.8 cm-3]

# Solid solubility of I in 311s for sss model
# Calibrated to Packan’s TED data. See Packan-TED.
param Css_311_sss [arrh887 1350 -0.5]

# Solid solubility of I in 311s for analytic model

# Calibrated to Eaglesham’s {311} data. See Eaglesham-311.
param Css_311_anl [arrh887 1700 -1.25]

param K311_anl_0 -0.62

param K311_anl_1 0.79

param K311 _anl_2 4.39

# Parameters for the 3KPM model (a_i)
param K311_3KPM_0O 3.855
param K311_3KPM_1 15.906
param K311_3KPM_O -1.420

# Minimum concentrations

param MI_O_min [unit 1.00e4 cm-3]
param MI_1_min [unit 2.01e4 cm-3]
param MI_2_min [unit 4.05e4 cm-3]

# Interstitial segregation and diffusion in oxide.
# References:

# - Diffusivity from ...

# - segregation coefficient from A. Agarwal (BU).

# Diffusivity of I in oxide
param Diff_0Ox_I [arrhenius 13 4.5 cm2s-1]

# Segregation coeff.
param Mseg_0x_Si_I [arrhenius 0.806 2.11]
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