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ABSTRACT

As device sizes in VLSI technology get smaller, the imparéanf predictive process modeling
increases. One of the biggest challenges in predictiveegssomodeling today lies in modeling of
Transient Enhanced Diffusion (TED). TED is the greatly evdeal diffusion of dopants in silicon
seen during annealing of the damage created by the ion inapiam of the dopants. As one moves to
smaller thermal budgets, TED is often the primary sourceftidgion and thus determines the final
junction depth.

It is known that TED is caused by the excess interstitial eotration that persists due to ion
implantation. But how this excess interstitial concembraevolves over time and affects the diffusion
of dopants remains unclear. Our work attempts to understenphysical processes occurring during
ion implant annealing, express them in a mathematical maakeigrate this model into a diffusion
equation solver and quantitatively match the experimeotiaérvations.

To this end, we have developed a solid physical model (KPM)ttie evolution of extended
defects {311} defects and dislocation loops) which are observed under @&fdlitions. We have
also developed different versions of KPM that have applltgtunder different circumstances, and
have different levels of computational efficiency. We badi¢hat the range of models developed will
give the user the ability to make a compromise between acgaad computational time.

We have applied KPM t¢311} defects that are observed under non-amorphizing implamt co
ditions and we were able to get a good agreement. We have #sehthis model to predict TED
behavior based on marker layer experiments and we found @ g@adch. To extend the model to
dislocation loops, we assumed that dislocation loops foymrifaulting of{ 311} defects as observed
experimentally. We accounted for this transformation inmodel and we were able to obtain a good
match to the experimental data without any modificationd@{811} defect model.

Our work also involved in developing a computer softward th@&apable of solving the models
that we have postulated. To this end, we have developed D@BD&one-dimensional multi purpose
partial differential equation initial value solver. To daa faster technology transfer, we have also
developed Process Modeling Modules (PMM) which consistetaok scripts that encapsulate the
models that we have developed in a ready to use form.
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Chapter 1

Understanding TED

1.1 Introduction

One of the most important challenges in VLSI technology yodato shrink device sizes to their
limits, since both the speed and the yield (fraction of desivhich work) increase as devices get
smaller. However, as devices get smaller and junctions lygtosver, some phenomena begin to
get more and more important and the validity of current psecgmulators becomes questionable.
Predictive process simulation plays a major roles in tagldgchnology CAD (TCAD), and hence,
we need improvements in current process simulators.

As one tries to fabricate shallower junctions, one movesrnalker thermal budgets during pro-
cessing with the hope of having less diffusion of dopantg, 8we component of the diffusion, called
Transient Enhanced Diffusion (TED), remains. TED is theagyeenhanced diffusion of dopants in
silicon seen during annealing of the damage created by thienplantation of the dopants. It is often
the case that for today’s processing parameters TED is tlyesgnificant component of diffusion.
Thus, the need for accurate models that can account for the/lme seen during TED emerges.

Our work aims at obtaining a physical model that can be agptiehe behavior of dopants under
TED conditions. Although there are numerous articles oregrpental observations concerning TED
in the literature [2, 9, 29, 30, 31, 36, 40], little fundamanhodeling has been done [13, 19, 34, 45].
Our work has the following unique features:

e Our work relies on a physical model of diffusion and intel@ttof dopant atoms and point
defects, rather than on an empirical approach.

e The work is based on the evolution of the size distributioexiénded defects during TED.

e It also includes deactivation of dopants and incorporadiopoint defects in dopant clusters or
precipitates.

Having accounted for the primary physical processes tleedecurring during TED, our goal was
to arrive at a meaningful, and yet computationally efficierddel that can be incorporated into a
diffusion equation solver. It is noteworthy to mention thgthysical model can be incorporated into
any diffusion equation solver, since it is independent efphoperties of the solver, like the number
of dimensions.



1.2 Experimental data on TED

1.2.1 Early work on TED

Early work on TED concentrated on experimental observatioreasuring the extent of TED. After
the invention of rapid thermal annealing (RTA), first obsgions of TED were reported: even for
very short times of annealing there was a considerable anodulopant diffusion.

Most of the early papers [2, 36, 49] deal with dopant implamitssilicon. A (high) dose of boron,
phosphorus or arsenic was implanted into silicon, and afté®TA step the final profile was measured
to determine the extent of TED. Angeluatial. observed that boron and phosphorus show TED to a
large extent, but arsenic shows little TED, and antimonyshalmost no TED [3, 2]. To show this,
Angelucci formed uniform layers of the dopants, patterrfeldample, created a damage by silicon
implantation and annealed at various times and tempegatéa B and P, the Si-implanted regions
showed a large increase in junction depth, whereas for ASanthe difference was minimal.

The enhancement/retardation of diffusion during oxidatioitridation and oxynitridation indi-
cates that boron and phosphorus diffuse primarily via pgiwith interstitials and antimony and ar-
senic diffuse primarily via pairing with vacancies [18] hkis been observed that boron and phospho-
rus show enhanced diffusion during oxidation, and duringlaton interstitial-type stacking faults
grow. Therefore, oxidation must be injecting intersti&iahd boron and phosphorus must have an
interstitial dominated diffusion mechanism. Similarlgtianony diffusion is enhanced during nitrida-
tion, but retarded during oxidation. Therefore antimonysihe diffusing primarily via vacancies.

Combining the knowledge on primary diffusion mechanismgdfvidual dopants with the ob-
servations on TED for different dopants, we may concludeéTiD is related to interstitial assisted
diffusion. Indeed, after an ion implantation, there is ahhsgiper-saturation of interstitials due to the
damage of the implant, and thus, this result is quite logical

If we look at the time behavior of TED, we can observe that titeeacement is nearly independent
of the ion-implant damage for initial times (Fig. 1.1); anftta some period (duration of TED) the
enhancement goes away [2, 39], such that we are left with aladfiffiusion which is many orders of
magnitude smaller. This means that for early stages of TEDe®tess interstitial concentration is
approximately fixed, and after some time it drops to its elguim value.

Another seemingly anomalous observation is that the amafufED is larger at lower tempera-
tures [36, 39], as demonstrated in Fig. 1.2. This can be gqdan the following fashion: Although
the diffusion of dopants is faster at higher temperatutes duration of TED lasts shorter at higher
temperatures, so that the overall junction movement geddlenas the temperature is increased.

Hence, the following conclusions are in order:
e TED is caused by excess interstitial concentration thatigisrafter ion implantation.

e The excess interstitial concentration remains approxmdixed during TED, and then drops
to its equilibrium value.

e At higher temperatures the excess interstitial concaatratisappears more rapidly, i.e. the
duration of TED is shorter.

All of the above qualitative observations will help us toldwur model.

2
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Figure 1.1: Time dependence of TED. Implantation of 50'3 — 2x 104 cm~2 Si at 200 keV, and
diffusion at 800C. Data from Packan [39].
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Figure 1.3: Energy dependence of TED. Implantation efiD'?cm~2 Si at 10-200 keV, and diffu-
sion at 800—100CC. Data from Packan [39].
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1.2.2 Separating the enhancement from the damage dose

In order to gain more insight into the mechanism of TED, ekpents devoted to this topic have been
done [30, 31, 40, 44]. Since in the experiments discussdtkipitevious section it was impossible to
separate the enhancement from the damage dose, reseatesigreed experiments for this purpose.
They put a tracer dose of the dopant (usually boron or phasghadeep into silicon. The damage

is usually created by implanting silicon into the same sanflhus, the damage dose is controlled
independently from the dopant dose. This enables us totige¢s regions where the material is

intrinsic, and the dopant is far from its solid solubilitynit.

Since amorphization and solid phase epitaxial regrowthasmaplex process itself, experiments
aimed at avoiding additional unknowns used implant dos&sibine amorphization threshold. The
amorphization of silicon with silicon implants occurs ubyat doses above 2 10 cm 2, which
also depends on the implant energy.

The experiments confirm the results mentioned in the abdvsesttions and add some more inter-
esting aspects to the picture. First of all, the amount of Titlbeases with increasing silicon implant
energy [39] (Fig. 1.3. This is a bit surprising, since, altgb the amount of total damage gener-
ated increases with implant energy, the net interstitiakss is nearly independent from the implant
energy, only the position of the peak of damage dependingngfaint energy. Looking at the time
behavior at different implant energies, we can concludetttwinitial enhancement is about the same
in all cases, only the duration of TED is longer for deeperlangs [39].

The reason behind this observation is very simple if onerasstthe primary sink for the excess

4
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Figure 1.4: Dose dependence of TED. Implantation ef10'? — 1x 10 cm~2 Si at 200 keV, and
diffusion at 800—-100CC. Data from Packan [39].

interstitials to be the surface: The farther away the danfrage the surface is, the harder it will be to
get rid of it. Although interstitial-vacancy (I/V) reconmmtion might play a role in being a sink for
interstitials, other experiments indicate that it is fasich that product of concentration of interstitials
and concentration of vacanci€3Cy) drops to its equilibrium value in the very early stages oDTE
which leaves us the surface as the primary sink.

One other interesting observation is that the dependend&Dfon the silicon implant dose is
non-linear [40] (Fig. 1.4). Even for silicon implant doseslaw as 1x 10'?cm~2 substantial dopant
movement is observed. This behavior is one of the biggedteciyges in TED and still no fully
satisfactory explanation has been found.

Another observation is the fact that increasing the dopaptant dose decreases TED [31]. It
might be expected that the dopants, too, are “using up”stitals. It has been observed that a
constant ratio of the marker layer dose to the damage dogs giv almost constant diffusion en-
hancement.

Hence, the following conclusions are in order:

e Higher energy damage implants result in more profile movémen
e Surface is the primary sink for excess interstitials.
e TED increases sub-linearly with increasing damage dose.

e TED decreases with increasing dopant maker layer dose.

5



1.2.3 The source of the interstitials

As mentioned in section 1.2.1, the excess interstitial entration remains approximately fixed dur-
ing TED, and then drops to its equilibrium value. This tekstbat there must be a mechanism that
stores the interstitials created by the implant damage laenl teleases them during TED, acting as
a “source” of interstitials. In fact, if such a meta-stabiats for interstitials didn’t exist, they would
rapidly diffuse to the surface and TED would be over in a véryrstime.

Recent experiments revealed the actual source of the titiEdssduring TED [10, 17]. Eagle-
shamet al. created the damage by implanting Si into Si and then anneaéedamples at various
temperatures. They then performed plan-view and croseeatiransmission Electron Microscopy
(TEM) on the samples. They clearly saw the defects that stxeess interstitials.

These defects are the so-called “rod-like” d811}” defects. The atomic structure 4311}
defects has been only recently resolved [50]. It is belighiatiinterstitials form chains alongl110>
direction and these chains come together to fofB8Hl} plane. This defect can get very long (about
1um) in the<110> direction, hence is given the name “rod-like” defects.

The fact that the time needed for dissolutio{ 811} defects is equal to the duration of TED [17]
is an excellent indicator thgB811} defects are the source of the interstitials during TED.

1.2.4 Interactions involving dislocation loops and boronnterstitial clusters

Studies concentrating on formation and evolution of diatmn loops generated by Si implantation
have been published [7, 35, 52]. It has been observed thartveth rate of dislocation loops is

constant in time, as it would be predicted by a bulk-diffssimechanism. A quantitative model,
which predicts the loop evolution correctly, has also besretbped [7].

Experiments by the same group also report interactionsdeat811} defects and dislocation
loops [33]. Results clearly show that the distribution epjped interstitials betwed®11} defects and
dislocation loops is dependent on the implant dose. Infiegdg, the amount of trapped interstitials
in {311} defects seems to saturate aroundZ0'3cm~2 at 700C.

Implantation of boron into silicon at very low doses and gies produces no visiblg311} de-
fects, but substantial TED is observed [57]. The threshoid{811} formation is estimated to be
5x 10'2cm~2 for silicon implants and & 10 cm~2 for boron implants. The question whether be-
low these doses tiny interstitial clusters exist or not reimananswered.

Recent observations by Coweghal.[9, 10], suggest that in systems where B is present in large
doses, excess interstitials help boron atoms to form bousters and are themselves incorporated
into these clusters (so-called boron interstitial clustBiCs), thereby reducing the number of mobile
boron atoms. Although the BICs are not visible even with higgolution TEM, the diffusion profiles
indicate that boron is becoming immobile where it is preseitigh doses.



Chapter 2

Models of Importance for TED

2.1 Coupled diffusion of dopants and point defects

Since TED is an immediate result of enhancement of dopaiutsitiih due to presence of point defects
(mainly interstitials) in excess of their equilibrium vaku (i.e. existence of a point defect super-
saturation), the first thing we will investigate is the effetpoint defects on dopant diffusion. In this
section, we present various diffusion models and discuess aipplicability to TED. In the following
equations, B represents our dopant, | represents intals@nd V represents vacancig€s.denotes
the concentration anid denotes the diffusivity of a certain species indicated lgyshbscript.

2.1.1 Fermi diffusion model

In the most simplistic view, dopant diffusion can be desadilby the “Fermi” diffusion model, in
which the effect of point defects on dopant diffusion is céetgly ignored:

Lo _pg. Dg(ICs (2.1)

ot

whereDg is a function of the Fermi level:
Dg = DY + Dg (p/ni) + Dg (n/ni) (2.2)

This model is only valid under equilibrium conditions wheotlb interstitials and vacancies at
their equilibrium levels. Obviously, TED is a total deviatifrom this assumption, so we can't use
this model under TED conditions. However, diffusivity ofmts is determined using the “Fermi”
model, so the parameters in the more sophisticated difiusiodels should relate g as defined
above.

2.1.2 Pair diffusion with a single point defect

Dopants are known to be diffusing via pairing with point de$ég18]. We want to build up the theory
that leads to the pair diffusion of dopants. For this purpesestart by assuming the dopant diffuses
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only via pair formation with interstitials:
B+1 < BI (2.3)
In this chemical reaction, the forward rate will be propamntl to theCgC; product, and the reverse
rate will be proportional t&€g,. The net forward reaction rate can be written as:
kgi (KeiCsCi —Cgi) (2.4)

whereKg, is the equilibrium constant and has units ofcmverse concentration). In equilibrium,
Cg) will be equal toKg CgC;. The system results in the following continuity equations:

0C
a—tB = —kgi(KgiCsC —Cgi)
dC . o
i O0-D,0C — kgl (KgiCCi —Ca)) (2.5)
0Cg| = =
a5t [0- DgiLICg + kgi (KgICBCi — Ch))

If we assume that pairing is fast (thatds is very large), then the pairing reaction will always be
in equilibrium, and we can reduce the continuity equationsvb by eliminating the terms associated
with this reaction:

3(Ca+C L.

9(Ce +Ca1) B; 8) _ Dy lCs (2.6)
3(C +C L.

% — 1.D,0C + 0 Dy CCs,

with Cg| = Kg|CgC;. Note thaiCg +Cg| = Cg, the total concentration of our dopant in silicon. This
is the value reported by Secondary lon Mass Spectrometi$pISimilarlyC, +Cg| = C,T, the total
interstitial concentration. If we assume thia§ < Cg andCg| <« C;, thenCg ~ Cg andC, ~ ClT. This
approximations will be valid under equilibrium and oxiagatienhanced diffusion (OED) conditions.
We can then eliminat€g, from the above equations:

0Cg > >

5 = O0-Dg0(KgICsC) (2.7)
0C - - - >
a5 O0-D,0C + O- D O(KgiCsC)
which can be modified into:
0Cg - - C
— = [0 -DgKgCiL(Cg— 2.8
P BIKeIC; ( BCI*) (2.8)
0C - - - - C
- D-D|DC|+D'DB|KB|C|*D(CB—L)
ot G

If C; =C/, then the diffusivity of the dopant should be equaDig in the “Fermi” model. Thus
we can say thaDg = Dg/Kg|C/'.

dCs

1
O
w

=B _ 0. ZE0csC 2.9
P c (CsCi) (2.9)
aC, . - - Dg=

— — 0O.p0c +0-=20

P 0C + c (CsCy)



It is evident that the dopant will diffuse not only becauseréhis a gradient i@g, but also because
there is a gradient i§; and vice versa.

2.1.3 Pair diffusion with both point defects

If we assume that the dopant can pair both with vacanciesrdaacktitials, we can write two possible
groups of reactions. In each case the rightmost column dgheset forward rate of the reactions.
First, we have dopant/point defect pairing reactions:

B+l < BI ka1 (KeiCsCi — Cagl) (2.10)
B+V < BV ksv (KevCsCv — Cav) '
And then we have the direct and indirect recombination reast
l+V < 0 kR(C|Cv—C|*C\*/)
BI+V < B CgiCv — KgICsC/'CY) (2.11)

kR (
BV+l < B kr(CgvCi — KBVcBCf‘C{k/)
BI+BY < 2B kr(CgiCav — Kpgi KBVC§C|*C{*,)

Note that the rate constant for each of the recombinatiocticee is assumed to He;, which
is a simplification. In fact, if we assume diffusion limitedogesses, the reaction rates for the four
reactions should beré(D, + Dy ), 4ma(Dg + Dy ), 41a(D, + Dgy ) and 4a(Dg, + Dgy ), respectively.
For the purposes of this reaction set, we can assum®that D, andDgy = Dy. This is not a bad
assumption since both point defects and pairs are fastséiffu This assumption makes all the four
rates equal.

If we assume that pairing is fast, so tl@; = Kg|CgC andCgy = KgyCgCy, we may combine
the recombination reactions into a single, effective onatelthat none of the recombination reactions
will effect total dopant concentratioﬁig):

kr(CiCy — CIC;,
kr(CgiCv — KgICsC['Cy)

) = kr(GCv-C'CY)

) = krKgpiCs(CICy —C/Cy)
)

)

* (N o~k 2.12
kr(CevCi —KavCsC/Cy) = krKevCs(CiCy —C/Cy) (2.12)
kr(CaiCav — KgiKevC3CCy) = krKaiKevC3(CiCv —CiCy)

which gives:
k& = kr(1+ KgiCg) (14 KevCa) (2.13)
The continuity equations reduce to:
d(Cg+Cg +C - " . s
T 6? +Cev) = U-DgUCg +U-DgyvUCgy
0(C+C S o " S
A& L) .07+ - Deifice — KGOy GGy (2.14)
W = ﬁ . DVﬁCV + ﬁ . DBVﬁCBV — kgﬁ(QCV —Cl*C\*/)

with Cg; = Kg|CgCj andCgy = KgyCgCy. We can denote the diffusivity of the dopant atom due to the
interstitialcy mechanism under equilibrium conditio@s £ C/") by D'B. Similarly, diffusivity of the
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dopant due to the vacancy mechanism wiign= Cy* can be denoted bly\B’. Note thaiD{3 +DY =
Dg, the total diffusivity of the dopant under equilibrium catains. This gives the following set of
continuity equations:

oCg L= C L = (. C
B _ D-DED(CB—'>+D-D\B/D<CB V)

ot C C
ac:lT & = = | = Cl eff )
I

% _ fpyficy 1008 () ke, cc
ot - Pvilvr D B@*"R(Ivflcv)

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

The preceding set of of equations ignored the dependenaepaind diffusivity on Fermi level. This
dependence stems from the fact that the number of pointdedgailable for diffusion changes with
the Fermi level. We assume that interstitials can be neytcitively or negatively charged. We
assume that the charging reactions are much faster thangeeactions, since they are electronic
reactions and the mobility of electrons is much larger thenrobility of dopants. Therefore, the
electronic reactions are always close to equilibrium:

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

Each of these charged interstitials can pair with dopantgai®y we assume that pairing is in
equilibrium:

B-+1° & BI° Cgo = KgoCsCo
Bi+|+ -~ B|+ CB|+ — KB|+CB(K|+C|O(p/ni)) (217)
B™—1" <~ Bl CB|7 = KB|7CB(K|7C|O(n/n|))

The notation above may be confusing, but is laid out as fald@y,o is the concentration of the
resulting pair from the reaction of an ionized dopant ghdflthe dopant is an acceptor, it will carry
a net negative charge in its ionized state, makinyrgatively charged. If the dopant is a donor, it
will carry a net positive charge in its ionized state, maki§ positively charged.

Note the dopant is an acceptor (carrying a negative chargeyery unlikely that it will pair with
a negatively charged interstitial due to repulsion, makigg = 0. A similar statement is true for
donors. But we keep theg,- term to make the analysis more general and assum&gpat= 0 for
acceptors and th#tz,+ = 0 for donors.

Note that due to the charge of ions, the continuity equatitimat only have a diffusion compo-
nent 04, but also a drift componend{"™). The drift terms arise because the charged species can
also move because of forces of the electric field, createthdgtadient of electron concentration in
the substrate. The total flux of point defects and pairs weikkfual to the sum of fluxes of each charge
state:
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acg . O i, i

at - Z ('J |I +‘JB|I ) (218)
g _ —D jdlf'f ‘drlft S diff | qdrift

ot Z +5) -0 Z (g air g1 )

i=—1 i=—1

Next we do the generic derivation @'If,f -|—JE{!“. Assume that the dopant is an acceptor, and hence
carries a charge ofg. If the dopant was a donor, it would carry a chargerof This will make the
charge on a Blpair (i +z)g, wherez = +1 if the dopant is a donor amrk= —1 if the dopant is an
acceptor. Then, we can write the diffusion term as:

THiff =
= —DgiJ(KgiCa(K;iCo(p/m)"))
= —DgiKgiKi(CgCpo(p/ni)")
~D} /Gl | (p/m)'D)(CaCio) + CaCiolI(p/m)'

—Dj/Cpo | (P/m)'(CaCro) +CaCiol (p/mi)' ~*C(p/m)| (2.19)

And the drift term becomes:

JUM = pgi (i +2)9ZCy;

— Dg,i(a/KT)(i +2) ECg; (2.20)

wherep = D/KT is the mobility according to the Einstein relationship afids the electric field
vector. The electric field can be calculated from the gradiénhe potential, which in turn can be
found from the local carrier concentration, given by a Bolénn distribution'{ denotes the intrinsic

potential):
n exp(%/q) (2.21)
£ — 0w
= —0O(kT/qIn(n/n))
= DO(kT/qln(p/n)) (2.22)
‘]Eﬂft = DBH(i—l)CBHiln(p/ni)

= DBl‘(i*1)(KBHCB(KliClO(p/r?i)i)(ni/[)i([/ni)
= DgiKgiKii(i — 1)CaCpo(p/m)" T (p/m)
= Dh/Cpo(i — 1)CsCo(p/m) D p/mH) (2.23)
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Adding the diffusion and drift terms we get:

=

Jo = ~Db/Cio | (p/m)'D(CaCio) +CaCio(p/m)' *D(p/m)
— —Dy/Ch(p/m) [T [ (chlo)+ch|oD|n(p/n.)} (2.24)

Summing over all the charge states, we will get:

5 (D3+D§(p/m)+Dg (n/m))
BI' — C|*0

[ﬁ(chlo) +CgCol In(p/ni)] (2.25)

|
ME

For donors, we need to replacé i n;) with In(n/n;). It may readily be observed that under equilib-
rium conditions o = Cjo), this reduces to “Fermi model” (Eq. 2.1).

If we carry out a similar analysis fali we can see that the term with the gradien{ pfn;) is
being canceled by the drift term:

Juift *D,iac,i

= —Dy0 (KI'CI( p/n)")

= DK O(Co(p/m))

= —DjiK;i [(p/ni) DC|o+Cloﬁ(p/ni)i}

~ —DyiKyt | (p/m)'ECpo +Cpi (p/m) *Di(p/m) | (2.26)
Junft - — Dy (q/KT)IiZC

= DyiCiDIn(p/m)

Dyii (KiCpo(p/m)") (mi/p)E(p/mi)

= DyK;iiCo(p/m)" *0(p/m) (2.27)
Ji = ﬂ‘Mﬂ”ﬂ:fDliKli( p/m) [C0 (2.28)
J = Z Ji = =Dy (1+ K+ (p/n) + K; (n/ni))[IC;0 (2.29)

i=—1

The last equation was obtained by the simplifying assumptiat interstitials at different charge
states diffuse equally fast, thatllgo = D;+ = D,-. There is no experimental evidence to show that
they diffuse at different speeds.

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

We will merely state the results here. Derivation is analsgto the previous sections. The only
point to pay attention here is that the fractional inteiadtiy component of diffusion may change with
Fermi level. For example it is known that phosphorus diffuggmarily via interstitials when it is
intrinsic, but it diffuses primarily via vacancies when geat in large concentrations [11]. We can
handle this situation by having separate componentng?e which stand for “diffusivity of boron
due to the positively charged interstitials.” We may write:
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D5 +DY’ = DY

Dy +Dy = D
0 +
DI3 + DIB o fintr
De+Df
BT Up

(2.30)

where f{"" is the fractional interstitialcy component of diffusiorr fotrinsic boron. That isf{"" is
the fraction of diffusivity caused by the interstitials fimtrinsic conditions. Of course, these three
equations are not enough to determine the four unkndnﬁ)lsD\B/o, DL andDY", so, another as-
sumption must be made based on the experimental data fooggat For example, we can assume
that boron diffuses always through interstitialcy meckanat all Fermi levels. We can then define:

_ ne. (P - (N
- okok (7) +ok (7)
_ RVO vt (P v-(n
- ofteol () ok ()

This results in the following system of equations:

oCg

ot

oct

ot

acy

ot
where

with

Xv =

vV =

o
;gzbné"l_@i 2 o
|

== *l_j | — |_jj kie? C|OCVO |OCVO
== *l_jjv - |_jj kie? C|OCVO |OCVO

Db/Cjo | 0(CaCio) +CaCrollIn(p/m)|

/CVO[ (CsCyo) +CBCV0DIn(p/n|)]
—D|oX|DC|0

—DyoXxv iCVo
kr(X1 +1Cg) (Xv + T8/Cg)

n
n
KB|0 + KB|+ K|+ (B) + KB|7K|7 <—)
N; N;
P n
KBVO+ KBV+ KV+ (H) + Kvi va (H)
| |
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If Cg; < Cg andCgy < Cg, One can assume tl'ﬁg = Cg and write:

Cl = (x1+mCs)Cpo
Cy = (Xv+TCs)Cyo (2.35)

A note about the recombination rekgf: Actually the rate is too high as given here, because it also
includes recombination terms that actually would not besg@né For example, an'Vand I~ would
be very unwilling to recombine because they would repel edhbr. If the dopant is an acceptor,
we would have 4 such pairs: land V; IT and V*, BI® and V' ; BV® and I (Note that Bf is
actually negatively charged). For an acceptor, Bhd BV are unlikely to exists, so we don’t have
to consider them.

Thus we have only 4 extra pairs out of the 25 pairs that cannmbate with each other. The
error of including these 4 pairs in the expression for recoatinn is often negligible, and makes the
equations much simpler. If more accuracy is desired, tHevimhg must be subtracted from tH{éﬁ
above:

Kr[Ki—Ky— (n/n)2 + K+ Ky+ (p/ni)2 + KgoKy— (/) + KgyoKi— (/)] (2.36)

2.1.6 Five stream model

If we don’t make the assumption that pairing is fast, we stideelep all five variables. We can carry
out a similar analysis to eliminate the charging reactidiie resulting system can be expressed as:

oC
6—tB = —Rgi —Rev +Rei+v +Revii + 2Rgi4Bv
oC = o
—atBl = —0Jg1+Rel —Rei+v —RaitBv
oC = o
a?v = —[0Jgv +Rev —Rev+1 —Reitsv (2.37)
ac! -
a—tl = -0J-Rei—Ryv
aCcy T
a—CtV = —0Jv—-Rsv —Ryv
where
|
Ty = -De [D <@> LGB, (E)}
Sl\m) T m n

Vv
JBv = - D*B [D (Cﬂ> +CﬂDIn (EH
Co Ty Ty N
Rei = kgi[CsCi %Cm]

Rev = kBV[CBCV%CBV] (2.38)
Reirv = Kr(CaiCv —CjoClomixvCa)
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Revii = Kr(CavCi —CjoC o XiCs)
Reviel = kr(CavCal —C/oClomimC3)

and other variables have same meanings as in the previdigsec

2.2 Initial conditions: Damage created by ion implantation

To develop models for TED, we need to have a good understgodihe damage the ion implantation
process creates. Since there is no accurate way of measheingamage profile experimentally, we
have to rely on Monte-Carlo simulations for calculationtod timplant damage. In this work, we used
the Monte-Carlo ion implant simulators TRIMCSR [4, 53] an@-Marlowe [51].

The damage creation process can be summarized as follownan s with high kinetic energy
enters the silicon substrate, it undergoes a series osmib with a number of silicon atoms. The
kinetic energy of the ion is high enough to displace thesenatfsom their original sites, leaving a
vacancy behind. These secondary ions also collide withr giheon atoms, etc., creating a collision
cascade. One implanted ion can easily create thousandemidtmpairs (interstitial-vacancy pairs),
depending on the energy and mass of the implanted ion. Ifriketed damage is high enough, the
substrate will become amorphous.

2.2.1 Non-amorphizing implants

We first want to investigate non-amorphizing implants. lasth types of implants, the dose of the
implanted ion is small enough that the created damage doesch the amorphization threshold.
Thus, the substrate maintains it crystalline nature, aljhathere is extensive damage in the crystal
structure.

TRIMCSR assumes that the structure is amorphous to begm Wterefore, it ignores any chan-
neling that may occur due to the crystalline nature of thesgate. On the other hand, UT-Marlowe
takes the crystal structure of the substrate into accounhtcan predict the tilt and rotation depen-
dence of the tail of the profile. The difference between thegunulators is obvious as represented in
Figure 2.1. Even though the implant has been performef &t @and 4% rotation to minimize chan-
neling, still substantial channeling occurs. Thereforg&Narlowe will be our choice of simulator for
non-amorphizing implants.

Looking at the damage created by the ion implantation psyoge can see that the number of
Frenkel pairs generated is much higher than the number dbimtgd ions (Fig. 2.2). In fact, the
interstitial and vacancy curves are almost indistinguigh#rom each other, but there is a vacancy-
rich region near the surface and an interstitial-rich regleeper in the substrate. This stems from the
fact that the implantation drives some silicon atoms deaperthe substrate.

We know that even during the implantation process the Figuéies will recombine. After an
extremely small thermal budget (1 ms at 6G), we would expect that most Frenkel pairs would have
recombined because the system is so far away from equitibrlthis would leave us with a net-1”
damage, where each incoming ion displaces one silicon atoah, that the net1V dose is equal to
the implant dose.
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Figure 2.1: Comparison of UT-Marlowe and TRIMCSR simulati®f a 40 keV 5« 1023 cm 2 Si
implant at ? tilt and 42 rotation.
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Figure 2.2: Total and net damage created by a 40 keM 6'3cm~2 Si implant. Monte Carlo simu-
lations with TRIMCSR.
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Figure 2.3: Damage created by a 40 ke¥ 503 cm~2 Si implant before and after very short anneal-
ing.

However, 1/V recombination is not the only process occwyrituring the post implant phase.
Interstitials and and vacancies can also diffuse and recwndi the surface. Ab-initio calculations
show that the diffusivity of vacancies is higher than théugiivity of interstitials, particularly at lower
temperatures. Thus we would expect the vacancies in thenggeah region near the surface to
recombine at the surface more readily than they would reauenkbith an interstitial. To demonstrate
this effect, we have performed simulations assuming Bhat>> D; and both surface recombination
and I/V recombination are diffusion limited processes.uF&y2.3 shows that we indeed get a region
near the surface where the netM concentration is higher than predicted by-al” approach, and
the net -V dose is larger than+1".

This effect is, however, dose dependent. If we have a relgtivigh dose, there is a higher prob-
ability that a vacancy will first find an interstitial and rexbine with it. If we have a relatively low
dose, there is a higher chance that the vacancy will hit thiaseibefore finding another interstitial.
Therefore, we would expect the netV dose after recombination to be increasing with decreasing
implant dose. We have run a series of simulations to affirs plerception, and indeed we see that
the “plus factor” can be as high as 10 (Fig. 2.4).

Note that there are also other phenomena occurring dur@igriplantation process, such as amor-
phous pocket formation, which might increase the magnitidiee “+n” effect. Formation of amor-
phous pockets confines the interstitials and vacanciesatmely small region in space. If a vacancy
manages to escape the amorphous pocket, it has a fairly hagite of hitting the surface rather than
another amorphous pocket. We believe that we have takerffieist into account to some extend
by assumindgd, = 0 in our simulations, but clearly atomistic simulations egquired to accurately
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Figure 2.4: Net damage (V) dose divided by implant dose (plus factor) for a series of-n
amorphizing 40 keV Si implants.

estimate these effects.

2.2.2 Amorphizing implants

The picture is slightly different for amorphizing implanttthe substrate is amorphized up to a certain
depth (the amorphous/crystalline interface), this partgll regrow epitaxially, giving a defect free
region around the peak of the implant, and leaving an exedssstitial profile only near the tail of
the profile (Fig. 2.5). This interstitial rich region is alsalled the end of range (EOR) region and this
is where the dislocation loops form.

Note that the net damage dose is much less than the implaet dioee much of the damage
goes away during solid phase epitaxial regrowth. TherefbE® from an amorphizing implant can
actually belessthan from a non-amorphizing implant. However, dislocatioops, which are very
stable, have a negative impact on the device charactsristieey are in the middle of the depletion
region, and therefore increase the leakage current of tictiqn.

Another important difference from the non-amorphizing lamts is that the amorphization thresh-
old has no unique value. Amorphization threshold is thd t@eancy concentration above which the
substrate is assumed to be amorphized. Itis usually exgiiessa percentage of the silicon atom con-
centration (5< 10?2cm3). Studies have shown that this threshold depends on imfgargerature
and implant dose rate, since both of these factors affeddh®age accumulation process [47].

Moreover, the net-1V dose is a very strong function of the amorphous/crystal{aic) interface.
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Figure 2.5: TRIMCSR simulation of total and net implant dgador a 50keV 1x 10°cm 2 Si
implant. Amorphization threshold has been assumed to be 10%

Under conditions of Fig. 2.5, a 3 change in the a/c interface would change the nre¥ Idose
by 25%. Even if the a/c interface is measured experimentiiéyend of range damage still cannot
be determined accurately because of the sensitivity of #td-rV dose on the location of the a/c
interface. Therefore, it is important to have another megssuch as the number of interstitials
trapped in dislocation loops, to model the net damage underghizing conditions.

2.3 Other parameters

2.3.1 Point defect properties

One of the most important parameters for TED is point defempé@rties, especially those of intersti-
tials. We tried to use as accurate values as possible, bié smdirect measurement of point defect
properties can be performed, all parameter values we oiptaur simulations have to be re-calibrated
when a different set of point defect properties is used. imghction, we investigate the relationship
between point defect properties and modeling results.

The most important parameter is the self diffusion coefficiga interstitials D,C;' product).
The value of this product directly effects simulation résulMore preciselyD,C; and /Dt (the
junction movement during TED) are inversely proportiomaeach other. Luckily, th®,C; can be
relatively well determined from experiments. However, iiest reliable experiments for determining
D\C/" are metal diffusion experiments, which are usually perfedrat higher temperatures than TED
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conditions. Therefore, a small error in the activation ggeaf D,C may lead to a big error in TED
predictions.

The values of diffusivity of interstitialsl¥;) and equilibrium concentration of interstitialS;
individually don't affect TED results directly, as long agetr product is constant. The duration of
TED is controlled by the flux of interstitials towards the fage, which is directly proportional to the
ratio of solid solubility of interstitial Csg) to C;. Thus, as long as the,C;" product andCss/C/" ratio
is constant, the results will remain unchanged.

The vacancy parameters don't affect the simulation reqadth for TED and extended defect
evolution, except for the “+n” effect described in sectiof.2. Even for that effect, the actual value
of Dy is irrelevant; the only thing that is importantls, > D,.

In summary, the primarily relevant point defect properaesD,C; andCss/C/". In this thesis,
point defect values from metal diffusion are used [5, 58]ststently. I/V recombination is not a sig-
nificant process for TED (except for the fifs); therefore we can assume for simplification that it is
diffusion limited. We have also assumed that interstitralgpitation (formation of extended defects)
is also diffusion limited. This assumption is necessaryefassume fast surface recombination (see
next section), in order to ensure a steady interstitial fbuxatrds the surface.

2.3.2 Surface recombination

Under TED conditions, the surface is the main sink for irtieads. Data by Eaglesharmt al. [17]
suggest a surface recombination rate that is decreasihgimwié, since the rate at which interstitials
are consumed is decreasing approximately exponentialtytime. Other experimental observations
also indicate that a fast effective interstitial surfacgrosvth exists for small thermal budgets, with
a much slower one for longer times and higher temperatufgds [lhus, rather than using a simple
model with constant surface recombination rate, we usedilthesegregation model of Agarwal
and Dunham [1] to account for surface regrowth. In this matthel primary mechanism by which the
surface consumes interstitials is not surface recomlnaliut segregation of interstitials to the oxide
layer.

However, after performing a series of simulations, we firat the surface has no strong effect
on the results, as long as it has a fast recombination rate.nTdin reason behind the exponential
decay in Eaglesham’s data is Ostwald ripening process. Welhiat using a fast, constant surface
recombination model gives almost exactly the same ressiliseafilm segregation model. Therefore,
we switched to a constant surface recombination model whergessumed that the ratio of the surface
recombination velocity and interstitial diffusivity is 0.1A-1,
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Chapter 3

Modeling Extended Defects with Kinetic
Precipitation Model

3.1 Introduction

As mentioned in section 1.2.3, Transmission Electron Micopy (TEM) observations [10, 17] show
that {311} defects (also known as “rod-like defects”) form, grow an@raually dissolve during
annealing of ion implanted samples. Initially, there is gédriving force to form{ 311} defects, such
that, for sub-amorphizing silicon implants, almost the ehet excess interstitial dose aggregates
into these extended defects within a very short period oét{tess than 5s at 816) [17]. As
annealing continues, these defects undergo Ostwald rigeiiiheir average size increases and their
number decreases. The total number of interstitials boartdese defects decreases approximately
exponentially, and eventually, |B11} defects dissolve and disappear. It has been reported that th
time scale for their dissolution is about the same as the sicaée of TED [10]. These observations
strongly suggest thgt311} defects play a central role under TED conditions. If we couluel the
evolution of these defects correctly, we should be ableedipt TED.

In general, nucleation and growth processes play a critidalin a large range of materials pro-
cessing systems. Classical modeling approaches dividemocesses into two discrete steps, with
nucleation and growth being modeled using fundamentaffgréint assumptions, each valid only
under idealized conditions. Thus, although these appesaate very useful for understanding qual-
itative behavior, they are unsuitable in many cases for gweldpment of quantitative models, par-
ticularly under complex annealing conditions (e.g., mstép anneals). Noting the power of modern
computers to solve complex systems of coupled differertjalations, we have developed a unified
approach to modeling of nucleation and growth processeshwhitends nucleation theory to include
the behavior of supercritical as well as sub-critical aggtes.

3.2 Full Kinetic Precipitation Model (FKPM)

The major challenge in modeling the evolution of precigisaand extended defects is the fact that
different sized defects have very different propertiese Fall Kinetic Precipitation Model (FKPM)
[14] treats precipitates of different sizes as independpaties {,,) and accounts for their kinetics by
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Figure 3.1: Growth and dissolution of precipitates by dttaent and emission of solute atoms.

considering the attachment and emission of solute atongs3(E).

The driving force for precipitation is the minimization dfet free energy of the system, where the
free energy of a size extended defect is given by:

AG, = —nkTIn g—:S+AGﬁX° (3.1)

Here,Ca denotes the solute concentrati@s is the solid solubility and\GF*€ is the excess surface
and strain energy of a sizeextended defect. We usually assume th@&g*¢ has a polynomial form,
since any function can be approximated by a polynomial:

AGE*® = agn®o + a;nP1 + a,nf? (3.2)

with B2 < B1 < Bo < 1. The largest exponend) controls the asymptotic behavior for large sizes.
Theoretical calculations [43] for the functional form&G:*show that it is reasonable to assume that
Bo = 0.5 since{311} defects are planar defects. We uggd- —0.2, 31 = —1 as corrections for small
size behaviorap, a; anday remain as temperature independent fitting parameters.

The main reaction in the system is the attachment and emisdigolute atoms to and from
precipitates. Ifl, denotes the net growth rate from siggo n+ 1, we may write the following
equation:

L DAn(Cafn—Cpfnp1) forn>2 (3.3)
"7 DA\ (CE-Cifo) forn=1 '

Note thatl; is different from other terms, because it represents treefaatformation of the defects
by reaction of two interstitials.

The growth rate of precipitates is written in the foBn,, whereA, incorporates effects of both
diffusion to the precipitate/silicon interface and theatéan at the interface), is calculated based on
solving the steady-state diffusion equation in the neighbod of a precipitate, taking its shape into
account (see Appendix A)C;, represents the interstitial concentration at which theoelld/be no
change in free energy for a precipitate growing from size sizen+ 1. C;, can be found by setting
AG = AGp, 1 and solving forCa.

NG — AGﬁX°> -

C; = CSSeXp< KT

The evolution of the size distributiofy, is given by the difference between the net rate at which
defects grow from siza— 1 ton (I,_1) and the net rate of growth from sindo n+ 1 (I,). Since the
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fundamental growth process is the incorporation of a s@taen, the total change i@ includes a
term from each growth reaction, giving a sum oker

dfn

E = Infl - In (3-5)
aCa &
T == 2|1 n;'n (3'6)

3.3 Reduced Kinetic Precipitation Models (RKPM)

The Full Kinetic Precipitation Model adds an extra dimensimamely precipitate size, to the problem
being solved. Even if one limits the number of precipitaiesithat will be solved for, the number
of variables is still very large for efficient solution of tlequation system. If the system has multiple
spatial dimensions, the number of solution variables besopnohibitively large.

To minimize the computational budget, we have developedra ®fficient version of this model,
based on the work of Clejan and Dunham [8]. Instead of cdlitigall the f,,, one calculates only the
lowestmoment®f the distribution (n =377, n'f,, wherei = 0,1,2,...). This transforms the system
of equations to the following set:

%—T:Zilﬁrni[(mrl)i—ni]ln 3.7)

Note that the sums over thg can all be written in terms of sums ovéy, nf,, etc. Hence, they
can be calculated from the moments if moments are used toilbesbe distribution. This reduces
the system of equations to be solved to:

a .
S8 = Da[2MCE +mCay! — moCs; |
. n;[ | Anfn
Y, = MCAZI fo+ ZZ [ni —(n— 1)? )‘nflé;flf”
n=

whereC = C* /Cssand f, = /.

Since no finite number of moments can fully describe a fultrttigtion, we need a closure as-
sumption, which is an assumption about the form of the distion, f, = f(n,z). Thez are parame-
ters of the distribution which can be determined from the raots. The number of moments we need
to keep track of equals the number of parameters in the loligiton function. This results in different
versions of RKPM:

3.3.1 3-moment model (3KPM)

If nothing is known about the distribution of extended dé&femver size space, it is logical to use an
energy minimizing closure assumption [8]. The energy mining closure assumption assumes that
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the distribution will be the one that minimizes the free gyegiven the moments. It can be found
from constrained minimization of the free enerdy&,). This results in the following (normalized)
distribution with three parameters:

fo = zoexp(—AGEC/KT +zin+ 2on?) (3.9)

The resulting system is a 3-moment system (3KPM):

0 -
2~ DMCE - meCsyp]
om B
= = D[2MCR +moCav] —moCess | (3.10)
0
a—n:z = D [4MCZ +moCayy — MoCsgYs |
o om
a ot
with
Yo = MCif
Y+ = )\ann
Y1 = AléIfAZ‘i‘ %Anlé:ylfn (3.11)
n—

[ee]

Y; = ;(Zn‘i‘l)}\nfn

n=

v, = MGifot Zz(znl)xnﬁlf}
=

For the 3-moment model (3KPM), the distribution functioma readily integrable. Therefore,
we can't analytically replace a function of the parametéithe distribution function with a function
of the moments, which are our solution variables. Insteag have to solve the following set of
non-linear, coupled equations at every time step and giittpo

1 = Zzzoexp(—AGﬁXC/kT+zln+zznz)
n—=

Ry = Zznzoexp(—AGﬁXC/kTwL21n+22n2) (3.12)
n—=

fp = Zznzzoexp(AGﬁXC/kT+zln-|—22n2)
n—

To make the simulation computationally efficient, we solve above non-linear set of equations
for a range ofrp andni, values and calculate thyefor these values. Then tlyeare stored in a lookup
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Figure 3.2: Distribution 0of 311} defect densities over defect sizes and best fit to log-nodiséi-
bution.z, = 0.8 has been used in all fits. Data from Pan and Tu [41].

table and interpolation is used to find values,dbr values ofnj that have not been tabulated. Clejan
and Dunham have applied this system to dopant deactivatidrslhowed that the use of a moment
based approach doesn’t refrain us from capturing the paydithe system [8].

3.3.2 2-moment model (2KPM)

For {311} defects and dislocation loops, the size distribution haslmeeasured experimentally [41].
The results suggest that the distribution is roughly logared:

fn = z0exp(—In(n/z1)?/2) (3.13)

When we analyze the data, we find tagaappears to be independent of annealing time. The distribu-
tions can be approximated by log-normal distributions vzith- 0.8 (Fig. 3.2). Thus, we can reduce
the number of parameters (hence number of moments) to 2. échdting system is a 2-moment
system (2KPM):

) -

Z0 — 11=D Gk - MG

om

71 — 213+ Dmy [CaY; —CssY; | (3.14)
Cn _  Om

ot ot
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Figure 3.3: Change of,, versus defect size fdi311} defects and dislocation loops. The calculation
can be found in Appendix A.

with
Yo = MCif
Y+ = )\ann
i = 5 AGifan (3.15)

Note that for the 2KPM, the integral of the distribution ftioa can be found analytically, and
therefore the parameters of the distribution can be cakdlaom the moments by means of analytical
functions. This eliminates the need for the lookup tableiatetpolation, giving speed and robustness
advantages. However, still tyeneed to be calculated by sums, which is an iterative process.

3.4 Analytical Kinetic Precipitation Model (AKPM)

RKPM, although computationally more efficient than the FKRMn still be very costly for large
simulations in multiple dimensions. We have developed amewore efficient version starting with
2KPM.

First of all, we note that fof311} defects, the kinetic precipitation raig is a weak function of
the precipitate size (as compared to dislocation loops)camderges to a constant as the precipitate
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size increases (Fig. 3.3). Therefore, it would be reasentibteplace\, by a constant valua for
all sizes. This value can be found approximately from a wieidisum ofA,,. Therefore, our system
reduces to:

0
a—r':" — 1= DA[C2 — mCesyo]
om
Tl = 2l1+DAmg[Ca — Csgyi] (3.16)
oCr _ _om,
o ot
with
Yo = Cifa
i = 3 Cifo (3.17)

Note that in the above equationf, is given by the distribution function we assume, and can be
determined fully ifnyy is given. For example, if the distribution function is a gesirit distribution
function (f, = 207}), then the distribution can be determined by solving thiefaihg set of equations:

1 = ;ZOZII
n=
M = ;nzoz'f (3.18)
n=
The solution of this system gives:
-2
R
1—
P (3.19)
4

Hence the normalized distribution can be written in termsaf

- 1 (g -2\"?
fn= -1 (rﬁll) (3.20)

Since we also assume a functional form tﬁ,ir, they; are uniquely defined ifn{ is known. so, in
fact, they; are functions ofm:

>

Yo = Yo(rim)
yi = Yi(rfim) (3.21)
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Looking at the functional form cﬁi;*, and f,, we may write the following limits for these functions:
limy, = G
m—2
limy = 0 (3.22)
m—o

0

1

lim y, =
m—2

limy; =
m—o

Thus, for evenyAGH*© f, pair, we can find a correspondigg(rin ), y1(rfy) pair; and instead of using
the parameters dfG5*° as our fitting parameters, we can use corresponding paresedtg(rfy ) and
y1(riy) as fitting parameters.

To demonstrate this transformation, we use an example.mMasiat the size distribution is again
geometrical as given by Eq. 3.20. For simplicity of calculat assume tha(f;‘, is also given in a
geometric fashion:

Cr=ab"1+1 (3.23)

This givesC; = 1+aandf, = 1/(fy — 1), resulting in:
l1+a

= .24
Yo= g1 (3.24)
Fory;, we have to do the following summation:
© 1 (riy—2\"1
1 1
= 1
o= S )m11<m11)
m — 2 ab
= 1 3.25
-] rhl(lb)1+b+] (3.29)

Similarly, starting with the polynomial form dAGS*© as given by Eq. 3.2 and the log-normal
distribution of the defect sizes as given in Eq. 3.13, weldate the corresponding(riy), ya(fn)
pairs numerically. Figures 3.4 and 3.5 show the set of caledl; for a given set of coefficients for
the polynomial oAGF*“. Our calculations show that the results can be approxiniatélde following
functions ofni:

. K1
= 2
Yo(riy) ——1 (3.26)
. M —2 (K0+2)K2>
m) = = 1+ —
Vi) m + Ko ( m + Ko

To get a feel for these functions, we have plotted them in f@iddi6, in addition to Figures
3.4 and 3.5. The parametBp controls thex-scale, parametef; defines the overall scale f
and the parametdf, defines the magnitude of the peak f@r Using these three parameters, we can
cover a wide range of curve shapes.

Since they; calculated from 2KPM and determined by the analytical fiomg of AKPM are
approximately equal, we would expect that both models waive the same simulation results.
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Indeed, when we test both models under the same conditlmmsgs$ults are almost indistinguishable
(Fig 3.7). To obtain Fig 3.7, we have used the parametersgfF4, with an initial 5< 1013cm—2
interstitial dose.

It is also possible to fin€;, and hencAGE*, if the parameters of thg (K;) and the distribution
function is given, although this procedure is less strdagttard. Sinceyp is the product oCl and
fo, knowingyo, we can easily flnd:1 On the other handj; is only dependent 062 throughC:,. So,
we can flncC;‘,, by solving a large set of linear equations that is defined by:

Nmax

) = zzé;: (1) (3.27)

at differentm. Onceér*, is determinedAGE* can be found by solving the expression&jr(Eq. 3.4)
for AGE*, which gives a recurrence relation:

AGES, = AGPC+ kT InC; (3.28)

Obviously,AG$*° must be set as a reference point.

3.5 Simple solid-solubility model (SSS)

All of the above models account for the fact that the charattes of the precipitates change with
changing average size, and therefore can be consideredplisgcated” models. The simplest
model for precipitation is to assume a constant solid sbtulout-off. This amounts to assuming that
all solute atoms above the solid solubility level will formegipitates instantaneously. We have added
a kinetic rate for this system and will use it for comparisaith KPM models discussed in the text.
The rate equations for this model can be formulated as falilow

om DA(Ca —Csg)? for Ca > Css
oCa _ _om
o ot

The first term in the above equation is for growth/dissolutid the precipitates, whereas the
second term is for nucleation of precipitates wikian> Css. Since this model keeps track of only one
moment (ny), we can classify it as a 1-moment model. This model is sinbdldhe model proposed
by Rafferty [48], in the sense that both models capture theadycs of cluster formation, but use a
constant solid solubility.
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Chapter 4

Modeling {311} Defects and TED

In this chapter, we will apply the models that were develapetie previous chapter tf811} defect
evolution data by Eagleshaahal.[17] to obtain parameter values for these models. We with tirge
these parameters and models to predict TED and comparedtiEefons to boron marker layer data
by Packan [39] and Chao [6].

4.1 Evolution of {311} Defect Profile

Eagleshanet al. [17] implanted 5< 103 cm2 Si into silicon at 40 keV and annealed the samples
at various temperatures. They measured the resu{tdid} defect distributions using TEM and
reported the moments of this distribution. However, theyenmable to observe defects smaller than
a cut-off of 20A and assumed that afl311} defects have a constant width of A0An elongated
defect shouldn’t have its width larger than its length, scassumedv = min(l, 50,&) (see Appendix
A). We fit our data to moments that we calculate the same waleBhgmet al. did, but we will show
that the real moments might be different from those.

First, we applied the 3-moment model (3KPM) to Eaglesharata.dWe optimized our parameters
(ap, a1, a2 andCsg, With only Cgs being temperature dependent) to match the data represéinted
be seen that we were able to obtain a good agreement betweelattn and the model (Figs. 4.1,
4.2 and 4.3). We show model results both for the full distidou (actual) and the portion of the
distribution with size greater than 20(observable). Note that the average size of the observable
defects [ > 20,&) seems to diverge from the average size of all defects, amavil explain this
behavior later.

To gain a better understanding of the system let us investlgaw the depth profile changes over
time (Fig. 4.4). It can be observed that th&l1} defect pile is being consumed from the side that
is closer to the surface, and this process moves the profpedéanto the substrate with time. As
a matter of fact, the approximately exponential decay oflmaber of interstitials i{ 311} defects
arises from the combination of the Ostwald ripening behaaial the shift of thg 311} defect frontier
away from the surface.

Fig. 4.5 shows a plot of;, versus defect length for this system. It can be observeddhaes
a peak arouna = 7, which would be the least stable cluster size. The factghsll clusters are
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Figure 4.1: Evolution of density of interstitials {811} defects fm) and comparison to model. Data
for 5x 10 cm 2 Si implant at 40 keV with anneal at 815.
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stable gives rise to the very rapid formation{&11} defects, whereas the continuously decreasing
C; forl > 10A gives rise to the ongoing Ostwald ripening in the systene [Eveling off after sizes

| > 300A stops the growth 0f311} defects arountl= 1504, as suggested by the data. Note that the
exact shape df;, depends on the form assumed, but the general slope is neceseeder to match
the experimental results.

The shape of the distribution over the sizes (Fig. 4.6) als ts that there is an unstable region of
cluster sizes, such that the distributions are double-gxkakhis shape of the defect size distribution is
an immediate result of the energy-minimizing closure agsion. The fact that Eagleshagnbal.can-
not observe clusters smaller than®@esults in an overestimation of the average size (see 2y, 4
as well as an underestimationrod, the number of clusters (Fig. 4.3). The clusters in the fiestiqare
completely invisible to them. Luckily, these clusters darontribute significantly tory. Note that
for a log-normal closure assumption, there is no second, ek that the average size of observable
clusters and all clusters is the same.

We characterized the parameters of the system for diffaemperatures (specifically, 815,
738C, 705C and 670C), taking onlyCss as temperature dependent. Two of these fits are shown in
Fig. 4.7.

We then applied the same system and parameters to the dassdéepe of interstitials ifi311}
defects. Poatet al.[46] reported that above a threshold dose the number ofsiitiats in {311}
defects at the initial stages of TED increases linearly withlant dose, but with a slope of about1
Our model was able to accurately predict this behavior (#i8), both the slope as well as the dose
below which no{311} defects form.
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4.2 Prediction of TED

We used the parameters obtained in the previous sectiorethcpTED behavior as a function of
implant and annealing conditions. For comparison, we ua&alfdom Packan [39], who used implants
of 29Si into silicon at energies ranging from 10 keV to 200 keV aondeas$ ranging from & 102 to

2 x 10 cm—2. TED was measured by observing profile movement of a deemboesker layer. No
further fitting was done at this stage and all parameters fx@nework cited previously[1, 5] or from
matching data by Eagleshazhal.

The results show that the model predictions do a good job icmirgg the time and energy depen-
dence (Figs. 4.9 and 4.10). The model not only gives the rigagnitude for the observed enhance-
ments, but also predicts length of time TED lasts. In addjtibalso correctly predicts that higher
doses or energies make TED last longer, but give similarmegraents for short times (Fig. 4.10).
The predicted dose dependence matches most of the datd.(Eig. with substantial differences only
for the lowest implant dose. Please note that in these stiontaa “+1” damage dose was used and
the effect of using a plus value that is dose dependent wilhxestigated later.

4.3 Comparison of models

In this section, we will compare four extended defect mad@ismoment model (3KPM), which was
demonstrated in the previous section, 2-moment model (2K simple solid solubility model
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Figure 4.9: Energy dependence of TED. Total broadening &g @B marker profile due to implan-
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(SSS) and the analytical model (AKPM). We first review thauagstions of these four models:

e 1-moment model:In this model we assume that solute atoms above solid sijubiecipitate
to extended defects with a diffusion limited rate. This nladi®es not account for Ostwald
ripening.

e 2-moment model: We use log-normal distribution of extended defects withdize The
variables we have amg andnmy.

e 3-moment model: We use energy minimizing closure assumption with three nmse

e Analytical model: We use analytical functions for the reaction rates that depmn average
size.

Figure 4.12 shows the comparison of 1-, 2- and 3-moment mddehe{311} dissolution data
from Eagleshanet al. [17]. It can be observed that both the 2 and 3-moment modeisraiely
capture the observed behavior. However, the 1-moment neaselot account for the exponential
decay in the number of interstitials stored BiL 1} defects, since it neglects Ostwald ripening process,
and predicts an approximately linear decay in the numbertefstitials stored if311} defects. The
exponential decay rate is a result of decreasing superasito of interstitials with time, which is, in
turn, a result of the ripening of defects.

When we apply AKPM to the same set of data, we find that it alseriges the Ostwald ripening
process equally well, although the computation time is marohller (Fig. 4.13 and Fig. 4.14). This
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Figure 4.12: Comparison of 1, 2 and 3-moment models for ewwiwof {311} defects. Both 2 and
3-moment models capture the exponential decay of intexstin {311} defects.
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Figure 4.13: Evolution of density of interstitials {1811} defects (1) and comparison to analytical
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makes the AKPM model of choice for simulation {811} defects in large systems. The fact that
AKPM doesn't require any proprietary operators enableg gdsgration to many PDE solvers.

If we look at TED data from Packan [39], the differences bemthe three models is relatively
small (Fig. 4.15). One can readily observe that the final athotiTED predicted by all three models
is approximately the same. This is due to the fact that thé smeunt of TED is not dependent on
how the interstitial super-saturation evolves over timg, father on effectiveness of the surface in
consuming interstitials. Only at short times does therensieebe a significant difference between the
models. If we look at short time behavior more closely, thféeedence between the models becomes
more evident (Fig. 4.16). The 1-moment model predicts atamt®nhancement of diffusivity until
TED is over, whereas the 2-moment model accounts for thectieatuof diffusivity enhancement —
or interstitial super-saturation — during TED. Again, tlisn effect caused by the Ostwald ripening
process.

4.4 Effect of “4+n” factor

Let's investigate the differences between using-4™model for initial damage, and the more rigorous
“4+n” model described in section 2.2.1 using AKPM. Since tha™ model predicts a plus value as
high as 10 (Fig. 2.4), we would expect that the TED predictianlower doses would be would be
substantially increased. However, simulations show omhagginal increase (Fig. 4.17). The reason
behind this can be understood by investigating the depfiigpod the damage (Fig. 2.3). Although the

41



8000 i i i i i i i

70001

60001

50001

5x1013 cnr2 o i

Dt (nn¥)
S
3
|

30001 —
[ Data (Packan)
20001~ 7~ ——  3-moment modeT]
1000_7/;.-" | —-—  2-moment model |
850°C, Si, 200keV e 1-moment model
ok | | | | | | |
0 5 10 15 20 25 30 35
Time (min)

Figure 4.15: Comparison of 1, 2 and 3-moment models for TE&iptions. The models differ
significantly only at short time behavior, which this datamat distinguish.

f N I N B f N I B ! =t
[ 750°C, Si, 50keV, 5x18cm? |
100004 4
o | :
N
D - ]
V
1000 H Data (Chao) —1
- ——  AKPM model .
- SSS model .
| [ | [ | I
10t 102 108 104

Time (s)

Figure 4.16: Comparison of 1 and 2-moment models for showt wliffusivity enhancements. Data
from Chaol[6] for a 5« 10*3cm2 50 keV implant with anneals at 750.

42



110 ! ! ! ! ! ! ! ! ! !
100 -

(DBY2 (nm)
S

30t [ | Data -
20}/ ——  "+n"model |
---  "+1" model

0 | | | | | | | | | |
0 1 2 3 4 ) 6 7 8 9 10

Dose (183 cm?)

Figure 4.17: Comparison of predictions for the dose depeeelef TED using 1" and “+n” mod-
els.

lower implant doses indeed result in a higher plus value jnafithis extra interstitial concentration is
near the surface, such that it is dissolved very quickly.réfuge, the net effect of this excess damage
is minimal.

However, to fully understand the effects, a more rigorous™model has to be developed based
on atomistic simulations, which takes diffusion of intérats and vacancies during annealing into
account and also considers factors such as amorphous gocketion.

4.5 Summary

In summary, we have developed a range of KPM models and tdsted for validity and accuracy
under different conditions. For the evolution {811} defects and for TED behavior the difference
between the 2 and 3-moment models (2KPM, 3KPM) and the aocalybodel (AKPM) is negligible.
The ordering of models with respect to their computatiofffiency is as follows (from most time
consuming to least time consuming): 3KPM, 2KPM, AKPM, SS&:. the range of available data,
AKPM seems to be the best compromise between computatifiitédiecy and accuracy.

The simple solid solubility model (SSS) is not able to acedanthe Ostwald ripening process,
and thus is unsuitable for modeling of extended defect kisend short-time TED behavior. How-
ever, it does a good job in predicting the final amount of TEDt 8e kinetics 0f{ 311} defects at
the initial stages of TED is important if we have temperatamaps. Depending on the speed of the
temperature ramp, we may end up with different amounts afteted interstitials. The SSS model is
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not capable of making this distinction since it doesn’t aosddor Ostwald ripening. Another point
where the{311} defect kinetics is important is when we have a competinggsscsuch as boron
interstitial cluster (BIC) formation. In such a case, b¢811} defects and BICs will compete in
capturing the interstitials, and the kinetics become irtgoar With respect to all of these, we won't
recommend using SSS model for modeling extended defects.
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Chapter 5

Models for Dislocation Loops

5.1 Extending KPM to dislocation loops

Our first approach to modeling of dislocation loops was t@edtthe KPM model to include dislo-
cation loops in addition t§311} defects. We did this by assuming that there are two populatio
extended defects which can interact with each other. Wenasduhat for smaller sizes it was ener-
getically more favorable to stay as{@11} defect, but above a certain size it was more favorable to
transform into a dislocation loop (Fig 5.2). Our simulasayave a cross-over around= 2200. The
transfer rate fron{311} defects into dislocation loops can be expressed as:

D f{311} B fJ,OOpexp(AGi‘?)ll} —AG'r?c’p)

o (5.1)

n KT

whereb is a “capture distance.” We found a value of 20 for b. Thus the transfer fror§311}
defects into dislocation loops is a rather slow process.

Panet al. [42] implanted 1x 10 cm~2 Si into silicon at 50keV and annealed the samples at
850°C and 1000C. They measured the resulting dislocation loop distrdngiusing TEM. We mod-
eled their data using a similar approach{®11} defects. The parameters 6811} defects were
from previous work [25]. It can be argued th@y; for loops should be jusE/, since an infinite size
perfect loop is nothing but an extra plane in silicon. FottiphtoopsCss should be slightly higher,
but small changes iB@sshad no significant effect in our simulation results. Inilaimage conditions
were obtained as described in Section 2.2.2, where the dizatn threshold has been adjusted to
get the correct dose of interstitials in loops.

Our results show that we were able to correctly model theugiani of the system and transforma-
tion of {311} defects into dislocation loops (Fig. 5.3). We were also ablget the correct Ostwald
ripening behavior (Fig. 5.4). Similar matches for data fliamnet al.[35] that included longer anneals
which led to substantial loop dissolution (Fig. 5.5).

The relatively slow dissolution rate of dislocation loopsrss from the facts that they can grow
very large andCss for loops is close t&;". This results irCy, for loops approaching;, so that they
sustain only a small super-saturation of interstitialsic8ithese loops are deep in the substrate and
sustain only a minimal super-saturation, the flux to theasigfis small and thus dissolve they slowly.

45



Defect energy (eV/atom)

T T TTTT

(R

T T TTTTT T T TTTTT |

Ll |

il |

T T T | T T T

{311}s
Dislocation Loops' |

Ll

10t

stable at larger sizes.

Cn (cm3)

1016
1015
1014
1013
1012
101
1010

10°

108

102

108
Size
Figure 5.1:{311} defect and dislocation loop energy as a function of defeet sSthe loops are more

104 100

‘§II_|||||| BN E R IR T ] lllllla:"?
E// \\ E
/ N

E N E
— N\ 3
[ S ]

AN

E E}
E H
E Tt E;
£ =
= --- {311}s =
L — Dislocation Loops o4
- * =
- CI 3
EIIIIIII! el el el I E

10t

102 108

Size

104 100

Figure 5.2:{311} defect and dislocation lod@; as a function of defect size.

46



5 . . . . .
101 T T TTTT T T TTTT T T TTTT T T TTTT T T TTTT T T TTT

LU
|

| Data (1000C)
\ [ Data (850C)

Interstitials bound to Defects (cth

1014 v --- {311} defects
N '\ —— Dislocation loops]
L \ i
| . ]
1013 T I el e \|\11|||||! [ |\|T111! Ll
101 100 10t 102 108 104 100
Time (S)

Figure 5.3: Evolution of density of interstitials in exteattdefectsrty) and comparison to model.
Data from Paret al.[42] for 1 x 10%cm~2 Si implant at 50 keV.

100000 T T T T T TTT T T T T T TTTT T T TTT T TTTTH]

Data (1000C)
Data (850C)

--- {311} defects
—— Dislocation loops

T T T
Ll Ll

1
|

10000;

=TT
]

Average Size

l

1000;

- ]

Lol Ll Lol Lol Ll Lol

101 100 10t 102 103 104 10°
Time (s)

Figure 5.4: Evolution of average defect siza (mg) for 1 x 10%cm~2 Si implants at 50keV and
comparison to data from Paat al. [42]

47



7 IR =t R R =TT
£ 6 k- ]
g |
4(2 5._\‘ -
a8 4t Data (1000C) -
8 [ Data (800C)

g 3H ' --- {311} defects -
9 Dislocation loops
w 2 _
o
B ] -
QO
s | TTe--o___ - ¥
- 0 il Ll ||1_|||' ol el e I 1Y I N —‘ll“|—1—1-|-||||
1 10 100 1000 10000 100000

Time (s)

Figure 5.5: Evolution of density of interstitials in diskten loops (m) and comparison to model.
Data for 1x 10'°>cm~2 Siimplant at 50 keV.

5.2 Analytical loop model

Although the model presented in the previous section giwesi gpredictions of loop evolution, it is
computationally expensive. Therefore, we seek to find afyacal model for loop evolution based
on the analytical model fof311} defects (AKPM). The approach we take is similar: We assurae th
{311} defects transform into dislocation loops by an unfaultiegation once they reach a critical
size. We can note the following points for the functions #rat involved in AKPM:

e Loops have a lower solid solubility thgi811} defects, typically aroun@;. Therefore, we have

to set the solid solubility of th¢311} defects/dislocation loop distribution @°°. Since the
yi are inversely proportional to the solid solubility they kaw be multiplied by the difference
for smaller sizes.

e TO ensure limy; = 1, we need a functional change after {84 1}/loop crossover pointgyit).
<—00

e They; have to be continuous at t§811}/loop crossover pointig;it).

To understand what type of function this restrictions gwe proceed as earlier: We ua&:*° for
dislocation loops (which is identical #Gg* for {311} defects at sizes smaller thagi;), and a log-
normal distribution function; and find the correspondin@s we did for{311} defects by Eq. 3.17.
The results are shown in Fig 5.6, together with analyticatfions that capture the behavioryaf

48



T TTTTT T T TTTT T T T T T T T T TTTI T T T

10° 1 .y, (From 2KPM)

Ll

. — v, (AKPM fit)

104 | : 4

108 | J

= : -
107 £ Ei

101 £ 5 J

- Only {311})s : {311}s and loops :

1cp _1|1||11! R | ||||1||i el il [ .

10t 102 108 104 10° 106
Defect Size

Figure 5.6: They; function for dislocation loops at as derived frd@5*¢ for dislocation loops and a
log-normal closure assumption.

We find a set ofy; functions to be used with AKPM by extending the set of funasiave used for
{311} defects:

(clm g
Isoop M 1 for iy < Nerit
yo = CSS ml_ (52)

1 a
K for My > Ny
L 3<m11> > Nerit

(-2 (Ko+2)Ko
loop 1+—
CP M+ Ko M+ Ko

) for My < Ngrit
(5.3)

for My > Ngrit

K@+2>“

1+Ka| =
4<m1+Ko

L

whereK3 andK4 are chosen such that continuity wfandy; are ensured (Fig. 5.7). In our simula-
tions, we have used a cross-over poinhgf = 1000 and lefio as a fitting parameters. Please note
thatngit should not be interpreted as “the point wh¢B4.1} defect to dislocation loop transforma-
tion happens,” but rather “the size below which {811} defect to dislocation loop transformation
happens.” The transformation will happen at any size greassngi;.

We again compare our model against data froméah[42]. As one can readily observe, a good
match can be found (Fig. 5.8 and Fig. 5.9). Since this modet destinguish between the interstitials
contained in dislocation loops and the interstitials coved in {311} defects, we can'’t plot them
separately. However, to obtain an idea on how{{8#1} defects would evolve, we can turn off the
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loop portion of the model and pld311} defects in the absence of loops (Fig. 5.8). The model also
gives a good fit to the Ostwald ripening process of dislocdtops (Fig. 5.9).

5.3 Simulating TED

We have applied our loop model to TED conditions to predigiadd movement of a buried marker
layer due to an amorphizing implant. To this end, we have ds¢a from Chao [6] and Huang [32].
Chao also had data for non-amorphizing implants, and foseghimplants the model predicts that
dislocation loops will never form in agreement with expegim

Our results show that we were able to predict TED behavior avarge range of implant doses
(Fig. 5.10). Although the fact that ax110'°cm~2 implant causes less TED than a0 cm 2
implant may seems a little paradoxical in the first look, ivéy reasonable when we consider that
most of the implant damage anneals out by epitaxial regrésvthmorphizing implants.

5.4 Modeling heterogeneous nucleation

The model we demonstrated in the preceding sections asghatdtie sole mechanism of dislocation
loop formation was through transformation fraf811} defects, and that thg311} defects grow to
a certain sizer(), after which it becomes energetically favorable to transfinto a dislocation
loop. Moreover, we assumed that the nucleatiofi3ifl} defects, and hence formation of dislocation

51



110 | 1016| 3 1 | 1 | 1 | 1 | 1
| — 10%cm? (Huang) |
100 - - - 10%5cm2 (Chao) *

90'_ R 104 cm2 -

(DBY2 (nm)

10+ +
0 | | | | | | | | | | | |
O 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (min)
Figure 5.10: Prediction of TED using FKPM for amorphizinglaron-amorphizing implants. Data
for 50 keV Si implants with annealing at 750.

loops is ahomogeneougrocess. That is, in the wafer, there is no preferred sit¢3ad} defect/loop
formation and these defects will form anywhere when themnisugh driving force to form these
defects.

However, experimental observations by Rdral. revealed that after annealing an amorphizing
implant, there exists also loops that are in size much smallg[41]. Although our previous model
doesn’t rule out this possibility, it is very unlikely thatsanall {311} defect will transform into a
dislocation loop since it is energetically unfavorablen Baal. concluded that these loops must have
nucleated directly from the matrix.

But why do we observe loops that nucleate directly withf8t1} defects if we have an amor-
phizing implant, and observe on{811} defects if we have a nhon-amorphizing implant? The answer
may beheterogeneous nucleatiomth the amorphous / crystalline interface acting as a raima
site for dislocation loops. Therefore, we can have dislocdbops that are much smaller th§s11}
defects, since they have formed by nucleation assistedebgrtiorphous/crystalline interface.

We now seek ways to extend our model to include this capgbilithe way of accomplishing
this goal is to have two separate distributions of extenagdats. The first distribution would be the
distribution for{311} defects and dislocation loops that were formed by transfition from {311}
defects, which is the distribution we considered in presisaction. The second distribution would
be for dislocation loops that formed heterogeneously aatherphous/crystalline interface. We can
deal with the heterogeneous nature of the second diswiblly lowering the formation energy of
these extended defects around the amorphous/crystailedace. A simple way of achieving this
goal is depicted in Fig 5.11. Since we can'’t see small sizealgf the determination of haAGE*€,
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and henc&;, looks like at small sizes will have to depend heavily on aiiicalculations.

One issue here is the “thickness” of the heterogeneousatimberegion. An initial approximation
could be the roughness of a/c interface. However, the regigrere this nucleation effects the point
defect concentrations can grow to the maximum loop size.

5.5 Summary

In summary, we were able to model the formation and evoluifatislocation loops by extending our
model for{311} defects to a system with two distributions and accountimgte transfer between
{311} defects and dislocation loops. We also developed a conipngdiy efficient version of this
model, based on AKPM.

The loop model extends our TED prediction capability to gohazing doses. We were able to
obtain good TED predictions for a large range of implant dose
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Chapter 6

Software Development Efforts

In order to carry out the simulations described in the prexedhapters, we have developed a multi-
purpose partial differential equation solver, DOPDEESicWins capable of solving initial value prob-
lems in one spatial dimension using a finite differences owkthThe system of partial differential
equations is specified using a “dial-an-operator” paradignd the program uses Tcl (a re-usable
and extendible command language developed at UC Berke&\ofg) as a front end. DOPDEES
has commands for structure generation and modification glsaw/ features that make simulation of
time-varying parameters (e.g. temperature ramps) p@ssilile solver is fast and suitable for use as
a process simulator and model test bed in 1-D.

Process Modeling Modules (PMM) is a framework for platfoimdependent scriptization of com-
monly encountered models in the process modeling commuplity frees the user from the burden
of specifying all equations and parameters for commonlykmmodels, but still retains the power to
specify arbitrary equations and models. It also provideaméwork for transferring models directly
from the university to the industry, without the need for ader to implement those models in a
commercial process simulator.

6.1 DOPDEES

The shrinking dimensions of VLSI devices leads to more cexphenomena becoming important
during fabrication. This requires a flexible environmentdeveloping process models. The system
should not restrict the user to predefined models, but ratheuld enable implementation of any

system of continuum equations. DOPDEES is such an effort.

DOPDEES is a multi-purpose PDE initial value solver in onatgp dimension that uses a “dial-
an-operator” paradigm for specification of the equatioriespg37]. The primary aim of the code is
rapid development of continuum models and it may be used Variaty of systems. It is intended to
be easy to use and easy to extend with new operators.

DOPDEES can be used in any system where the user wants ta sbtations for coupled partial
differential equations (PDEs). The program was originalhitten to solve diffusion/reaction prob-
lems and this is why it comes with operators suited for suchesys. However, if the operators or
functions the user needs are not included, it is relativaydo add them. Another positive feature
is that the user is able to select the integration engineifi@saht systems benefit from different nu-
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Figure 6.1: A structure in DOPDEES consists of regions, Wei&ch have a number of fields (solution
variables) and a grid structure. Each field is associateulavitequation of the typef /ot = S op.

merical algorithms which associated trade-offs in speetisaability. There are also commands for
grid generation and result extraction. The user interfdd2@PDEES is in Tcl, which provides for
powerful input scripting.

DOPDEES solves a given set of partial differential equatiomhe (one dimensional) space is
assumed to be divided into chunks calltedions and it is assumed that different equations need to
be solved in different regions (Fig 6.1). The solution viales are calledields and it is assumed that
for all fields equations of the typ@f /ot = ... exist that describe the PDEs. A field specified in one
region doesn’t exist in others, unless explicitly specifiadtually, the only communication between
regions happens through boundary transfers.

The right hand sides of the partial differential equations gpecified as a sum alperators
of /ot = S op This approach is calledial-an-operator since the user can choose the operators on
the right hand side. The operators can make ugaradtions which can be defined in terms of fields
and defined parameters as well as other functions.

DOPDEES actually discretizes the user-specified partidréntial equations and then solves the
resulting set of ordinary differential equations (ODE)ngsa standard ODE solver, or solver “engine”
(Fig. 6.2). This considerably reduces the code developtrert while the use of well-known, bug-
free code leads to stability in the program.

DOPDEES supports time-varying parameters, which enabkesiser to simulate systems like
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Figure 6.2: DOPDEES handles PDEs by discretizing them usiitg differences and feeding them
into a standard ODE solver.
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temperature ramps. The parameters and fields are handéedusaing the same functions, the only
difference being that a parameter is a single valued gyanta region, whereas fields have different
values at each spatial grid point. When functions are defiedresulting quantity is single valued if
all arguments are single valued, otherwise it is assumed taudti-valued. This eliminates the need
for writing separate functions for parameters and fieldsshlileads to efficient execution.

6.2 Process Modeling Modules (PMM)

The concept of Process Modeling Modules (PMM) developenhfour realization that there was a
gap to be filled between a process modeling software like SENPBnd a partial differential equation
(PDE) solver like DOPDEES oAlamode. Process simulators are not flexible enough to geovi
choice over the equations to be solved for; they are harédatadd user control is limited to a fixed set
of models and parameter values. On the other hand, when agjageral PDE solver, it is necessary
to specify every single equation and parameter in all ingakd, even if some of the equations and
parameters are considered to be well-known. In additiohémtrerhead involved, this may also lead
to inconsistencies between users, or groups of users.

Thus, one form of software provides almost no flexibility,ilslihe other requires the same work
to be done over and over, often leading to errors. We attaskitlemma by writing reusableodules
that can be incorporated into input decks of PDE solverss @pproach retains the flexibility of a
PDE solver, while providing reasonable defaults for modeld parameters.

Several standard models have been implemented in PMM, dasvelany models that have been
developed at Boston University. Fig 6.3 shows available ef®ds well as their interdependencies.
PMM (Process Modeling Modules) uses a hierarchical modstrigtion, such that models can in-
clude other models, and ensures inter-operability of meobglconsistency checks. Currently, PMM
includes a collection of modules frequently encounteredLiBl process modeling:

e Dopant diffusion, simple and coupled with point defects.

Point defect diffusion, generation and recombination.

Dopant-dopant pairing.

Two-stream diffusion in polysilicon.

Clustering of point defects and precipitation of dopants.

PMM model descriptions are independent of the PDE solvet,ubas providing a mechanism for
transfer of models between simulation packages. In addii@OPDEES, PMM has been interfaced
with the Alamode solver [55], which is part of the SUPREM OO7 systene hsve also published
a white paper describing the common scripting platform [5Be TCAD software vendor Avant!
Corp. shows an effort to integrate PMM with their new procgissulator. We believe that the use
of the PMM concept will speed model development and fatditeansfer of those models between
groups of users. The most direct impact would be rapid teareffmodels from university research
groups to industry, without the need to wait for implemeotaby commercial software vendors.
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Figure 6.3: Models implemented in PMM and their interdeeies. Modules can inherit parame-
ters from lower level modules and do consistency checks.

6.3 Simulation of dopant diffusion

As an example we will consider diffusion of two dopants, boemd arsenic, in silicon. The diffu-

sivity of both boron and arsenic are dependent on the logahiHevel, and therefore they can affect
each others diffusion through the net dopant concentra#idigh concentrations, arsenic is know
to become immobile and electrically inactive. We will catesi a simple model where the effect of
point defect interactions is not taken into account (therffenodel) and the deactivation of arsenic
is assumed to happen abruptly above the solid solubilityreMiggorous models exists both for diffu-
sion and deactivation and have been implemented in DOPDENES/framework. Under conditions

where the point defect concentrations are close to theifiequm values, this model should provide

reasonable results.

The set of PDEs in our system can be formulated as follows:

oCe
ot
acAs

ot
Cg\C'[
S

n

n;

= min(Cas,Css)

Chs—Ce
2n;
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The diffusivities of boron and arsenic are assumed to depenmg/'n; in a standard manner. In
addition to the silicon region, we also have an oxide regiartap of the structure and boron is
assumed to segregate preferentially to the oxide. Figdrsltows the script used in DOPDEES for
model definition. Note that the operators need to specifyha@hvfield (i.e., equation) they belong
to. Using PMM greatly simplifies the input file since it caltetpre-defined Fermi module (Fig. 6.5).
Note that the user can still specify an arbitrary set of PD&<sthis case PDESs for boron segregation
to and diffusion in the oxide, when using PMM modules. Thiswees maximum flexibility while
simplifying the input. Figure 6.6 shows the initial and fid@lping profiles in the structure.
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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_Ox [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 3.9el16*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_O [arrhenius 0.0666 3.44 cm2/s]

set DAs_M [arrhenius 12.8 4.05 cm2/s]

set DAs [func diffusivity $nni $DAs_0O $DAs_M 0 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_0 $DB_P] $ASi]

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

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

Figure 6.4: DOPDEES input script for the solving the equatigstem for co-diffusion of boron and
arsenic.
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set TEMPK [unit 900 C]

# 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_0Ox 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 O [unit 30 min]

Figure 6.5: DOPDEES input script for the solving the sameaéiqn system, but with the Fermi
model implemented using a PMM script.
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Chapter 7

Summary and Future Directions

7.1 Modeling and experiments

Our aim in this work was to understand the physical processesrring under Transient Enhanced
Diffusion (TED) conditions, express them in a mathematicatlel, integrate this model into a diffu-
sion equation solver and quantitatively match the expertalebservations.

To this end, we have developed a solid physical model (KPM)ttie evolution of extended
defects (311} defects and dislocation loops) which are observed under @&iitions. We have
also developed different versions of KPM that have applltgtunder different circumstances, and
have an associated range of computational efficiency. Theduof models developed in this work
gives the user the ability to make appropriate trade-offeéen accuracy and computational time.

We have applied KPM t¢311} defects that are observed under non-amorphizing implamt co
ditions and we were able to get a good agreement with theadlaikexperimental data. We have
then used this model to predict TED behavior based on maalger Experiments and we found good
agreement for the magnitude of TED, as well as the time ermngydose dependence. To extend the
model to dislocation loops, we assumed that dislocatiopddorm by unfaulting of 311} defects
as observed experimentally. We accounted for this tramsftion in our model and we were able to
obtain a good match to the experimental data without any fisations in the{311} defect model.
We also indicated how the same model could be used for heteengis nucleation.

Note that we have only dealt with silicon implants and mailkger experiments in this work.
A natural extension of our work is to extend it to dopant inmp¢éa which are used for making real
devices. One of the phenomena that becomes important unelge tonditions is the decreased
solid solubility of boron, which has been attributed to fation of boron-interstitial clusters (BICs).
Modeling BICs with a comprehensive, yet computationalljcefnt model remains still a challenge
at this point, although several researchers have madessuiiasprogress in this field in recent years.

One important fact is that the TED predictions strongly aepen point defect properties, espe-
cially theD,C/" product. All the results obtained in this work would be diéfiet if we used a different
value of D|C;". Although work has been done to measure point defect priepeat higher temper-
atures, the extrapolation to lower (TED) temperaturesnsrgrone. Obtaining accurate values for
point defect parameters either through experiments outjirab-initio calculations is essential.
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7.2 Software development

Our work also involved in developing a computer softward ihaapable of solving the models that
we have postulated. To this end, we have developed DOPDEBRSg-dimensional multi-purpose

partial differential equation initial value solver. To daa faster technology transfer, we have also
developed Process Modeling Modules (PMM) which consistetaok scripts that encapsulate the
models that we have developed in a ready to use form.

Although DOPDEES/PMM framework is good for model developtftesting, it has limited ap-
plicability in a production environment, primarily due ttsi1-D nature. One commercial TCAD
software vendor (Avant! Corp.) has developed a similar &aork (Taurus PMEI) that can be used
in 1, 2 and 3 dimensional problems. The models that we imphk@deunder the DOPDEES/PMM
framework will be ported to Taurus PMEI framework for widexeuwithin the industry.
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Appendix A

Calculation of the Kinetic Precipitation Rate

In this appendix, we derive the kinetic precipitation ratevarious precipitate shapes. To this end, we
solve the steady state diffusion field around a precipitatieulating the flux at the interface following
the technique used by Dunham [12]. We start with the foll@ndefinitions:

D: Diffusivity of solute atoms.

k: Surface reaction ratd(! = 0 if the reaction is diffusion limited).
An. Surface area of a sizeprecipitate.

rn: Radius of the sphere.

Rn: Radius of the disc.

b: Reaction distance (one lattice spacing).

C": Concentration at the surface of a sizprecipitate.

C;: Concentration that would be in equilibrium with a sizerecipitate.
C. c-C~.

cS: Concentration at the surface of a sphere.

Our basic equation is flux in to the surfaceamount of material consumed:

AD 9€ — Ak - Cy) (A1)

d r=surface

We will execute the following steps for each precipitatepgha

Write downé(r) as a function ot® (sum over spheres for using r rather than b).
Write downCi"t as a function ofS (setr = ri"t in the previous step).

Take the derivative c(f(r) with respect ta and evaluate at the interface.

Solve forc® from step 1 and substitute into above to fiR¥.

a M 0N BE

Write downAp,.
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A.1 Spherical defects
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Figure A.1: Division of the capture cross-section df3.1} defect into spheres of equal area.

5.
A A
An = R LA Reff (A-19)
For the disc (torush, = 41°R,b, so we get:
. 4TPR,
An = n(8Ry/D) (A.15)

A.3 {311} defects:

We assume thd311} defects are planar with a rectangular shape and grow ptinvatheir length.[50]
The capture cross-section of811} defect is assumed to be cylindrical regions of radiugth half-
spheres at each end (Fig. A.1), whbiis the silicon lattice spacing. In order to find the diffusfaeid
around & 311} defect, we divided this region into spheres of radiwghich have a total surface area
eqgual to that of the sum of the two cylinders and four halfesph. We then added up the steady-state
diffusion fields of these spheres to find the concentratioa distancea along the mid-line of the
width of a{311} defect:
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(A.16)
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An An
= = — A.20
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For the{311} defectA, = 4w+ 81h?, so we get:
Ao 4rh(w+ 2b) (A21)

Reff
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Appendix B

BU Parameter Set

In this section we want to list all the parameters used inttigsis.

b B ettt
# 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 pid4a [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 O

param Diff_d_As O

# Fractional interstitialcy component
param Fi_0_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 CSil] -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 O

param Diff p_P O

# 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 CSi]] -1.0]

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

# Diffusivity of B

param Diff_O_B [arrhenius 0.30 3.57 cm2s-1]
param Diff_p_B [arrhenius 1.8 3.57 cm2s-1]
param Diff m_B O

param Diff _d_B O

# Fractional interstitialcy component
param Fi_0_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 Hcd_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 CSi]] -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 1led

# 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 A]
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 1.0/2.22e26] -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_0 3.855
param K311_3KPM_1 15.906
param K311_3KPM_0 -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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