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ABSTRACT

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

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

To this end, we have developed a solid physical model (KPM) for the evolution of extended
defects (f311g defects and dislocation loops) which are observed under TEDconditions. We have
also developed different versions of KPM that have applicability under different circumstances, and
have different levels of computational efficiency. We believe that the range of models developed will
give the user the ability to make a compromise between accuracy and computational time.

We have applied KPM tof311g defects that are observed under non-amorphizing implant con-
ditions and we were able to get a good agreement. We have then used this model to predict TED
behavior based on marker layer experiments and we found a good match. To extend the model to
dislocation loops, we assumed that dislocation loops form by unfaulting off311g defects as observed
experimentally. We accounted for this transformation in our model and we were able to obtain a good
match to the experimental data without any modifications in thef311g defect model.

Our work also involved in developing a computer software that is capable of solving the models
that we have postulated. To this end, we have developed DOPDEES, a one-dimensional multi purpose
partial differential equation initial value solver. To enable faster technology transfer, we have also
developed Process Modeling Modules (PMM) which consists a set of 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 today is to shrink device sizes to their
limits, since both the speed and the yield (fraction of devices which work) increase as devices get
smaller. However, as devices get smaller and junctions get shallower, some phenomena begin to
get more and more important and the validity of current process simulators becomes questionable.
Predictive process simulation plays a major roles in today’s Technology CAD (TCAD), and hence,
we need improvements in current process simulators.

As one tries to fabricate shallower junctions, one moves to smaller thermal budgets during pro-
cessing with the hope of having less diffusion of dopants. But, one component of the diffusion, called
Transient Enhanced Diffusion (TED), remains. TED is the greatly enhanced diffusion of dopants in
silicon seen during annealing of the damage created by the ion implantation of the dopants. It is often
the case that for today’s processing parameters TED is the only significant component of diffusion.
Thus, the need for accurate models that can account for the behavior seen during TED emerges.

Our work aims at obtaining a physical model that can be applied to the behavior of dopants under
TED conditions. Although there are numerous articles on experimental observations concerning TED
in the literature [2, 9, 29, 30, 31, 36, 40], little fundamental modeling has been done [13, 19, 34, 45].
Our work has the following unique features:� Our work relies on a physical model of diffusion and interaction of dopant atoms and point

defects, rather than on an empirical approach.� The work is based on the evolution of the size distribution ofextended defects during TED.� It also includes deactivation of dopants and incorporationof point defects in dopant clusters or
precipitates.

Having accounted for the primary physical processes that are occurring during TED, our goal was
to arrive at a meaningful, and yet computationally efficientmodel that can be incorporated into a
diffusion equation solver. It is noteworthy to mention thata physical model can be incorporated into
any diffusion equation solver, since it is independent of the properties of the solver, like the number
of dimensions.
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1.2 Experimental data on TED

1.2.1 Early work on TED

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

Most of the early papers [2, 36, 49] deal with dopant implantsinto silicon. A (high) dose of boron,
phosphorus or arsenic was implanted into silicon, and afteran RTA step the final profile was measured
to determine the extent of TED. Angelucciet al.observed that boron and phosphorus show TED to a
large extent, but arsenic shows little TED, and antimony shows almost no TED [3, 2]. To show this,
Angelucci formed uniform layers of the dopants, patterned the sample, created a damage by silicon
implantation and annealed at various times and temperatures. For B and P, the Si-implanted regions
showed a large increase in junction depth, whereas for As andSb, the difference was minimal.

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

Combining the knowledge on primary diffusion mechanisms ofindividual dopants with the ob-
servations on TED for different dopants, we may conclude that TED is related to interstitial assisted
diffusion. Indeed, after an ion implantation, there is a high super-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 the enhancement is nearly independent
of the ion-implant damage for initial times (Fig. 1.1); and after some period (duration of TED) the
enhancement goes away [2, 39], such that we are left with normal diffusion which is many orders of
magnitude smaller. This means that for early stages of TED the excess interstitial concentration is
approximately fixed, and after some time it drops to its equilibrium value.

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

Hence, the following conclusions are in order:� TED is caused by excess interstitial concentration that persists after ion implantation.� The excess interstitial concentration remains approximately fixed during TED, and then drops
to its equilibrium value.� At higher temperatures the excess interstitial concentration disappears more rapidly, i.e. the
duration of TED is shorter.

All of the above qualitative observations will help us to build our model.

2



�

�

�

|

0
|

20
|

40
|

60
|

80
|

100
|

120
|

140

|0

|10

|20

|30

|40

|50

|60

|70

|80

|90

|100

|110

|120 | | | | | | | |

|
|

|
|

|
|

|
|

|
|

|
|

|

 Time (min)

 5x1013cm-2

 1x1014cm-2

 2x1014cm-2

 (
D

t)
1/

2  
(n

m
)

�

�

� � � �

�

�

�

� � �
� �

�

�

�
�

�

Figure 1.1: Time dependence of TED. Implantation of 5�1013 – 2�1014 cm�2 Si at 200 keV, and
diffusion at 800ÆC. Data from Packan [39].

�

�

|

0
|

10
|

20
|

30
|

40
|

50
|

60

|0

|10

|20

|30

|40

|50

|60

|70

|80

|90
|100

|110 | | | | | | |

|
|

|
|

|
|

|
|

|
|

|
|

 Time (min)

 800oC
 850oC

 (
D

t)
1/

2  
(n

m
)

�

�

�

� �

�

�

� � � �

Figure 1.2: Temperature dependence of TED. Implantation of1�1014 cm�2 Si at 200 keV, and dif-
fusion at 800ÆCand 850ÆC. Data from Packan [39].

3



|

0
|

20
|

40
|

60
|

80
|

100
|

120
|

140
|

160
|

180
|

200
|

220

|0

|10

|20

|30

|40

|50

|60

|70

|80

|90

|100

|110 | | | | | | | | | | | |

|
|

|
|

|
|

|
|

|
|

|
|

 Energy (keV)

 (
D

t)
1/

2  
(n

m
)

�

�

�

�

�

�
�

�

�

�

�

�

�

�
�

Figure 1.3: Energy dependence of TED. Implantation of 1�1012 cm�2 Si at 10–200 keV, and diffu-
sion at 800–1000ÆC. Data from Packan [39].

1.2.2 Separating the enhancement from the damage dose

In order to gain more insight into the mechanism of TED, experiments devoted to this topic have been
done [30, 31, 40, 44]. Since in the experiments discussed in the previous section it was impossible to
separate the enhancement from the damage dose, researchersdesigned experiments for this purpose.
They put a tracer dose of the dopant (usually boron or phosphorus) deep into silicon. The damage
is usually created by implanting silicon into the same sample. Thus, the damage dose is controlled
independently from the dopant dose. This enables us to investigate regions where the material is
intrinsic, and the dopant is far from its solid solubility limit.

Since amorphization and solid phase epitaxial regrowth is acomplex process itself, experiments
aimed at avoiding additional unknowns used implant doses below the amorphization threshold. The
amorphization of silicon with silicon implants occurs usually at doses above 2�1014 cm�2, which
also depends on the implant energy.

The experiments confirm the results mentioned in the above subsections and add some more inter-
esting aspects to the picture. First of all, the amount of TEDincreases with increasing silicon implant
energy [39] (Fig. 1.3. This is a bit surprising, since, although the amount of total damage gener-
ated increases with implant energy, the net interstitial excess is nearly independent from the implant
energy, only the position of the peak of damage depending on implant energy. Looking at the time
behavior at different implant energies, we can conclude that the initial enhancement is about the same
in all cases, only the duration of TED is longer for deeper implants [39].

The reason behind this observation is very simple if one assumes the primary sink for the excess
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Figure 1.4: Dose dependence of TED. Implantation of 1�1012 – 1�1014 cm�2 Si at 200 keV, and
diffusion at 800–1000ÆC. Data from Packan [39].

interstitials to be the surface: The farther away the damagefrom the surface is, the harder it will be to
get rid of it. Although interstitial-vacancy (I/V) recombination might play a role in being a sink for
interstitials, other experiments indicate that it is fast,such that product of concentration of interstitials
and concentration of vacancies (CICV) drops to its equilibrium value in the very early stages of TED,
which leaves us the surface as the primary sink.

One other interesting observation is that the dependence ofTED on the silicon implant dose is
non-linear [40] (Fig. 1.4). Even for silicon implant doses as low as 1�1012 cm�2 substantial dopant
movement is observed. This behavior is one of the biggest challenges in TED and still no fully
satisfactory explanation has been found.

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

Hence, the following conclusions are in order:� Higher energy damage implants result in more profile movement.� Surface is the primary sink for excess interstitials.� TED increases sub-linearly with increasing damage dose.� TED decreases with increasing dopant maker layer dose.
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1.2.3 The source of the interstitials

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

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

These defects are the so-called “rod-like” or “f311g” defects. The atomic structure off311g
defects has been only recently resolved [50]. It is believedthat interstitials form chains along<110>
direction and these chains come together to form af311g plane. This defect can get very long (about
1µm) in the<110> direction, hence is given the name “rod-like” defects.

The fact that the time needed for dissolution off311g defects is equal to the duration of TED [17]
is an excellent indicator thatf311g defects are the source of the interstitials during TED.

1.2.4 Interactions involving dislocation loops and boron-interstitial clusters

Studies concentrating on formation and evolution of dislocation loops generated by Si implantation
have been published [7, 35, 52]. It has been observed that thegrowth rate of dislocation loops is
constant in time, as it would be predicted by a bulk-diffusion mechanism. A quantitative model,
which predicts the loop evolution correctly, has also been developed [7].

Experiments by the same group also report interactions betweenf311g defects and dislocation
loops [33]. Results clearly show that the distribution of trapped interstitials betweenf311g defects and
dislocation loops is dependent on the implant dose. Interestingly, the amount of trapped interstitials
in f311g defects seems to saturate around 2�1013 cm�2 at 700ÆC.

Implantation of boron into silicon at very low doses and energies produces no visiblef311g de-
fects, but substantial TED is observed [57]. The threshold for f311g formation is estimated to be
5�1012 cm�2 for silicon implants and 1�1014 cm�2 for boron implants. The question whether be-
low these doses tiny interstitial clusters exist or not remains unanswered.

Recent observations by Cowernet al. [9, 10], suggest that in systems where B is present in large
doses, excess interstitials help boron atoms to form boron clusters and are themselves incorporated
into these clusters (so-called boron interstitial clusters, BICs), thereby reducing the number of mobile
boron atoms. Although the BICs are not visible even with highresolution TEM, the diffusion profiles
indicate that boron is becoming immobile where it is presentat high doses.
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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 dopant diffusion due to presence of point defects
(mainly interstitials) in excess of their equilibrium values (i.e. existence of a point defect super-
saturation), the first thing we will investigate is the effect of point defects on dopant diffusion. In this
section, we present various diffusion models and discuss their applicability to TED. In the following
equations, B represents our dopant, I represents interstitials and V represents vacancies.C denotes
the concentration andD denotes the diffusivity of a certain species indicated by the subscript.

2.1.1 Fermi diffusion model

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

∂CB

∂t
= ~∇ �DB

~∇CB (2.1)

whereDB is a function of the Fermi level:

DB = D0
B +D+

B (p=ni)+D�B (n=ni) (2.2)

This model is only valid under equilibrium conditions when both interstitials and vacancies at
their equilibrium levels. Obviously, TED is a total deviation from this assumption, so we can’t use
this model under TED conditions. However, diffusivity of dopants is determined using the “Fermi”
model, so the parameters in the more sophisticated diffusion models should relate toDB as defined
above.

2.1.2 Pair diffusion with a single point defect

Dopants are known to be diffusing via pairing with point defects [18]. We want to build up the theory
that leads to the pair diffusion of dopants. For this purposewe start by assuming the dopant diffuses
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only via pair formation with interstitials:

B+ I , BI (2.3)

In this chemical reaction, the forward rate will be proportional to theCBCI product, and the reverse
rate will be proportional toCBI. The net forward reaction rate can be written as:

kBI(KBICBCI�CBI) (2.4)

whereKBI is the equilibrium constant and has units of cm3 (inverse concentration). In equilibrium,
CBI will be equal toKBICBCI. The system results in the following continuity equations:

∂CB

∂t
= �kBI(KBICBCI�CBI)

∂CI

∂t
= ~∇ �DI

~∇CI�kBI(KBICBCI�CBI) (2.5)

∂CBI

∂t
= ~∇ �DBI

~∇CBI +kBI(KBICBCI�CBI)
If we assume that pairing is fast (that iskBI is very large), then the pairing reaction will always be

in equilibrium, and we can reduce the continuity equations to two by eliminating the terms associated
with this reaction:

∂(CB +CBI)
∂t

= ~∇ �DBI
~∇CBI (2.6)

∂(CI +CBI)
∂t

= ~∇ �DI
~∇CI +~∇ �DBI

~∇CBI

with CBI = KBICBCI. Note thatCB +CBI =CT
B , the total concentration of our dopant in silicon. This

is the value reported by Secondary Ion Mass Spectrometry (SIMS). SimilarlyCI +CBI =CT
I , the total

interstitial concentration. If we assume thatCBI �CB andCBI �CI, thenCB �CT
B andCI �CT

I . This
approximations will be valid under equilibrium and oxidation enhanced diffusion (OED) conditions.
We can then eliminateCBI from the above equations:

∂CB

∂t
= ~∇ �DBI

~∇(KBICBCI) (2.7)

∂CI

∂t
= ~∇ �DI

~∇CI +~∇ �DBI
~∇(KBICBCI)

which can be modified into:
∂CB

∂t
= ~∇ �DBIKBIC�I ~∇(CB

CI

C�I ) (2.8)

∂CI

∂t
= ~∇ �DI

~∇CI +~∇ �DBIKBIC�I ~∇(CB
CI

C�I )
If CI = C�I , then the diffusivity of the dopant should be equal toDB in the “Fermi” model. Thus

we can say thatDB = DBIKBIC�I .

∂CB

∂t
= ~∇ � DB

C�I ~∇(CBCI) (2.9)

∂CI

∂t
= ~∇ �DI

~∇CI +~∇ � DB

C�I ~∇(CBCI)
8



It is evident that the dopant will diffuse not only because there is a gradient inCB, but also because
there is a gradient inCI and vice versa.

2.1.3 Pair diffusion with both point defects

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

B+ I , BI kBI(KBICBCI�CBI)
B+V , BV kBV(KBVCBCV�CBV) (2.10)

And then we have the direct and indirect recombination reactions:

I +V , /0 kR(CICV�C�I C�V)
BI +V , B kR(CBICV�KBICBC�I C�V)
BV + I , B kR(CBVCI�KBVCBC�I C�V)

BI +BV , 2B kR(CBICBV�KBIKBVC2
BC�I C�V) (2.11)

Note that the rate constant for each of the recombination reactions is assumed to bekR, which
is a simplification. In fact, if we assume diffusion limited processes, the reaction rates for the four
reactions should be 4πa(DI+DV), 4πa(DBI+DV), 4πa(DI+DBV) and 4πa(DBI+DBV), respectively.
For the purposes of this reaction set, we can assume thatDBI = DI andDBV = DV . This is not a bad
assumption since both point defects and pairs are fast diffusers. This assumption makes all the four
rates equal.

If we assume that pairing is fast, so thatCBI = KBICBCI andCBV = KBVCBCV, we may combine
the recombination reactions into a single, effective one. Note that none of the recombination reactions
will effect total dopant concentration (CT

B ):

kR(CICV�C�I C�V) = kR(CICV�C�I C�V)
kR(CBICV�KBICBC�I C�V) = kRKBICB(CICV�C�I C�V)

kR(CBVCI�KBVCBC�I C�V) = kRKBVCB(CICV�C�I C�V)
kR(CBICBV�KBIKBVC2

BC�I C�V) = kRKBIKBVC2
B(CICV�C�I C�V) (2.12)

which gives:
keff

R = kR(1+KBICB)(1+KBVCB) (2.13)

The continuity equations reduce to:

∂(CB +CBI +CBV)
∂t

= ~∇ �DBI
~∇CBI +~∇ �DBV

~∇CBV

∂(CI +CBI)
∂t

= ~∇ �DI
~∇CI +~∇ �DBI

~∇CBI�keff
R (CICV�C�I C�V) (2.14)

∂(CV +CBV)
∂t

= ~∇ �DV
~∇CV +~∇ �DBV

~∇CBV�keff
R (CICV�C�I C�V)

with CBI =KBICBCI andCBV =KBVCBCV. We can denote the diffusivity of the dopant atom due to the
interstitialcy mechanism under equilibrium conditions (CI = C�I ) by DI

B. Similarly, diffusivity of the
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dopant due to the vacancy mechanism whenCV =CV� can be denoted byDV
B. Note thatDI

B +DV
B =

DB, the total diffusivity of the dopant under equilibrium conditions. This gives the following set of
continuity equations:

∂CT
B

∂t
= ~∇ �DI

B
~∇�CB

CI

C�I �+~∇ �DV
B
~∇�CB

CV

C�V�
∂CT

I

∂t
= ~∇ �DI

~∇CI +~∇ �DI
B
~∇�CB

CI

C�I ��keff
R (CICV�C�I C�V) (2.15)

∂CT
V

∂t
= ~∇ �DV

~∇CV +~∇ �DV
B
~∇�CB

CV

C�V��keff
R (CICV�C�I C�V)

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

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

e�+e+ , /0 np = n2
i

I0+e� , I� CI� = KI�CI0(n=ni)
I0+e+ , I+ CI+ = KI+CI0(p=ni) (2.16)

Each of these charged interstitials can pair with dopants. Again, we assume that pairing is in
equilibrium:

B�+ I0 , BI0 CBI0 = KBI0CBCI0

B�+ I+ , BI+ CBI+ = KBI+CB(KI+CI0(p=ni))
B�� I� , BI� CBI� = KBI�CB(KI�CI0(n=ni)) (2.17)

The notation above may be confusing, but is laid out as follows: CBI0 is the concentration of the
resulting pair from the reaction of an ionized dopant and I0. If the dopant is an acceptor, it will carry
a net negative charge in its ionized state, making BI0 negatively charged. If the dopant is a donor, it
will carry a net positive charge in its ionized state, makingBI0 positively charged.

Note the dopant is an acceptor (carrying a negative charge) it is very unlikely that it will pair with
a negatively charged interstitial due to repulsion, makingCBI� = 0. A similar statement is true for
donors. But we keep theCBI� term to make the analysis more general and assume thatKBI� = 0 for
acceptors and thatKBI+ = 0 for donors.

Note that due to the charge of ions, the continuity equation will not only have a diffusion compo-
nent (~Jdiff ), but also a drift component (~Jdrift). The drift terms arise because the charged species can
also move because of forces of the electric field, created by the gradient of electron concentration in
the substrate. The total flux of point defects and pairs will be equal to the sum of fluxes of each charge
state:
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∂CT
B

∂t
= �~∇ � +1

∑
i=�1

(~Jdiff
BIi + ~Jdrift

BI i ) (2.18)

∂CT
I

∂t
= �~∇ � +1

∑
i=�1

(~Jdiff
I i + ~Jdrift

I i )�~∇ � +1

∑
i=�1

(~Jdiff
BIi + ~Jdrift

BI i )
Next we do the generic derivation of~Jdiff

BI i
+~Jdrift

BI i
. Assume that the dopant is an acceptor, and hence

carries a charge of�q. If the dopant was a donor, it would carry a charge of+q. This will make the
charge on a BIi pair (i + z)q, wherez= +1 if the dopant is a donor andz= �1 if the dopant is an
acceptor. Then, we can write the diffusion term as:~Jdiff

BI i = �DBI i
~∇CBIi= �DBI i
~∇(KBIiCB(KI iCI0(p=ni)i))= �DBI i KBI i KI i

~∇(CBCI0(p=ni)i)= �Di
B=C�I0 h(p=ni)i~∇(CBCI0)+CBCI0

~∇(p=ni)i
i= �Di

B=C�I0 h(p=ni)i~∇(CBCI0)+CBCI0i(p=ni)i�1~∇(p=ni)i (2.19)

And the drift term becomes:~Jdrift
BI i = µBI i(i +z)q~ECBI i= DBI i (q=kT)(i +z)~ECBIi (2.20)

whereµ = D=kT is the mobility according to the Einstein relationship and~E is the electric field
vector. The electric field can be calculated from the gradient of the potential, which in turn can be
found from the local carrier concentration, given by a Boltzmann distribution (Ψ denotes the intrinsic
potential):

n= ni exp

�
Ψ

kT=q

�
(2.21)~E = �~∇Ψ= �~∇(kT=qln(n=ni))= ~∇(kT=qln(p=ni)) (2.22)~Jdrift

BIi = DBIi (i�1)CBIi
~∇ ln(p=ni)= DBIi (i�1)(KBIiCB(KI iCI0(p=ni)i)(ni=[)~∇([=ni)= DBIi KBI i KI i(i�1)CBCI0(p=ni)i�1~∇(p=ni)= Di

B=C�I0(i�1)CBCI0(p=ni)i�1~∇(p=ni) (2.23)
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Adding the diffusion and drift terms we get:~JBIi = �Di
B=C�I0 h(p=ni)i~∇(CBCI0)+CBCI0(p=ni)i�1~∇(p=ni)i= �Di
B=C�I0(p=ni)i

h~∇(CBCI0)+CBCI0
~∇ ln(p=ni)i (2.24)

Summing over all the charge states, we will get:~JBI = +1

∑
i=�1

~JBI i =�(D0
B +D+

B (p=ni)+D�B (n=ni))
C�

I0

h~∇(CBCI0)+CBCI0
~∇ ln(p=ni)i (2.25)

For donors, we need to replace ln(p=ni) with ln(n=ni). It may readily be observed that under equilib-
rium conditions (CI0 =C�I0), this reduces to “Fermi model” (Eq. 2.1).

If we carry out a similar analysis for~JI i we can see that the term with the gradient of(p=ni) is
being canceled by the drift term:~Jdiff

I i = �DI i
~∇CI i= �DI i
~∇(KI iCI0(p=ni)i)= �DI i KI i

~∇(CI0(p=ni)i)= �DI i KI i

h(p=ni)i~∇CI0 +CI0
~∇(p=ni)i

i= �DI i KI i

h(p=ni)i~∇CI0 +CI0i(p=ni)i�1~∇(p=ni)i (2.26)~Jdrift
I i = DI i (q=kT)i~ECI i= DI i iCI i

~∇ ln(p=ni)= DI i i(KI iCI0(p=ni)i)(ni=p)~∇(p=ni)= DI i KI i iCI0(p=ni)i�1~∇(p=ni) (2.27)~JI i = ~Jdiff
I i + ~Jdrift

I i =�DI i KI i(p=ni)i~∇CI0 (2.28)~JI = +1

∑
i=�1

~JI i =�DI0(1+KI+(p=ni)+K�I (n=ni))~∇CI0 (2.29)

The last equation was obtained by the simplifying assumption that interstitials at different charge
states diffuse equally fast, that isDI0 = DI+ = DI�. There is no experimental evidence to show that
they diffuse at different speeds.

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

We will merely state the results here. Derivation is analogous to the previous sections. The only
point to pay attention here is that the fractional interstitialcy component of diffusion may change with
Fermi level. For example it is known that phosphorus diffuses primarily via interstitials when it is
intrinsic, but it diffuses primarily via vacancies when present in large concentrations [11]. We can
handle this situation by having separate components likeDI+

B , which stand for “diffusivity of boron
due to the positively charged interstitials.” We may write:
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DI0
B +DV0

B = D0
B

DI+
B +DV+

B = D+
B (2.30)

DI0
B +DI+

B

D0
B +D+

B

= f intr
I

where f intr
I is the fractional interstitialcy component of diffusion for intrinsic boron. That is,f intr

I is
the fraction of diffusivity caused by the interstitials forintrinsic conditions. Of course, these three
equations are not enough to determine the four unknownsDI0

B , DV0

B , DI+
B andDV+

B , so, another as-
sumption must be made based on the experimental data for the dopant. For example, we can assume
that boron diffuses always through interstitialcy mechanism at all Fermi levels. We can then define:

DI
B = DI0

B +DI+
B

�
p
ni

�+DI�
B

�
n
ni

�
DV

B = DV0

B +DV+
B

�
p
ni

�+DV�
B

�
n
ni

�
(2.31)

This results in the following system of equations:

∂CT
B

∂t
= �~∇~JBI�~∇~JBV

∂CT
I

∂t
= �~∇~JI�~∇~JBI�keff

R (CI0CV0�C�I0C�V0) (2.32)

∂CT
V

∂t
= �~∇~JV�~∇~JBV�keff

R (CI0CV0�C�I0C�V0)
where ~JBI = �DI

B=C�I0 h~∇(CBCI0)+CBCI0
~∇ ln(p=ni)i~JBV = �DV

B=C�V0

h~∇(CBCV0)+CBCV0~∇ ln(p=ni)i~JI = �DI0χI
~∇CI0 (2.33)~JV = �DV0χV
~∇CV0

keff
R = kR(χI +πICB)(χV +πVCB)

with

χI = 1+KI+� p
ni

�+KI�� n
ni

�
χV = 1+KV+� p

ni

�+KV�� n
ni

�
(2.34)

πI = KBI0 +KBI+KI+� p
ni

�+KBI�KI�� n
ni

�
πV = KBV0 +KBV+KV+� p

ni

�+KBV�KV�� n
ni

�
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If CBI �CB andCBV �CB, one can assume thatCT
B =CB and write:

CT
I = (χI +πICB)CI0

CT
V = (χV +πVCB)CV0 (2.35)

A note about the recombination ratekeff
R : Actually the rate is too high as given here, because it also

includes recombination terms that actually would not be present. For example, an V� and I� would
be very unwilling to recombine because they would repel eachother. If the dopant is an acceptor,
we would have 4 such pairs: I� and V�; I+ and V+, BI0 and V�; BV0 and I� (Note that BI0 is
actually negatively charged). For an acceptor, BI� and 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 can recombine with each other. The
error of including these 4 pairs in the expression for recombination is often negligible, and makes the
equations much simpler. If more accuracy is desired, the following must be subtracted from thekeff

R
above:

kR[KI�KV�(n=ni)2+KI+KV+(p=ni)2+KBI0KV�(n=ni)+KBV0KI�(n=ni)℄ (2.36)

2.1.6 Five stream model

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

∂CB

∂t
= �RBI�RBV +RBI+V +RBV+I +2RBI+BV

∂CBI

∂t
= �~∇~JBI +RBI�RBI+V�RBI+BV

∂CBV

∂t
= �~∇~JBV +RBV�RBV+I�RBI+BV (2.37)

∂CT
I

∂t
= �~∇~JI�RBI�RI+V

∂CT
V

∂t
= �~∇~JV�RBV�RI+V

where ~JBI = �DI
B

C�I0 �~∇�CBI

πI

�+ CBI

πI

~∇ ln

�
p
ni

��~JBV = �DV
B

C�
V0

�~∇�CBV

πV

�+ CBV

πV

~∇ ln

�
p
ni

��
RBI = kBI [CBCI� χI

πI
CBI℄

RBV = kBV [CBCV� χI

πI
CBV℄ (2.38)

RBI+V = kR(CBICV�C�I0C�V0πIχVCB)
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RBV+I = kR(CBVCI�C�I0C�V0πVχICB)
RBV+BI = kR(CBVCBI�C�I0C�V0πIπVC2

B)
and other variables have same meanings as in the previous section.

2.2 Initial conditions: Damage created by ion implantation

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

The damage creation process can be summarized as follows: Asan ion with high kinetic energy
enters the silicon substrate, it undergoes a series of collisions with a number of silicon atoms. The
kinetic energy of the ion is high enough to displace these atoms from their original sites, leaving a
vacancy behind. These secondary ions also collide with other silicon atoms, etc., creating a collision
cascade. One implanted ion can easily create thousands of Frenkel pairs (interstitial-vacancy pairs),
depending on the energy and mass of the implanted ion. If the created damage is high enough, the
substrate will become amorphous.

2.2.1 Non-amorphizing implants

We first want to investigate non-amorphizing implants. In these types of implants, the dose of the
implanted ion is small enough that the created damage doesn’t reach the amorphization threshold.
Thus, the substrate maintains it crystalline nature, although there is extensive damage in the crystal
structure.

TRIMCSR assumes that the structure is amorphous to begin with. Therefore, it ignores any chan-
neling that may occur due to the crystalline nature of the substrate. On the other hand, UT-Marlowe
takes the crystal structure of the substrate into account and can predict the tilt and rotation depen-
dence of the tail of the profile. The difference between the two simulators is obvious as represented in
Figure 2.1. Even though the implant has been performed at 7o tilt and 45o rotation to minimize chan-
neling, still substantial channeling occurs. Therefore, UT-Marlowe will be our choice of simulator for
non-amorphizing implants.

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

We know that even during the implantation process the Frenkel pairs will recombine. After an
extremely small thermal budget (1 ms at 600ÆC), we would expect that most Frenkel pairs would have
recombined because the system is so far away from equilibrium. This would leave us with a net “+1”
damage, where each incoming ion displaces one silicon atom,such that the net I�V dose is equal to
the implant dose.
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Figure 2.1: Comparison of UT-Marlowe and TRIMCSR simulations of a 40 keV 5�1013 cm�2 Si
implant at 7o tilt and 45o rotation.
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Figure 2.2: Total and net damage created by a 40 keV 5�1013 cm�2 Si implant. Monte Carlo simu-
lations with TRIMCSR.
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Figure 2.3: Damage created by a 40 keV 5�1013 cm�2 Si implant before and after very short anneal-
ing.

However, I/V recombination is not the only process occurring during the post implant phase.
Interstitials and and vacancies can also diffuse and recombine at the surface. Ab-initio calculations
show that the diffusivity of vacancies is higher than the diffusivity of interstitials, particularly at lower
temperatures. Thus we would expect the vacancies in the vacancy-rich region near the surface to
recombine at the surface more readily than they would recombine with an interstitial. To demonstrate
this effect, we have performed simulations assuming thatDV � DI and both surface recombination
and I/V recombination are diffusion limited processes. Figure 2.3 shows that we indeed get a region
near the surface where the net I�V concentration is higher than predicted by a “+1” approach, and
the net I�V dose is larger than “+1”.

This effect is, however, dose dependent. If we have a relatively high dose, there is a higher prob-
ability that a vacancy will first find an interstitial and recombine with it. If we have a relatively low
dose, there is a higher chance that the vacancy will hit the surface before finding another interstitial.
Therefore, we would expect the net I�V dose after recombination to be increasing with decreasing
implant dose. We have run a series of simulations to affirm this perception, 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 during the implantation process, such as amor-
phous pocket formation, which might increase the magnitudeof the “+n” effect. Formation of amor-
phous pockets confines the interstitials and vacancies to a relatively small region in space. If a vacancy
manages to escape the amorphous pocket, it has a fairly high chance of hitting the surface rather than
another amorphous pocket. We believe that we have taken thiseffect into account to some extend
by assumingDI = 0 in our simulations, but clearly atomistic simulations arerequired to accurately
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Figure 2.4: Net damage (I�V) dose divided by implant dose (plus factor) for a series of non-
amorphizing 40 keV Si implants.

estimate these effects.

2.2.2 Amorphizing implants

The picture is slightly different for amorphizing implants. If the substrate is amorphized up to a certain
depth (the amorphous/crystalline interface), this portion will regrow epitaxially, giving a defect free
region around the peak of the implant, and leaving an excess interstitial profile only near the tail of
the profile (Fig. 2.5). This interstitial rich region is alsocalled 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 implant dose, since much of the damage
goes away during solid phase epitaxial regrowth. Therefore, TED from an amorphizing implant can
actually belessthan from a non-amorphizing implant. However, dislocationloops, which are very
stable, have a negative impact on the device characteristics: They are in the middle of the depletion
region, and therefore increase the leakage current of the junction.

Another important difference from the non-amorphizing implants is that the amorphization thresh-
old has no unique value. Amorphization threshold is the total vacancy concentration above which the
substrate is assumed to be amorphized. It is usually expressed as a percentage of the silicon atom con-
centration (5�1022 cm�3). Studies have shown that this threshold depends on implanttemperature
and implant dose rate, since both of these factors affect thedamage accumulation process [47].

Moreover, the net I�V dose is a very strong function of the amorphous/crystalline (a/c) interface.
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Figure 2.5: TRIMCSR simulation of total and net implant damage for a 50 keV 1�1015 cm�2 Si
implant. Amorphization threshold has been assumed to be 10%.

Under conditions of Fig. 2.5, a 30̊A change in the a/c interface would change the net I�V dose
by 25%. Even if the a/c interface is measured experimentally, the end of range damage still cannot
be determined accurately because of the sensitivity of the net I�V dose on the location of the a/c
interface. Therefore, it is important to have another measure, such as the number of interstitials
trapped in dislocation loops, to model the net damage under amorphizing conditions.

2.3 Other parameters

2.3.1 Point defect properties

One of the most important parameters for TED is point defect properties, especially those of intersti-
tials. We tried to use as accurate values as possible, but since no direct measurement of point defect
properties can be performed, all parameter values we obtainin our simulations have to be re-calibrated
when a different set of point defect properties is used. In this section, we investigate the relationship
between point defect properties and modeling results.

The most important parameter is the self diffusion coefficient via interstitials (DIC�I product).
The value of this product directly effects simulation results. More precisely,DIC�I and

p
Dt (the

junction movement during TED) are inversely proportional to each other. Luckily, theDIC�I can be
relatively well determined from experiments. However, themost reliable experiments for determining
DIC�I are metal diffusion experiments, which are usually performed at higher temperatures than TED
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conditions. Therefore, a small error in the activation energy of DIC�I may lead to a big error in TED
predictions.

The values of diffusivity of interstitials (DI) and equilibrium concentration of interstitials (C�I )
individually don’t affect TED results directly, as long as their product is constant. The duration of
TED is controlled by the flux of interstitials towards the surface, which is directly proportional to the
ratio of solid solubility of interstitial (Css) to C�I . Thus, as long as theDIC�I product andCss=C�I ratio
is constant, the results will remain unchanged.

The vacancy parameters don’t affect the simulation resultsboth for TED and extended defect
evolution, except for the “+n” effect described in section 2.2.1. Even for that effect, the actual value
of DV is irrelevant; the only thing that is important isDV �DI.

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

2.3.2 Surface recombination

Under TED conditions, the surface is the main sink for interstitials. Data by Eagleshamet al. [17]
suggest a surface recombination rate that is decreasing with time, since the rate at which interstitials
are consumed is decreasing approximately exponentially with time. Other experimental observations
also indicate that a fast effective interstitial surface regrowth exists for small thermal budgets, with
a much slower one for longer times and higher temperatures [15]. Thus, rather than using a simple
model with constant surface recombination rate, we used thefilm segregation model of Agarwal
and Dunham [1] to account for surface regrowth. In this model, the primary mechanism by which the
surface consumes interstitials is not surface recombination, but segregation of interstitials to the oxide
layer.

However, after performing a series of simulations, we find that the surface has no strong effect
on the results, as long as it has a fast recombination rate. The main reason behind the exponential
decay in Eaglesham’s data is Ostwald ripening process. We find that using a fast, constant surface
recombination model gives almost exactly the same results as the film segregation model. Therefore,
we switched to a constant surface recombination model wherewe assumed that the ratio of the surface
recombination velocity and interstitial diffusivity is� 0:1Å�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 Microscopy (TEM) observations [10, 17] show
that f311g defects (also known as “rod-like defects”) form, grow and eventually dissolve during
annealing of ion implanted samples. Initially, there is a huge driving force to formf311g defects, such
that, for sub-amorphizing silicon implants, almost the whole net excess interstitial dose aggregates
into these extended defects within a very short period of time (less than 5 s at 815ÆC) [17]. As
annealing continues, these defects undergo Ostwald ripening: Their average size increases and their
number decreases. The total number of interstitials bound to these defects decreases approximately
exponentially, and eventually, allf311g defects dissolve and disappear. It has been reported that the
time scale for their dissolution is about the same as the timescale of TED [10]. These observations
strongly suggest thatf311g defects play a central role under TED conditions. If we couldmodel the
evolution of these defects correctly, we should be able to predict TED.

In general, nucleation and growth processes play a criticalrole in a large range of materials pro-
cessing systems. Classical modeling approaches divide such processes into two discrete steps, with
nucleation and growth being modeled using fundamentally different assumptions, each valid only
under idealized conditions. Thus, although these approaches are very useful for understanding qual-
itative behavior, they are unsuitable in many cases for the development of quantitative models, par-
ticularly under complex annealing conditions (e.g., multi-step anneals). Noting the power of modern
computers to solve complex systems of coupled differentialequations, we have developed a unified
approach to modeling of nucleation and growth processes which extends nucleation theory to include
the behavior of supercritical as well as sub-critical aggregates.

3.2 Full Kinetic Precipitation Model (FKPM)

The major challenge in modeling the evolution of precipitates and extended defects is the fact that
different sized defects have very different properties. The Full Kinetic Precipitation Model (FKPM)
[14] treats precipitates of different sizes as independentspecies (fn) and accounts for their kinetics by
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Figure 3.1: Growth and dissolution of precipitates by attachment and emission of solute atoms.

considering the attachment and emission of solute atoms (Fig 3.1).

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

∆Gn =�nkT ln
CA

Css
+∆Gexc

n (3.1)

Here,CA denotes the solute concentration,Css is the solid solubility and∆Gexc
n is the excess surface

and strain energy of a sizen extended defect. We usually assume that∆Gexc
n has a polynomial form,

since any function can be approximated by a polynomial:

∆Gexc
n = a0nβ0 +a1nβ1 +a2nβ2 (3.2)

with β2 < β1 < β0 < 1. The largest exponent (β0) controls the asymptotic behavior for large sizes.
Theoretical calculations [43] for the functional form of∆Gexc

n show that it is reasonable to assume that
β0 = 0:5 sincef311g defects are planar defects. We usedβ1 =�0:2;β1 =�1 as corrections for small
size behavior.a0, a1 anda2 remain as temperature independent fitting parameters.

The main reaction in the system is the attachment and emission of solute atoms to and from
precipitates. IfIn denotes the net growth rate from sizen to n+ 1, we may write the following
equation:

In =� Dλn(CA fn�C�n fn+1) for n� 2
Dλ1

�
C2

A�C�1 f2
�

for n= 1
(3.3)

Note thatI1 is different from other terms, because it represents the rate for formation of the defects
by reaction of two interstitials.

The growth rate of precipitates is written in the formDλn, whereλn incorporates effects of both
diffusion to the precipitate/silicon interface and the reaction at the interface.λn is calculated based on
solving the steady-state diffusion equation in the neighborhood of a precipitate, taking its shape into
account (see Appendix A).C�n represents the interstitial concentration at which there would be no
change in free energy for a precipitate growing from sizen to sizen+1. C�n can be found by setting
∆Gn = ∆Gn+1 and solving forCA.

C�n =Cssexp

�
∆Gexc

n+1�∆Gexc
n

kT

�
(3.4)

The evolution of the size distributionfn is given by the difference between the net rate at which
defects grow from sizen�1 ton (In�1) and the net rate of growth from sizen to n+1 (In). Since the
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fundamental growth process is the incorporation of a soluteatom, the total change inCA includes a
term from each growth reaction, giving a sum overIn:

∂ fn
∂t

= In�1� In (3.5)

∂CA

∂t
= �2I1� ∞

∑
n=2

In (3.6)

3.3 Reduced Kinetic Precipitation Models (RKPM)

The Full Kinetic Precipitation Model adds an extra dimension, namely precipitate size, to the problem
being solved. Even if one limits the number of precipitate sizes that will be solved for, the number
of variables is still very large for efficient solution of theequation system. If the system has multiple
spatial dimensions, the number of solution variables becomes prohibitively large.

To minimize the computational budget, we have developed a more efficient version of this model,
based on the work of Clejan and Dunham [8]. Instead of calculating all the fn, one calculates only the
lowestmomentsof the distribution (mi = ∑∞

n=2ni fn, wherei = 0;1;2; : : :). This transforms the system
of equations to the following set:

∂mi

∂t
= 2i I1+ ∞

∑
n=2

�(n+1)i�ni� In (3.7)

Note that the sums over theIn can all be written in terms of sums overfn, n fn, etc. Hence, they
can be calculated from the moments if moments are used to describe the distribution. This reduces
the system of equations to be solved to:

∂mi

∂t
= DA

�
2iλ1C

2
A +m0CAγ+i �m0Cssγ�i �

γ+i = ∞

∑
n=2

�(n+1)i�ni�λn f̂n (3.8)

γ�i = λ1Ĉ
�
1 f̂2+ ∞

∑
n=2

�
ni� (n�1)i�λn�1Ĉ

�
n�1 f̂n

whereĈ�n =C�n=Css and f̂n = fn=m0.

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

3.3.1 3-moment model (3KPM)

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

f̂n = z0exp
��∆Gexc

n =kT+z1n+z2n2� (3.9)

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

∂m0

∂t
= D

�
λ1C

2
A�m0Cssγ�0 �

∂m1

∂t
= D

�
2λ1C

2
A +m0CAγ+1 �m0Cssγ�1 � (3.10)

∂m2

∂t
= D

�
4λ1C

2
A +m0CAγ+2 �m0Cssγ�2 �

∂CA

∂t
= �∂m1

∂t

with

γ�0 = λ1Ĉ
�
1 f̂2

γ+1 = ∞

∑
n=2

λn f̂n

γ�1 = λ1Ĉ
�
1 f̂2+ ∞

∑
n=2

λn�1Ĉ
�
n�1 f̂n (3.11)

γ+2 = ∞

∑
n=2

(2n+1)λn f̂n

γ�2 = λ1Ĉ
�
1 f̂2+ ∞

∑
n=2

(2n�1)λn�1Ĉ
�
n�1 f̂n

For the 3-moment model (3KPM), the distribution function isnot readily integrable. Therefore,
we can’t analytically replace a function of the parameters of the distribution function with a function
of the moments, which are our solution variables. Instead, we have to solve the following set of
non-linear, coupled equations at every time step and grid point:

1 = ∞

∑
n=2

z0exp
��∆Gexc

n =kT+z1n+z2n2�
m̂1 = ∞

∑
n=2

nz0exp
��∆Gexc

n =kT+z1n+z2n2� (3.12)

m̂2 = ∞

∑
n=2

n2z0exp
��∆Gexc

n =kT+z1n+z2n2�
To make the simulation computationally efficient, we solve the above non-linear set of equations

for a range ofm̂1 andm̂2 values and calculate theγi for these values. Then theγi are stored in a lookup
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Figure 3.2: Distribution off311g defect densities over defect sizes and best fit to log-normaldistri-
bution.z2 = 0:8 has been used in all fits. Data from Pan and Tu [41].

table and interpolation is used to find values ofγi for values ofm̂i that have not been tabulated. Clejan
and Dunham have applied this system to dopant deactivation and showed that the use of a moment
based approach doesn’t refrain us from capturing the physics of the system [8].

3.3.2 2-moment model (2KPM)

Forf311g defects and dislocation loops, the size distribution has been measured experimentally [41].
The results suggest that the distribution is roughly log-normal:

fn = z0exp(� ln(n=z1)2=z2) (3.13)

When we analyze the data, we find thatz2 appears to be independent of annealing time. The distribu-
tions can be approximated by log-normal distributions withz2 = 0:8 (Fig. 3.2). Thus, we can reduce
the number of parameters (hence number of moments) to 2. The resulting system is a 2-moment
system (2KPM):

∂m0

∂t
= I1 = D

�
λ1C

2
A�m0Cssγ�0 �

∂m1

∂t
= 2I1+Dm0

�
CAγ+1 �Cssγ�1 � (3.14)

∂CA

∂t
= �∂m1

∂t
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Figure 3.3: Change ofλn versus defect size forf311g defects and dislocation loops. The calculation
can be found in Appendix A.

with

γ�0 = λ1Ĉ
�
1 f̂2

γ+1 = ∞

∑
n=2

λn f̂n

γ�1 = ∞

∑
n=2

λnĈ
�
n f̂n+1 (3.15)

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

3.4 Analytical Kinetic Precipitation Model (AKPM)

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

First of all, we note that forf311g defects, the kinetic precipitation rateλn is a weak function of
the precipitate size (as compared to dislocation loops) andconverges to a constant as the precipitate
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size increases (Fig. 3.3). Therefore, it would be reasonable to replaceλn by a constant valueλ for
all sizes. This value can be found approximately from a weighted sum ofλn. Therefore, our system
reduces to:

∂m0

∂t
= I1 = Dλ

�
C2

A�m0Cssγ0
�

∂m1

∂t
= 2I1+Dλm0 [CA�Cssγ1℄ (3.16)

∂CA

∂t
= �∂m1

∂t

with

γ0 = Ĉ�1 f̂2

γ1 = ∞

∑
n=2

Ĉ�n f̂n+1 (3.17)

Note that in the above equations,f̂n is given by the distribution function we assume, and can be
determined fully ifm̂1 is given. For example, if the distribution function is a geometric distribution
function (f̂n = z0zn

1), then the distribution can be determined by solving the following set of equations:

1 = ∞

∑
n=2

z0zn
1

m̂1 = ∞

∑
n=2

nz0zn
1 (3.18)

The solution of this system gives:

z1 = m̂1�2
m̂1�1

z0 = 1�z1

z2
1

(3.19)

Hence the normalized distribution can be written in terms ofm̂1:

f̂n = 1
m̂1�1

�
m̂1�2
m̂1�1

�n�2

(3.20)

Since we also assume a functional form forĈ�n, theγi are uniquely defined if ˆm1 is known. so, in
fact, theγi are functions of ˆm1:

γ0 = γ0(m̂1)
γ1 = γ1(m̂1) (3.21)
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Looking at the functional form of̂C�n and f̂n, we may write the following limits for these functions:

lim
m̂1!2

γ0 = Ĉ�1
lim

m̂1!∞
γ0 = 0 (3.22)

lim
m̂1!2

γ1 = 0

lim
m̂1!∞

γ1 = 1

Thus, for every∆Gexc
n f̂n pair, we can find a correspondingγ0(m̂1), γ1(m̂1) pair; and instead of using

the parameters of∆Gexc
n as our fitting parameters, we can use corresponding parameters ofγ0(m̂1) and

γ1(m̂1) as fitting parameters.

To demonstrate this transformation, we use an example. Assume that the size distribution is again
geometrical as given by Eq. 3.20. For simplicity of calculation, assume that̂C�n is also given in a
geometric fashion:

Ĉ�n = abn�1+1 (3.23)

This givesĈ�1 = 1+a and f̂2 = 1=(m̂1�1), resulting in:

γ0 = 1+a
m̂1�1

(3.24)

For γ1, we have to do the following summation:

γ1 = ∞

∑
n=2

(abn�1+1) 1
m̂1�1

�
m̂1�2
m̂1�1

�n�1= m̂1�2
m̂1�1

�
ab

m̂1(1�b)�1+b
+1

�
(3.25)

Similarly, starting with the polynomial form of∆Gexc
n as given by Eq. 3.2 and the log-normal

distribution of the defect sizes as given in Eq. 3.13, we calculate the correspondingγ0(m̂1), γ1(m̂1)
pairs numerically. Figures 3.4 and 3.5 show the set of calculatedγi for a given set of coefficients for
the polynomial of∆Gexc

n . Our calculations show that the results can be approximatedby the following
functions ofm̂1:

γ0(m̂1) = K1

m̂1�1
(3.26)

γ1(m̂1) = m̂1�2
m̂1+K0

�
1+ (K0+2)K2

m̂1+K0

�
To get a feel for these functions, we have plotted them in Figure 3.6, in addition to Figures

3.4 and 3.5. The parameterK0 controls thex-scale, parameterK1 defines the overall scale ofγ0

and the parameterK2 defines the magnitude of the peak forγ1. Using these three parameters, we can
cover a wide range of curve shapes.

Since theγi calculated from 2KPM and determined by the analytical functions of AKPM are
approximately equal, we would expect that both models wouldgive the same simulation results.
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Indeed, when we test both models under the same conditions, the results are almost indistinguishable
(Fig 3.7). To obtain Fig 3.7, we have used the parameters of Fig. 3.4, with an initial 5�1013 cm�2

interstitial dose.

It is also possible to find̂C�n, and hence∆Gexc
n , if the parameters of theγi (Ki) and the distribution

function is given, although this procedure is less straightforward. Sinceγ0 is the product ofĈ�1 and
f̂2, knowingγ0, we can easily find̂C�1. On the other hand,γ1 is only dependent on̂C�2 throughĈ�∞. So,
we can findĈ�n, by solving a large set of linear equations that is defined by:

γ1(m̂1) = nmax

∑
n=2

Ĉ�n f̂n(m̂1) (3.27)

at differentm̂1. OnceĈ�n is determined,∆Gexc
n can be found by solving the expression forC�n (Eq. 3.4)

for ∆Gexc
n , which gives a recurrence relation:

∆Gexc
n+1 = ∆Gexc

n +kT lnĈ�n (3.28)

Obviously,∆Gexc
1 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 characteristics of the precipitates change with
changing average size, and therefore can be considered as “sophisticated” models. The simplest
model for precipitation is to assume a constant solid solubility cut-off. This amounts to assuming that
all solute atoms above the solid solubility level will form precipitates instantaneously. We have added
a kinetic rate for this system and will use it for comparisonswith KPM models discussed in the text.
The rate equations for this model can be formulated as follows:

∂m1

∂t
= Dλm1(CA�Css)+� Dλ(CA�Css)2 for CA >Css

0 for CA �Css
(3.29)

∂CA

∂t
= �∂m1

∂t

The first term in the above equation is for growth/dissolution of the precipitates, whereas the
second term is for nucleation of precipitates whenCA >Css. Since this model keeps track of only one
moment (m1), we can classify it as a 1-moment model. This model is similar to the model proposed
by Rafferty [48], in the sense that both models capture the dynamics of cluster formation, but use a
constant solid solubility.
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Chapter 4

Modeling f311g Defects and TED

In this chapter, we will apply the models that were developedin the previous chapter tof311g defect
evolution data by Eagleshamet al. [17] to obtain parameter values for these models. We will then use
these parameters and models to predict TED and compare the predictions to boron marker layer data
by Packan [39] and Chao [6].

4.1 Evolution of f311g Defect Profile

Eagleshamet al. [17] implanted 5�1013 cm�2 Si into silicon at 40 keV and annealed the samples
at various temperatures. They measured the resultingf311g defect distributions using TEM and
reported the moments of this distribution. However, they were unable to observe defects smaller than
a cut-off of 20Å and assumed that allf311g defects have a constant width of 50Å. An elongated
defect shouldn’t have its width larger than its length, so weassumedw= min(l ;50Å) (see Appendix
A). We fit our data to moments that we calculate the same way Eagleshamet al.did, but we will show
that the real moments might be different from those.

First, we applied the 3-moment model (3KPM) to Eaglesham’s data. We optimized our parameters
(a0, a1, a2 andCss, with onlyCss being temperature dependent) to match the data represented. It can
be seen that we were able to obtain a good agreement between the data and the model (Figs. 4.1,
4.2 and 4.3). We show model results both for the full distribution (actual) and the portion of the
distribution with size greater than 20Å (observable). Note that the average size of the observable
defects (l > 20Å) seems to diverge from the average size of all defects, and we will explain this
behavior later.

To gain a better understanding of the system let us investigate how the depth profile changes over
time (Fig. 4.4). It can be observed that thef311g defect pile is being consumed from the side that
is closer to the surface, and this process moves the profile deeper into the substrate with time. As
a matter of fact, the approximately exponential decay of thenumber of interstitials inf311g defects
arises from the combination of the Ostwald ripening behavior and the shift of thef311g defect frontier
away from the surface.

Fig. 4.5 shows a plot ofC�n versus defect length for this system. It can be observed thatC�n has
a peak aroundn = 7, which would be the least stable cluster size. The fact thatsmall clusters are
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Figure 4.1: Evolution of density of interstitials inf311g defects (m1) and comparison to model. Data
for 5�1013 cm�2 Si implant at 40 keV with anneal at 815ÆC.
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Figure 4.2: Evolution of the average length off311g defects and comparison to model. Data for
5�1013 cm�2 Si implant at 40 keV with anneal at 815ÆC.
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Figure 4.3: Evolution of density off311g defects (m0) and comparison to model. Data for
5�1013 cm�2 Si implant at 40 keV with anneal at 815ÆC.
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Figure 4.4: Thef311g defect profile for various annealing times at 815ÆC.
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Figure 4.5:C�n andCss versusf311g defect size for anneals at 815ÆC.

stable gives rise to the very rapid formation off311g defects, whereas the continuously decreasing
C�n for l > 10Å gives rise to the ongoing Ostwald ripening in the system. The leveling off after sizes
l > 300Å stops the growth off311g defects aroundl = 150Å, as suggested by the data. Note that the
exact shape ofC�n depends on the form assumed, but the general slope is necessary in order to match
the experimental results.

The shape of the distribution over the sizes (Fig. 4.6) also tells us that there is an unstable region of
cluster sizes, such that the distributions are double-peaked. This shape of the defect size distribution is
an immediate result of the energy-minimizing closure assumption. The fact that Eagleshamet al.can-
not observe clusters smaller than 20Å results in an overestimation of the average size (see Fig. 4.2),
as well as an underestimation ofm0, the number of clusters (Fig. 4.3). The clusters in the first peak are
completely invisible to them. Luckily, these clusters don’t contribute significantly tom1. Note that
for a log-normal closure assumption, there is no second peak, such that the average size of observable
clusters and all clusters is the same.

We characterized the parameters of the system for differenttemperatures (specifically, 815ÆC,
738ÆC, 705ÆC and 670ÆC), 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 dose dependence of interstitials inf311g
defects. Poateet al. [46] reported that above a threshold dose the number of interstitials in f311g
defects at the initial stages of TED increases linearly withimplant dose, but with a slope of about 1:4.
Our model was able to accurately predict this behavior (Fig.4.8), both the slope as well as the dose
below which nof311g defects form.
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Figure 4.6: Normalized distribution off311g defect sizes for various times for anneals at 815ÆC. The
vertical line represents the minimum observable defect size (20Å).
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Figure 4.7: Evolution of density of interstitials inf311g defects (m1) and comparison to model. Data
for 5�1013 cm�2 Si implants at 40 keV with anneals at 815ÆC and 670ÆC.
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Figure 4.8: Prediction of dose dependence of interstitialsin f311g defects during initial stages of
TED. Data from Poateet al. [46] for 40 keV Si implants and 1 hr anneal at 670ÆC.

4.2 Prediction of TED

We used the parameters obtained in the previous section to predict TED behavior as a function of
implant and annealing conditions. For comparison, we used data from Packan [39], who used implants
of 29Si into silicon at energies ranging from 10 keV to 200 keV and doses ranging from 1�1012 to
2�1014 cm�2. TED was measured by observing profile movement of a deep boron marker layer. No
further fitting was done at this stage and all parameters werefrom work cited previously[1, 5] or from
matching data by Eagleshamet al.

The results show that the model predictions do a good job in matching the time and energy depen-
dence (Figs. 4.9 and 4.10). The model not only gives the rightmagnitude for the observed enhance-
ments, but also predicts length of time TED lasts. In addition, it also correctly predicts that higher
doses or energies make TED last longer, but give similar enhancements for short times (Fig. 4.10).
The predicted dose dependence matches most of the data (Fig.4.11), with substantial differences only
for the lowest implant dose. Please note that in these simulations a “+1” damage dose was used and
the effect of using a plus value that is dose dependent will beinvestigated later.

4.3 Comparison of models

In this section, we will compare four extended defect models: 3-moment model (3KPM), which was
demonstrated in the previous section, 2-moment model (2KPM), the simple solid solubility model

37



�  Data
 Model

|

0
|

20
|

40
|

60
|

80
|

100
|

120
|

140
|

160
|

180
|

200
|

220

|0

|10

|20

|30

|40

|50

|60

|70

|80

|90

|100

|110

|120

| | | | | | | | | | | |

|
|

|
|

|
|

|
|

|
|

|
|

|

 Energy (keV)

 
(D

t)
1/

2  
(n

m
)

Temp = 800oC , Dose = 1014 cm-2 , Time = 60min

�

�

�

�

�

Figure 4.9: Energy dependence of TED. Total broadening of a deep B marker profile due to implan-
tation of 1�1014 cm�2 29Si with annealing at 800ÆC for 60 min.

�  Data    (80keV)
 Model (80keV)

�  Data    (200keV)
 Model (200keV)

|

0
|

10
|

20
|

30
|

40
|

50
|

60
|

70

|0

|10

|20

|30

|40

|50

|60

|70

|80

|90

|100

|110
|120

|130 | | | | | | | |

|
|

|
|

|
|

|
|

|
|

|
|

|
|

 Time (min)

 
(D

t)
1/

2  
(n

m
)

Temp=800oC , Dose = 1014 cm-2

�

�

�

�
� � �

�

�

�

� � � �

Figure 4.10: Time dependence of TED. Total broadening of a B marker profile due to implantation of
1�1014 cm�2 29Si at 80 and 200 keV with annealing at 800ÆC.
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Figure 4.11: Dose dependence of TED. Total broadening of a B marker profile due to29Si implanta-
tion at 200 keV with annealing at 800ÆC for 45 min.

(SSS) and the analytical model (AKPM). We first review the assumptions of these four models:� 1-moment model:In this model we assume that solute atoms above solid solubility precipitate
to extended defects with a diffusion limited rate. This model does not account for Ostwald
ripening.� 2-moment model: We use log-normal distribution of extended defects with fixed z2. The
variables we have arem0 andm1.� 3-moment model:We use energy minimizing closure assumption with three moments.� Analytical model: We use analytical functions for the reaction rates that depend on average
size.

Figure 4.12 shows the comparison of 1-, 2- and 3-moment models to thef311g dissolution data
from Eagleshamet al. [17]. It can be observed that both the 2 and 3-moment models accurately
capture the observed behavior. However, the 1-moment modelcannot account for the exponential
decay in the number of interstitials stored inf311g defects, since it neglects Ostwald ripening process,
and predicts an approximately linear decay in the number of interstitials stored inf311g defects. The
exponential decay rate is a result of decreasing super-saturation 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 also describes the Ostwald ripening
process equally well, although the computation time is muchsmaller (Fig. 4.13 and Fig. 4.14). This

39



�  Data
 3-moment model
 2-moment model
 1-moment model

|

0
|

20
|

40
|

60
|

80
|

100
|

120
|

140
|

160
|

180
|

200

|
|

|
|

|
|

|
||

|
|

|
|

|
|

|
||

|
|

|
|

|
|

|
||

| | | | | | | | | | | |

|
|

|
|

|
|

|
||

|
|

|
|

|
|

|
||

|
|

|
|

|
|

|
||

|

 Time (s)

1011

1012

1013

1014

 D
en

si
ty

 o
f I

nt
er

st
iti

al
s 

in
 D

ef
ec

ts
 (

cm-2
)

�

��

� �

�

�

�

�

�

Figure 4.12: Comparison of 1, 2 and 3-moment models for evolution of f311g defects. Both 2 and
3-moment models capture the exponential decay of interstitials inf311g defects.
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Figure 4.13: Evolution of density of interstitials inf311g defects (m1) and comparison to analytical
model (AKPM) and 3-moment model (3KPM).
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Figure 4.14: Evolution of the average length off311g defects and comparison to analytical model
(AKPM).

makes the AKPM model of choice for simulation off311g defects in large systems. The fact that
AKPM doesn’t require any proprietary operators enables easy integration to many PDE solvers.

If we look at TED data from Packan [39], the differences between the three models is relatively
small (Fig. 4.15). One can readily observe that the final amount of TED predicted by all three models
is approximately the same. This is due to the fact that the final amount of TED is not dependent on
how the interstitial super-saturation evolves over time, but rather on effectiveness of the surface in
consuming interstitials. Only at short times does there seem to be a significant difference between the
models. If we look at short time behavior more closely, the difference between the models becomes
more evident (Fig. 4.16). The 1-moment model predicts a constant enhancement of diffusivity until
TED is over, whereas the 2-moment model accounts for the reduction of diffusivity enhancement —
or interstitial super-saturation — during TED. Again, thisis an effect caused by the Ostwald ripening
process.

4.4 Effect of “+n” factor

Let’s investigate the differences between using a “+1” model for initial damage, and the more rigorous
“+n” model described in section 2.2.1 using AKPM. Since the “+n” model predicts a plus value as
high as 10 (Fig. 2.4), we would expect that the TED predictions at lower doses would be would be
substantially increased. However, simulations show only amarginal increase (Fig. 4.17). The reason
behind this can be understood by investigating the depth profile of the damage (Fig. 2.3). Although the
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Figure 4.17: Comparison of predictions for the dose dependence of TED using “+1” and “+n” mod-
els.

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

However, to fully understand the effects, a more rigorous “+n” model has to be developed based
on atomistic simulations, which takes diffusion of interstitials and vacancies during annealing into
account and also considers factors such as amorphous pocketformation.

4.5 Summary

In summary, we have developed a range of KPM models and testedthem for validity and accuracy
under different conditions. For the evolution off311g defects and for TED behavior the difference
between the 2 and 3-moment models (2KPM, 3KPM) and the analytical model (AKPM) is negligible.
The ordering of models with respect to their computational efficiency is as follows (from most time
consuming to least time consuming): 3KPM, 2KPM, AKPM, SSS. For the range of available data,
AKPM seems to be the best compromise between computational efficiency and accuracy.

The simple solid solubility model (SSS) is not able to account for the Ostwald ripening process,
and thus is unsuitable for modeling of extended defect kinetics and short-time TED behavior. How-
ever, it does a good job in predicting the final amount of TED. But the kinetics off311g defects at
the initial stages of TED is important if we have temperatureramps. Depending on the speed of the
temperature ramp, we may end up with different amounts of clustered interstitials. The SSS model is
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not capable of making this distinction since it doesn’t account for Ostwald ripening. Another point
where thef311g defect kinetics is important is when we have a competing process, such as boron
interstitial cluster (BIC) formation. In such a case, bothf311g defects and BICs will compete in
capturing the interstitials, and the kinetics become important. 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 to extend the KPM model to include dislo-
cation loops in addition tof311g defects. We did this by assuming that there are two population of
extended defects which can interact with each other. We assumed that for smaller sizes it was ener-
getically more favorable to stay as af311g defect, but above a certain size it was more favorable to
transform into a dislocation loop (Fig 5.2). Our simulations gave a cross-over aroundn= 2200. The
transfer rate fromf311g defects into dislocation loops can be expressed as:

DI

b2

"
f f311g
n � f loop

n exp

 �∆Gf311g
n �∆Gloop

n

kT

!#
(5.1)

whereb is a “capture distance.” We found a value of 20µm for b. Thus the transfer fromf311g
defects into dislocation loops is a rather slow process.

Panet al. [42] implanted 1�1016 cm�2 Si into silicon at 50 keV and annealed the samples at
850ÆC and 1000ÆC. They measured the resulting dislocation loop distributions using TEM. We mod-
eled their data using a similar approach tof311g defects. The parameters forf311g defects were
from previous work [25]. It can be argued thatCss for loops should be justC�I , since an infinite size
perfect loop is nothing but an extra plane in silicon. For partial loopsCss should be slightly higher,
but small changes inCss had no significant effect in our simulation results. Initialdamage conditions
were obtained as described in Section 2.2.2, where the amorphization threshold has been adjusted to
get the correct dose of interstitials in loops.

Our results show that we were able to correctly model the evolution of the system and transforma-
tion of f311g defects into dislocation loops (Fig. 5.3). We were also ableto get the correct Ostwald
ripening behavior (Fig. 5.4). Similar matches for data fromLui et al.[35] that included longer anneals
which led to substantial loop dissolution (Fig. 5.5).

The relatively slow dissolution rate of dislocation loops stems from the facts that they can grow
very large andCss for loops is close toC�I . This results inC�n for loops approachingC�I , so that they
sustain only a small super-saturation of interstitials. Since these loops are deep in the substrate and
sustain only a minimal super-saturation, the flux to the surface is small and thus dissolve they slowly.

45



 {311}s
 Dislocation Loops

| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ||0

|1

|2

|3

|4

|5

|6 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

|
|

|
|

|
|

|

 Size

 D
ef

ec
t e

ne
rg

y 
(e

V
/a

to
m

)

101 102 103 104 105

Figure 5.1:f311g defect and dislocation loop energy as a function of defect size. The loops are more
stable at larger sizes.
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Figure 5.3: Evolution of density of interstitials in extended defects (m1) and comparison to model.
Data from Panet al. [42] for 1�1016 cm�2 Si implant at 50 keV.
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Figure 5.5: Evolution of density of interstitials in dislocation loops (m1) and comparison to model.
Data for 1�1015 cm�2 Si implant at 50 keV.

5.2 Analytical loop model

Although the model presented in the previous section gives good predictions of loop evolution, it is
computationally expensive. Therefore, we seek to find an analytical model for loop evolution based
on the analytical model forf311g defects (AKPM). The approach we take is similar: We assume thatf311g defects transform into dislocation loops by an unfaulting reaction once they reach a critical
size. We can note the following points for the functions thatare involved in AKPM:� Loops have a lower solid solubility thanf311g defects, typically aroundC�I . Therefore, we have

to set the solid solubility of thef311g defects/dislocation loop distribution toCloop
ss . Since the

γi are inversely proportional to the solid solubility they have to be multiplied by the difference
for smaller sizes.� To ensure lim

n ∞
γ1 = 1, we need a functional change after thef311g/loop crossover point (ncrit).� Theγi have to be continuous at thef311g/loop crossover point (ncrit).

To understand what type of function this restrictions give,we proceed as earlier: We use∆Gexc
n for

dislocation loops (which is identical to∆Gexc
n for f311g defects at sizes smaller thanncrit), and a log-

normal distribution function; and find the correspondingγi as we did forf311g defects by Eq. 3.17.
The results are shown in Fig 5.6, together with analytical functions that capture the behavior ofγ1.
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Figure 5.6: Theγ1 function for dislocation loops at as derived from∆Gexc
n for dislocation loops and a

log-normal closure assumption.

We find a set ofγi functions to be used with AKPM by extending the set of functions we used forf311g defects:

γ0 = 8>>><>>>: Cf311g
ss

Cloop
ss

K1

m̂1�1
for m̂1 < ncrit

K3

�
1

m̂1�1

�α
for m̂1 > ncrit

(5.2)

γ1 = 8>>><>>>: Cf311g
ss

Cloop
ss

m̂1�2
m̂1+K0

�
1+ (K0+2)K2

m̂1+K0

�
for m̂1 < ncrit

1+K4

�
K0+2

m̂1+K0

�α
for m̂1 > ncrit

(5.3)

whereK3 andK4 are chosen such that continuity ofγ0 andγ1 are ensured (Fig. 5.7). In our simula-
tions, we have used a cross-over point ofncrit = 1000 and leftα as a fitting parameters. Please note
thatncrit should not be interpreted as “the point wheref311g defect to dislocation loop transforma-
tion happens,” but rather “the size below which nof311g defect to dislocation loop transformation
happens.” The transformation will happen at any size greater thanncrit.

We again compare our model against data from Panet al.[42]. As one can readily observe, a good
match can be found (Fig. 5.8 and Fig. 5.9). Since this model can’t distinguish between the interstitials
contained in dislocation loops and the interstitials contained in f311g defects, we can’t plot them
separately. However, to obtain an idea on how thef311g defects would evolve, we can turn off the
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Figure 5.8: Evolution of total number of interstitials stored in dislocation loops andf311g defects for
the AKPM. Data for 1�1016 cm�2 Si implant at 50 keV with anneal at 850ÆC.
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Figure 5.9: Evolution of average defect size for 1�1016 cm�2 Si implants at 50 keV from AKPM.

loop portion of the model and plotf311g defects in the absence of loops (Fig. 5.8). The model also
gives a good fit to the Ostwald ripening process of dislocation loops (Fig. 5.9).

5.3 Simulating TED

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

Our results show that we were able to predict TED behavior over a large range of implant doses
(Fig. 5.10). Although the fact that a 1�1015 cm�2 implant causes less TED than a 1�1014 cm�2

implant may seems a little paradoxical in the first look, it isvery reasonable when we consider that
most of the implant damage anneals out by epitaxial regrowthfor amorphizing implants.

5.4 Modeling heterogeneous nucleation

The model we demonstrated in the preceding sections assumedthat the sole mechanism of dislocation
loop formation was through transformation fromf311g defects, and that thef311g defects grow to
a certain size (ncrit), after which it becomes energetically favorable to transform into a dislocation
loop. Moreover, we assumed that the nucleation off311g defects, and hence formation of dislocation
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Figure 5.10: Prediction of TED using FKPM for amorphizing and non-amorphizing implants. Data
for 50 keV Si implants with annealing at 750ÆC.

loops is ahomogeneousprocess. That is, in the wafer, there is no preferred site forf311g defect/loop
formation and these defects will form anywhere when there isenough driving force to form these
defects.

However, experimental observations by Panet al. revealed that after annealing an amorphizing
implant, there exists also loops that are in size much smaller ncrit [41]. Although our previous model
doesn’t rule out this possibility, it is very unlikely that asmall f311g defect will transform into a
dislocation loop since it is energetically unfavorable. Pan et al.concluded that these loops must have
nucleated directly from the matrix.

But why do we observe loops that nucleate directly withoutf311g defects if we have an amor-
phizing implant, and observe onlyf311g defects if we have a non-amorphizing implant? The answer
may beheterogeneous nucleationwith the amorphous / crystalline interface acting as a nucleation
site for dislocation loops. Therefore, we can have dislocation loops that are much smaller thanf311g
defects, since they have formed by nucleation assisted by the amorphous/crystalline interface.

We now seek ways to extend our model to include this capability. One way of accomplishing
this goal is to have two separate distributions of extended defects. The first distribution would be the
distribution forf311g defects and dislocation loops that were formed by transformation fromf311g
defects, which is the distribution we considered in previous section. The second distribution would
be for dislocation loops that formed heterogeneously at theamorphous/crystalline interface. We can
deal with the heterogeneous nature of the second distribution by lowering the formation energy of
these extended defects around the amorphous/crystalline interface. A simple way of achieving this
goal is depicted in Fig 5.11. Since we can’t see small size defects, the determination of how∆Gexc

n ,
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Figure 5.11: Distribution ofC�n for heterogeneous nucleation. Note thatC�n will be different for the
pure loop distribution based on spatial location.

and henceC�n looks like at small sizes will have to depend heavily on atomistic calculations.

One issue here is the “thickness” of the heterogeneous nucleation region. An initial approximation
could be the roughness of a/c interface. However, the regions where 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 evolutionof dislocation loops by extending our
model forf311g defects to a system with two distributions and accounting for the transfer betweenf311g defects and dislocation loops. We also developed a computationally efficient version of this
model, based on AKPM.

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

Software Development Efforts

In order to carry out the simulations described in the preceding chapters, we have developed a multi-
purpose partial differential equation solver, DOPDEES, which is capable of solving initial value prob-
lems in one spatial dimension using a finite differences method. The system of partial differential
equations is specified using a “dial-an-operator” paradigm, and the program uses Tcl (a re-usable
and extendible command language developed at UC Berkeley [38, 54]) as a front end. DOPDEES
has commands for structure generation and modification, as well as features that make simulation of
time-varying parameters (e.g. temperature ramps) possible. The 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 platform-independent scriptization of com-
monly encountered models in the process modeling community. PMM frees the user from the burden
of specifying all equations and parameters for commonly known models, but still retains the power to
specify arbitrary equations and models. It also provides a framework for transferring models directly
from the university to the industry, without the need for a vendor to implement those models in a
commercial process simulator.

6.1 DOPDEES

The shrinking dimensions of VLSI devices leads to more complex phenomena becoming important
during fabrication. This requires a flexible environment for developing process models. The system
should not restrict the user to predefined models, but rathershould enable implementation of any
system of continuum equations. DOPDEES is such an effort.

DOPDEES is a multi-purpose PDE initial value solver in one spatial dimension that uses a “dial-
an-operator” paradigm for specification of the equation system [37]. The primary aim of the code is
rapid development of continuum models and it may be used for avariety 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 to obtain solutions for coupled partial
differential equations (PDEs). The program was originallywritten to solve diffusion/reaction prob-
lems and this is why it comes with operators suited for such systems. However, if the operators or
functions the user needs are not included, it is relatively easy to add them. Another positive feature
is that the user is able to select the integration engine, as different systems benefit from different nu-
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EvaluableFunction
Figure 6.1: A structure in DOPDEES consists of regions, which each have a number of fields (solution
variables) and a grid structure. Each field is associated with an equation of the type∂ f=∂t = ∑opi .

merical algorithms which associated trade-offs in speed and stability. There are also commands for
grid generation and result extraction. The user interface of DOPDEES is in Tcl, which provides for
powerful input scripting.

DOPDEES solves a given set of partial differential equations. The (one dimensional) space is
assumed to be divided into chunks calledregions, and it is assumed that different equations need to
be solved in different regions (Fig 6.1). The solution variables are calledfields, and it is assumed that
for all fields equations of the type∂ f=∂t = : : : exist that describe the PDEs. A field specified in one
region doesn’t exist in others, unless explicitly specified. Actually, the only communication between
regions happens through boundary transfers.

The right hand sides of the partial differential equations are specified as a sum ofoperators:
∂ f=∂t = ∑opi This approach is calleddial-an-operator, since the user can choose the operators on
the right hand side. The operators can make use offunctions, which can be defined in terms of fields
and defined parameters as well as other functions.

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

DOPDEES supports time-varying parameters, which enables the user to simulate systems like
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Figure 6.2: DOPDEES handles PDEs by discretizing them usingfinite differences and feeding them
into a standard ODE solver.
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temperature ramps. The parameters and fields are handled alike using the same functions, the only
difference being that a parameter is a single valued quantity in a region, whereas fields have different
values at each spatial grid point. When functions are defined, the resulting quantity is single valued if
all arguments are single valued, otherwise it is assumed to be multi-valued. This eliminates the need
for writing separate functions for parameters and fields, but still leads to efficient execution.

6.2 Process Modeling Modules (PMM)

The concept of Process Modeling Modules (PMM) developed from our realization that there was a
gap to be filled between a process modeling software like SUPREM and a partial differential equation
(PDE) solver like DOPDEES or̀Alamode. Process simulators are not flexible enough to provide
choice over the equations to be solved for; they are hard-coded and user control is limited to a fixed set
of models and parameter values. On the other hand, when usinga general PDE solver, it is necessary
to specify every single equation and parameter in all input decks, even if some of the equations and
parameters are considered to be well-known. In addition to the overhead involved, this may also lead
to inconsistencies between users, or groups of users.

Thus, one form of software provides almost no flexibility, while the other requires the same work
to be done over and over, often leading to errors. We attack this dilemma by writing reusablemodules
that can be incorporated into input decks of PDE solvers. This approach retains the flexibility of a
PDE solver, while providing reasonable defaults for modelsand parameters.

Several standard models have been implemented in PMM, as well as many models that have been
developed at Boston University. Fig 6.3 shows available models as well as their interdependencies.
PMM (Process Modeling Modules) uses a hierarchical model description, such that models can in-
clude other models, and ensures inter-operability of models by consistency checks. Currently, PMM
includes a collection of modules frequently encountered inVLSI process modeling:� 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 solver used, thus providing a mechanism for
transfer of models between simulation packages. In addition to DOPDEES, PMM has been interfaced
with theÀlamode solver [55], which is part of the SUPREM OO7 system. We have also published
a white paper describing the common scripting platform [56]. The TCAD software vendor Avant!
Corp. shows an effort to integrate PMM with their new processsimulator. We believe that the use
of the PMM concept will speed model development and facilitate transfer of those models between
groups of users. The most direct impact would be rapid transfer of models from university research
groups to industry, without the need to wait for implementation by commercial software vendors.
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Figure 6.3: Models implemented in PMM and their interdependencies. 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, boron and arsenic, in silicon. The diffu-
sivity of both boron and arsenic are dependent on the local Fermi level, and therefore they can affect
each others diffusion through the net dopant concentration. At high concentrations, arsenic is know
to become immobile and electrically inactive. We will consider a simple model where the effect of
point defect interactions is not taken into account (the Fermi model) and the deactivation of arsenic
is assumed to happen abruptly above the solid solubility. More rigorous models exists both for diffu-
sion and deactivation and have been implemented in DOPDEES/PMM framework. Under conditions
where the point defect concentrations are close to their equilibrium values, this model should provide
reasonable results.

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

∂CB

∂t
= ~∇DB

�~∇CB�CB
~∇ ln(n=ni)� (6.1)

∂CAs

∂t
= ~∇DAs

�~∇Cact
As +Cact

As
~∇ ln(n=ni)� (6.2)

Cact
As = min(CAs;Css) (6.3)

n
ni

= �
Cact

As�CB

2ni

�+s�Cact
As�CB

2ni

�2+1 (6.4)
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The diffusivities of boron and arsenic are assumed to dependon n=ni in a standard manner. In
addition to the silicon region, we also have an oxide region on top of the structure and boron is
assumed to segregate preferentially to the oxide. Figure 6.4 shows the script used in DOPDEES for
model definition. Note that the operators need to specify to which field (i.e., equation) they belong
to. Using PMM greatly simplifies the input file since it calls the pre-defined Fermi module (Fig. 6.5).
Note that the user can still specify an arbitrary set of PDEs,for this case PDEs for boron segregation
to and diffusion in the oxide, when using PMM modules. This ensures maximum flexibility while
simplifying the input. Figure 6.6 shows the initial and finaldoping profiles in the structure.
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set TEMPK [unit 900 C℄# Sili
on atom 
on
entrationset CSi [unit 5e22 
m-3℄# "Average" latti
e spa
ing in Siset ASi [expr pow($CSi,-0.333333)℄# Define operatorsregion sele
t Oxide# Diffusion of boron in oxideset DB_Ox [arrhenius 1.83e-2 3.82 
m2/s℄op diff CB $DB_Ox CBregion sele
t Sili
on# A
tive arseni
 
on
entrationset CSS_As [arrhenius 2.22e22 0.47 
m-3℄set CAs_a
t [fun
 min CAs $CSS_As℄# Carrier 
on
entration in sili
onset NI [arrhenius [expr 3.9e16*pow($TEMPK,1.5)℄ 0.605 
m-3℄set nni [fun
 
arrier
on
 [fun
 sum $CAs_a
t [fun
 prod -1 CB℄℄ $NI℄# Diffusion of boron in Sili
onset DB_0 [arrhenius 0.037 3.46 
m2/s℄set DB_P [arrhenius 0.76 3.46 
m2/s℄set DB [fun
 diffusivity $nni $DB_0 0 $DB_P 0℄op diff CB $DB CB# Drift of boronop diff CB [fun
 prod -1 $DB CB℄ [fun
 log $nni℄# Diffusion of arseni
set DAs_0 [arrhenius 0.0666 3.44 
m2/s℄set DAs_M [arrhenius 12.8 4.05 
m2/s℄set DAs [fun
 diffusivity $nni $DAs_0 $DAs_M 0 0℄op diff CAs $DAs $CAs_a
t# Drift of arseni
op diff CAs [fun
 prod $DAs $CAs_a
t℄ [fun
 log $nni℄# Segregate boron to the oxideset mseg [arrhenius 1126 0.91℄set Ktr [fun
 div [fun
 sum $DB_0 $DB_P℄ $ASi℄op transfer Oxide CB CB [fun
 div CB $mseg℄ CB $Ktr# Run the simulator.solver run 0 [unit 30 min℄
Figure 6.4: DOPDEES input script for the solving the equation system for co-diffusion of boron and
arsenic.
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set TEMPK [unit 900 C℄# Define operatorsregion sele
t Oxide# Diffusion of boron in oxideset DB_Ox [arrhenius 1.83e-2 3.82 
m2/s℄op diff CB $DB_Ox CBregion sele
t Sili
onmodule fermi -sss -suprem -debug# Segregate boron to the oxideset mseg [arrhenius 1126 0.91℄set Ktr [fun
 div [fun
 sum $D(B,0) $D(B,P)℄ $ASi℄op transfer Oxide CB CB [fun
 div CB $mseg℄ CB $Ktr# Run the simulator.solver run 0 [unit 30 min℄
Figure 6.5: DOPDEES input script for the solving the same equation system, but with the Fermi
model implemented using a PMM script.
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Figure 6.6: The initial dopant profiles and final profiles after a 30 min anneal at 900ÆC according to
simulation using the Fermi model.
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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 processesoccurring under Transient Enhanced
Diffusion (TED) conditions, express them in a mathematicalmodel, integrate this model into a diffu-
sion equation solver and quantitatively match the experimental observations.

To this end, we have developed a solid physical model (KPM) for the evolution of extended
defects (f311g defects and dislocation loops) which are observed under TEDconditions. We have
also developed different versions of KPM that have applicability under different circumstances, and
have an associated range of computational efficiency. The full set of models developed in this work
gives the user the ability to make appropriate trade-offs between accuracy and computational time.

We have applied KPM tof311g defects that are observed under non-amorphizing implant con-
ditions and we were able to get a good agreement with the available experimental data. We have
then used this model to predict TED behavior based on marker layer experiments and we found good
agreement for the magnitude of TED, as well as the time energyand dose dependence. To extend the
model to dislocation loops, we assumed that dislocation loops form by unfaulting off311g defects
as observed experimentally. We accounted for this transformation in our model and we were able to
obtain a good match to the experimental data without any modifications in thef311g defect model.
We also indicated how the same model could be used for heterogeneous nucleation.

Note that we have only dealt with silicon implants and markerlayer experiments in this work.
A natural extension of our work is to extend it to dopant implants, which are used for making real
devices. One of the phenomena that becomes important under these conditions is the decreased
solid solubility of boron, which has been attributed to formation of boron-interstitial clusters (BICs).
Modeling BICs with a comprehensive, yet computationally efficient model remains still a challenge
at this point, although several researchers have made substantial progress in this field in recent years.

One important fact is that the TED predictions strongly depend on point defect properties, espe-
cially theDIC�I product. All the results obtained in this work would be different if we used a different
value ofDIC�I . Although work has been done to measure point defect properties at higher temper-
atures, the extrapolation to lower (TED) temperatures is error prone. Obtaining accurate values for
point defect parameters either through experiments or throughab-initio calculations is essential.
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7.2 Software development

Our work also involved in developing a computer software that is capable of solving the models that
we have postulated. To this end, we have developed DOPDEES, aone-dimensional multi-purpose
partial differential equation initial value solver. To enable faster technology transfer, we have also
developed Process Modeling Modules (PMM) which consists a set of scripts that encapsulate the
models that we have developed in a ready to use form.

Although DOPDEES/PMM framework is good for model development/testing, it has limited ap-
plicability in a production environment, primarily due to its 1-D nature. One commercial TCAD
software vendor (Avant! Corp.) has developed a similar framework (Taurus PMEI) that can be used
in 1, 2 and 3 dimensional problems. The models that we implemented under the DOPDEES/PMM
framework will be ported to Taurus PMEI framework for wider use within the industry.
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Appendix A

Calculation of the Kinetic Precipitation Rate

In this appendix, we derive the kinetic precipitation rate for various precipitate shapes. To this end, we
solve the steady state diffusion field around a precipitate,calculating the flux at the interface following
the technique used by Dunham [12]. We start with the following definitions:

D: Diffusivity of solute atoms.

k: Surface reaction rate (k�1 = 0 if the reaction is diffusion limited).

An: Surface area of a sizen precipitate.

rn: Radius of the sphere.

Rn: Radius of the disc.

b: Reaction distance (one lattice spacing).

Cint
n : Concentration at the surface of a sizen precipitate.

C�n: Concentration that would be in equilibrium with a sizen precipitate.

C̃: C�C∞.

cs: Concentration at the surface of a sphere.

Our basic equation is flux in to the surface= amount of material consumed:

AnD
dC
dr

����
r=surface

= Ank(Cint
n �C�n) (A.1)

We will execute the following steps for each precipitate shape:

1. Write downC̃(r) as a function ofcs (sum over spheres for using r rather than b).

2. Write downC̃int
n as a function ofcs (setr = r int in the previous step).

3. Take the derivative of̃C(r) with respect tor and evaluate at the interface.

4. Solve forcs from step 1 and substitute into above to findReff.

5. Write downλn.
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A.1 Spherical defects

1.

C̃(r) = csrn+b
r

(A.2)

2.
C̃int

n = cs (A.3)

3.
dC̃
dr

����
r=rn+b

=� cs

rn+b
(A.4)

4.
dC̃
dr

����
r=rn+b

=� C̃int
n

rn+b
)Reff = rn+b (A.5)

5.

Dλn = An

Reff

D +k�1
= DAn

Reff +Dk�1
(A.6)

If the system is diffusion limited this reduces to:

λn = An

Reff (A.7)

If not we have

Λ = D
k
) λn = An

Reff +Λ
(A.8)

For the sphere,An = 4π(rn+b)2, hence:

λn = 4π(rn+b)2(rn+b)+Λ
�= 4π(rn+b) (A.9)

A.2 Disc-shaped defects:

1.
C̃(r) = csln(8Rn=r) (A.10)

2.
C̃int

n = csln(8Rn=b) (A.11)

3.
dC̃
dr

����
r=b

=�cs

b
(A.12)

4.
dC̃
dr

����
r=b

=� Cint
n

bln(8Rn=b) ) Reff = bln(8Rn=b) (A.13)
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Figure A.1: Division of the capture cross-section of af311g defect into spheres of equal area.

5.

λn = An

Reff +Λ
�= An

Reff (A.14)

For the disc (torus)An = 4π2Rnb, so we get:

λn
�= 4π2Rn

ln(8Rn=b) (A.15)

A.3 f311g defects:

We assume thatf311g defects are planar with a rectangular shape and grow primarily in their length.[50]
The capture cross-section of af311g defect is assumed to be cylindrical regions of radiusb with half-
spheres at each end (Fig. A.1), whereb is the silicon lattice spacing. In order to find the diffusionfield
around af311g defect, we divided this region into spheres of radiusb which have a total surface area
equal to that of the sum of the two cylinders and four half-spheres. We then added up the steady-state
diffusion fields of these spheres to find the concentration ata distancer along the mid-line of the
width of af311g defect:

1.

C̃(r) = 2
N=2

∑
i=1

csbq
r2+ �i w

N

�2 +2
N=2

∑
i=1

csbq(l + r)2+ �i w
N

�2= 2
Z w=2

0

csbp
r2+y2

N
w

dy+2
Z w=2

0

csbp(l + r)2+y2

N
w

dy= 4
Z w=2

0

csp
r2+y2

dy+4
Z w=2

0

csp(l + r)2+y2
dy= 4cs

24ln

0� w
2 +qr2+(w

2 )2

r

1A+ ln

0� w
2 +q(l + r)2+(w

2 )2

l + r

1A35
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(A.16)

2.

C̃int
n = 4cs

�
ln

�
w
2 +qb2+(w

2 )2

�� ln(b)+ ln

�
w
2 +q(l +b)2+(w

2)2

�� ln(l +b)� (A.17)

3.

dC̃
dr

����
r=b

=�2csw

24 1

b
q

b2+(w
2 )2

+ 1(l +b)q(l +b)2+(w
2 )2

35 (A.18)

4.

Reff = h
ln
�

w
2 +qb2+(w

2 )2
�� ln(b)+ ln

�
w
2 +q(l +b)2+(w

2 )2
�� ln(l +b)i

w
2

24 1

b
q

b2+(w
2 )2

+ 1(l +b)q(l +b)2+(w
2 )2

35
= �

ln

�
1+q1+(2b

w )2

�� ln(2b
w )+ ln

�
1+q1+(2(l+b)

w )2

�� ln(2(l+b)
w )�24 1

b
q

1+(2b
w )2

+ 1(l +b)q1+(2(l+b)
w )2

35
(A.19)

5.

λn = An

Reff +Λ
�= An

Reff (A.20)

For thef311g defectAn = 4πbw+8πb2, so we get:

λn
�= 4πb(w+2b)

Reff (A.21)
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Appendix B

BU Parameter Set

In this section we want to list all the parameters used in thisthesis.#---------------------------------------------------------------------# PMM -- Pro
ess Modeling Modules (for DOPDEES and Alamode)# (
) 1997 Alp H. Gen
er alp�bu.edu# $Id: params-BU.t
l,v 1.2 1997/09/16 16:53:44 alp Exp alp $#---------------------------------------------------------------------# You may use this software if you own a li
en
e to use DOPDEES or# Alamode. You must not modify this software in any way. Details of# li
ense 
an be found at http://eng
.bu.edu/~alp/pmm#---------------------------------------------------------------------# Atom 
on
entration in Siparam CSi [unit 5e22 
m-3℄# Latti
e spa
ing of Siparam ASi [expr pow([param CSi℄,-0.33333)℄param pi4a [expr [param ASi℄*4*3.1415927℄# Intrinsi
 ele
tron 
on
entration in Siparam n_i [fun
 prod [arrhenius 3.9e16 0.605 
m-3℄ \[fun
 power $TEMPK 1.5℄℄# A minimum 
on
entration for VLSIparam Cmin [unit 1e8 
m-3℄# Dopant 
hargesparam Cnet_
oeff_P 1param Cnet_
oeff_As 1param Cnet_
oeff_B -1#---------------------------------------------------------------------# Parameters for arseni
.#---------------------------------------------------------------------# Solid solubility of Asparam Css_As [arrhenius 2.22e22 0.47 
m-3℄# Diffusivity of Asparam Diff_0_As [arrhenius 1 4.09 
m2s-1℄param Diff_m_As [arrhenius 19 4.09 
m2s-1℄param Diff_p_As 0param Diff_d_As 0# Fra
tional interstitial
y 
omponentparam Fi_0_As 0.3param Fi_m_As 0.5param Fi_p_As -100 ; # Irrelevantparam Fi_d_As -100 ; # Irrelevant
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# High 
on
entration diffusivity effe
ts for Asparam H
d_pre_As [arrhenius 418 1.96 
m2s-1℄param H
d_pow_As 4.5# Coupling with point defe
tsparam Kpair_I_As [arrhenius [expr 1/[param CSi℄℄ -0.3℄℄param Kpair_V_As [arrhenius [expr 1/[param CSi℄℄ -1.2℄#---------------------------------------------------------------------# Parameters for phosphorus.#---------------------------------------------------------------------# Solid solubility of Pparam Css_P [arrhenius 2.9e22 0.45 
m-3℄# Diffusivity of Pparam Diff_0_P [arrhenius 1.0 3.58 
m2s-1℄param Diff_m_P [arrhenius 1.0 3.58 
m2s-1℄param Diff_d_P 0param Diff_p_P 0# Fra
tional interstitial 
omponentparam Fi_0_P 0.999param Fi_m_P 0.001param Fi_d_P -100 ; # Irrelevantparam Fi_p_P -100 ; # Irrelevant# High 
on
entration diffusivity effe
ts for Pparam H
d_pre_P [arrhenius 3.53e4 1.65℄param H
d_pow_P 4.5# Coupling with point defe
tsparam Kpair_I_P [arrhenius [expr 1/[param CSi℄℄ -0.5℄param Kpair_V_P [arrhenius [expr 1/[param CSi℄℄ -1.0℄#---------------------------------------------------------------------# Parameters for B#---------------------------------------------------------------------# Solid solubility of Bparam Css_B [arrhenius 9.2e22 0.73 
m-3℄# Diffusivity of Bparam Diff_0_B [arrhenius 0.30 3.57 
m2s-1℄param Diff_p_B [arrhenius 1.8 3.57 
m2s-1℄param Diff_m_B 0param Diff_d_B 0# Fra
tional interstitial
y 
omponentparam Fi_0_B 0.999param Fi_p_B 0.999param Fi_m_B -100 ; # Irrelevantparam Fi_d_B -100 ; # Irrelevant# No high 
on
entration diffusivity effe
ts for Bparam H
d_pre_B 0param H
d_pow_B 1# Coupling with point defe
tsparam Kpair_I_B [arrhenius [expr 1/[param CSi℄℄ -0.5℄param Kpair_V_B [arrhenius [expr 1/[param CSi℄℄ -0.1℄#---------------------------------------------------------------------# Parameters for interstitials and va
an
ies.#---------------------------------------------------------------------# Point defe
t propertiesparam DCstar_I_887 [unit 4.70e4 
m-1s-1℄param DCstar_I_E [unit 4.95 eV℄param DCstar_V_887 [unit 1.05e5 
m-1s-1℄
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param DCstar_V_E [unit 3.80 eV℄# Diffusivitiesparam Diff_0_I_887 [unit 1.05e-6 
m2s-1℄param Diff_0_I_E [unit 1.77 eV℄param Diff_0_V_887 [unit 4.6e-6 
m2s-1℄param Diff_0_V_E [unit 1.8 eV℄# Multiplied DV by 1e4# Charge state infoparam K
hg_m_I [arrhenius 5.68 0.5℄param K
hg_p_I [arrhenius 5.68 0.26℄param K
hg_m_V [arrhenius 5.68 0.145℄param K
hg_p_V [arrhenius 5.68 0.455℄# I-V re
ombinationparam KR_E 0.2; # almost diffusion limited# Surfa
e re
ombination lengthparam Surfre
_I [unit 10 A℄param Surfre
_V [unit 10 A℄#---------------------------------------------------------------------# Dopant-dopant pairing. Parameters from Wittel.#---------------------------------------------------------------------# Whi
h pairs have been definedset PAIRS {{B P} {B As}}# Paring 
oeffi
ientsparam Kpair_B_P [arrhenius [expr 1.0/2.86e26℄ -1.8 
m-3℄param Kpair_B_As [arrhenius [expr 1.0/2.22e26℄ -1.8 
m-3℄#---------------------------------------------------------------------# {311} defe
t and dislo
ation loop formation parameter.#---------------------------------------------------------------------# Solid solubility of I in 311s for sss model# Calibrated to Pa
kan's TED data. See Pa
kan-TED.param Css_311_sss [arrh887 1350 -0.5℄# Solid solubility of I in 311s for analyti
 model# Calibrated to Eaglesham's {311} data. See Eaglesham-311.param Css_311_anl [arrh887 1700 -1.25℄param K311_anl_0 -0.62param K311_anl_1 0.79param K311_anl_2 4.39# Parameters for the 3KPM model (a_i)param K311_3KPM_0 3.855param K311_3KPM_1 15.906param K311_3KPM_0 -1.420# Minimum 
on
entrationsparam MI_0_min [unit 1.00e4 
m-3℄param MI_1_min [unit 2.01e4 
m-3℄param MI_2_min [unit 4.05e4 
m-3℄#---------------------------------------------------------------------# Interstitial segregation and diffusion in oxide.# Referen
es:# - Diffusivity from ...# - segregation 
oeffi
ient from A. Agarwal (BU).#---------------------------------------------------------------------# Diffusivity of I in oxideparam Diff_Ox_I [arrhenius 13 4.5 
m2s-1℄# Segregation 
oeff.param Mseg_Ox_Si_I [arrhenius 0.806 2.11℄
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