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Abstract
The formation and dissolution of silicon self-interstitial clusters is linked to the phenomenon of transient-enhanced diffusion (TED) which
in turn has gained importance in the manufacturing of semiconductor devices. Based on theoretical considerations and measurements of the
number of self-interstitial clusters during a thermal step, a model for the formation and dissolution of self-interstitial clusters is presented
including the adjusted model parameters for two different technologies (i.e. material parameter sets). In order to automate the inverse
modeling part, a general optimization framework was used. In addition to solving this problem, the same setup can solve a wide range of
inverse modeling problems occurring in the domain of process simulation. Finally, the results are discussed and compared with a previous
model.
q 2003 Elsevier Ltd. All rights reserved.
Keywords: Silicon self-interstitial clusters; Diffusion processes; Inverse problems

1. Introduction
The purpose of this work is to find a calibrated model for
the formation and dissolution of silicon self-interstitial
clusters of {311} defects. A good calibrated model for selfinterstitial clustering is important for accurately simulating
the transient-enhanced diffusion (TED) of impurities. TED
is the fast displacement of impurities in the first thermal step
just after implantation and the simulation of its evolution
and magnitude is important in the manufacturing processes
of submicron devices [1 –3].
During initial annealing, implanted phosphorus and
boron dopants in silicon show TED, since silicon interstitials are emitted from the region of implant damage. The
structural source of these interstitials was unknown until a
few years ago. In Ref. [4], the source of the silicon selfinterstitials was shown to be the {311} defects which—as is
generally agreed—consist of condensates of interstitials
forming five- and seven-membered rings and can also be
described in terms of one monolayer of hexagonal silicon
[5]. These defects form rod-like structures along k110l
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directions and emerge from interstitials precipitating on
{311} planes as a single monolayer of hexagonal silicon.
From these defects, interstitials are emitted and give rise to
TED, which was demonstrated using quantitative transmission electron microscopy measurements. In Ref. [4], the
authors found a correlation between the evaporation of
{311} defects during annealing at 670 and 815 8C and the
length of the diffusion transient. Then they showed that the
number of interstitials emitted by the defects is linked to
the flux of interstitials driving TED and even suffices to
explain the whole observed transient.
The interplay between the excess interstitials trapped in
{311} defects and the boron concentration was discussed in
Ref. [6] based on plan-view transmission electron
microscopy. Furthermore, the implications of these results
for TED were discussed and found to be important.
Counting the amount of self-interstitials is a non-trivial
task, from transmission electron micrographs, the number of
interstitials in each defect and thus the total number has to
be measured. In Ref. [7], one can find measurements giving
the number of interstitials as a function of time for annealing
at four temperatures (670, 705, 738, and 815 8C) and
5 £ 1013 cm22, 40 keV boron implants. These measurements are shown in detail in Fig. 1 and provided the basis for
the inverse modeling problem. For the computations, we
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2. Modeling silicon self-interstitial cluster formation
and dissolution
In Ref. [3], the following equation describing interstitial
cluster kinetics is given

›C
CD
¼ 4paaDI IC 2 2 I e2Eb =kT ;
›t
a

Fig. 1. The silicon self-interstitial density (in cm23) as a function of time (in
s) for different annealing temperatures (interstitials stored in {113} or
{311} defects after 5 £ 1013 cm22, 40 keV implants).

used TSUPREM-4 [8] and the optimization framework
SIESTA [9,10].
We were interested in finding solutions for two
different technologies corresponding to different sets of
material parameters and hence different values for some
TSUPREM-4 variables. In the following, we will call
these parameter sets the high and the low parameter set
(the latter being the TSUPREM-4 default values). The
parameters and their values are shown in Table 1.
The model used contains several proposed models (e.g.
Ref. [3]) as special cases [8]. After describing the model and
the details of the inverse modeling problem, we present the
results and our calibrated model parameters.

ð1Þ

where DI ¼ D0 e2Em =kT is the interstitial diffusivity, a is the
average interatomic spacing, a is the capture radius
expressed in units of a; Cðt; xÞ is the concentration of
interstitials trapped in clusters, Iðt; xÞ is the concentration of
free interstitials and T is the annealing temperature.
Here the main formula of the model for the change of the
concentration of clustered interstitials is

›C
I ifi
I ifc
¼ Kfi isfi þ Kfc isfc ðC þ aIÞcf 2 Kr C cr ;
›t
Ip
Ip

ð2Þ

where Cðt; xÞ denotes the concentration of clustered interstitials, t time, Iðt; xÞ the concentration of unclustered
interstitials, and Ip ðt; xÞ the equilibrium concentration of
interstitials, which can be found by solving ›Cðt; xÞ=›t ¼ 0:
There are a number of parameters to be adjusted: Kfi ; Kfc ; Kr
(the reaction constants); the exponents I ifi ; I isfi ; I ifc ; and I isfc ;
cf, and cr; and finally a:
The reaction constants are in the form of an Arrhenius
expression, namely
Kfi ¼ kfi0 e2kfiE=kT ;
Kfc ¼ kfc0 e2kfcE=kT ;
Kr ¼ kr0 e2krE=kT ;

Table 1
The differences between the high and low (defaults) parameter set

with the activation energies kfi0 . 0; kfc0 . 0; and k
r0 . 0: Here T is the temperature (in Kelvin) and
k ¼ 8:617 £ 1025 eV K21, the Boltzmann constant. Since
the coefficients kfi0; kfc0; and kr0 are positive, the first two
terms in Eq. (2) are responsible for the formation of clusters
and the last term for the dissolution. The sum of interstitials
counted in C and I remains constant and the initial value of
C is 109 cm23.
The terms I ifi =Ipisfi and I ifc =Ipisfc resemble the interstitial
supersaturation, which is an approximation to the enhancement in diffusivity of interstitial diffusers such as boron or
phosphorus and it can be deduced as follows. The solution Ie
of ›C=›t ¼ 0 is often called the interstitial level. Then the
interstitial supersaturation is the ratio of Ie to the
equilibrium concentration I p :
The first term Kfi ðI ifi =Ipisfi Þ in Eq. (2) describes the joining
of two clusters and thus, the expected values for the
exponents are ifi ¼ 2 ¼ isfi: The second growth term

TSUPREM-4 variable

High set

Low set

Pre-exponential constant for equilibrium
concentration of interstitials (cm23)
Activation energy for equilibrium
concentration of interstitials (eV)
Pre-exponential constant for bulk
recombination rate (cm3 s21)
Activation energy for bulk
recombination rate (eV)
Pre-exponential constant for surface
recombination velocity at Si/oxide
interface (cm s21)
Activation energy for surface
recombination velocity at Si/oxide
interface (eV)
Pre-exponential constant for the
diffusivity of vacancies (cm2 s21)
Activation energy for the
diffusivity of vacancies (eV)
Pre-exponential constant for equilibrium
concentration of vacancies (cm23)
Activation energy for equilibrium
concentration of vacancies (eV)

2.9 £ 1024

1.25 £ 1029

3.18

3.26

1.2 £ 1025

1.0 £ 10221

1.77

21.0

5.1 £ 107

1.4 £ 1026

1.77

21.75

3.0 £ 1022

3.65 £ 1024

1.8

1.58

1.4 £ 1023

1.25 £ 1029

Kfc

2.0

3.26

governs the case when an unclustered interstitial joins an
interstitial cluster. Here, one can expect the exponents to be

I ifc
ðC þ aIÞcf
Ipisfc
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unity. The second factor is a linear combination of C and I
with an exponent.
Comparing Eqs. (1) and (2), the growth term of Eq. (1),
basically being a reaction constant times IC; is split into
two parts providing greater flexibility: one depending on a
modified interstitial supersaturation term and one depending on a modified interstitial supersaturation term times
ðC þ aIÞcf :
The third term in Eq. (2) is the dissolution term in
which—compared to Eq. (1)—an exponent was added.
To view Eq. (2) a bit differently, the reactions described
in that equation can be obtained from the three basic
reactions
Cn þ Cm ! Cnþm ;
Cn þ I ! Cnþ1 ;
Cn ! Cn21 þ I;
where Cn is a cluster with n elements and I a sole interstitial.

3. Simulation setup, inverse modeling and results
In this section, the setup of the simulations, the inverse
modeling problem, and its results are described. TSUPREM-4 was chosen for performing the simulations since it
provides all the models necessary for the inverse modeling
task.
Concerning the point defect modeling, a full, transient
simulation of the two-dimensional point defect distributions
was performed including the generation of point defects at
interfaces, the diffusion of point defects into the substrate,
the recombination at interfaces and in bulk silicon, the
effects of dopant diffusion on the point defect concentration,
the effects of pair saturation, and dopant-assisted recombination effects. Furthermore, oxidation-enhanced diffusion
and high concentration effects were taken into account.
In the first simulation step, a 2 nm thick oxide was placed
on the silicon surface, and the second step was a
5 £ 109 atoms/cm2, 40 keV implant. These first two steps
were identical for all simulations. Then diffusion steps were
performed corresponding to the time intervals and temperatures indicated in Fig. 1, where the self-interstitial
concentration was recorded after each time step.
Two points from the measurements in Ref. [7] for 670 8C
and one point for 705 8C were ignored since they were
above the implanted dose. All measurements were viewed
as one vector m: Let s be the vector of simulation results
depending on the parameters p to be identified. The
objective function f ðpÞ to be minimized was the quadratic
mean of the element-wise relative error between a simulated
point and a measured point, i.e.
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


u X
u 1 n sk ðpÞ 2 mk 2
:
f ðpÞ U t
n k¼1
mk
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Table 2
Variables, their intervals, and their units. d0 and dE are material parameters
as described in the text, whereas the other variables are model parameters
Variable

Interval

d0 (cm2 s21)
dE (eV)
kfi0 (cm23(1 þ isfi 2 ifi) s21)
kfiE (eV)
ifi
isfi
kfc0 (cm23(1 þ isfc 2 ifc 2 cf) s21)
kfcE (eV)
ifc
isfc
a
cf
kr0 (cm23(1 2 cr) s21)
krE (eV)
cr

½25; 1000
½1:4; 1:85
½1020 ; 1028 
½3:4; 6:0
Constant ¼ 2
Constant ¼ 2
½1017 ; 7 £ 1019 
½4:9; 5:2
Constant ¼ 1
Constant ¼ 1
½0; 5000
Constant ¼ 1
½1:5 £ 1016 ; 1018 
½3:0; 3:62
Constant ¼ 1

The variables of the objective function f ðpÞ are shown in
Table 2. The variables d0 and dE determine the diffusivity
d0 e2dE=kT of interstitials in silicon.
In order to reduce the time needed for the inverse
modeling task, the optimization framework SIESTA was
used. Its main tasks are optimizing a given objective
function and parallelizing the executions of the objective
function, which usually entails calling simulation tools in a
loosely connected cluster of workstations. SIESTA provides
several local and global optimizers, the ability to define
complicated objective functions, and finally an interface to
mathematica for examining the results. Fig. 2 shows an
overview.
The optimization approach was to first identify reasonable ranges for the variables with great influence, namely
energies and exponents. While identifying these ranges,
suitable starting points for gradient-based optimization
were found as well. Using these ranges and starting points,
the optimizations proceeded automatically including all
variables.

Fig. 2. Overview of SIESTA.
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Table 3
Results for the high and low parameter sets with the above free variables.
The mean relative error found is 0.389666 for the high parameter set and
0.504462 for the low parameter set
Free variable

Best point found

High parameter set (mean relative error 0.389666)
d0
dE
kfi0
kfiE
kfc0
kfcE
a
kr0
krE

51.7282
1.76996
4.97576 £ 1024
3.77408
4.36789 £ 1019
4.95
1099.63
2.77935 £ 1016
3.56997

Low parameter set (mean relative error 0.504462)
kfi0
kfiE
kfc0
kfcE
a
cf
kr0
krE
cr

1.14156 £ 1025
3.94079
1.5051 £ 1019
5.81858
1563.1
1.01287
1.06467 £ 1017
3.84503
0.9639

Fig. 3. Result for the high parameter set corresponding to parameter values
shown in Table 3. The logarithm (base 10) of the simulated and measured
concentration (cm23) of interstitial clusters is shown depending on time (s).

Fig. 4. Result for the low parameter set corresponding to parameter values
shown in Table 3. The logarithm (base 10) of the simulated and measured
concentration (cm23) of interstitial clusters is shown depending on time (s).

It was soon found that changing cf and cr did not yield
improvements and whenever these variables could be used
by a gradient-based optimizer, values very close to 1
resulted. The results described in Table 3 and Fig. 3 were
obtained for the high parameter set.
Similarly, we carried out the same computations for the
low parameter set, i.e. TSUPREM-4’s default values. These
results are shown in Table 3 and Fig. 4.

4. Conclusion
Starting with Eq. (2) and the measurements from Ref. [7],
we adjusted a model for the formation and dissolution of
silicon self-interstitial clusters, namely

›C
I2
I
¼ Kfi 2 þ Kfc ðC þ aIÞ 2 Kr C;
Ip
›t
Ip
with values from Table 3. Although different values were
also examined, the exponents in the first term were found to
be equal to 2 ðifi ¼ 2 ¼ isfiÞ; because two isolated
interstitials can form a new cluster. Good results were
achieved with cf ¼ 1 and ifc ¼ 1 ¼ isfc; which means the
rate of free interstitials joining already existing clusters
depends linearly on the number of excess interstitials
(interstitials above the equilibrium concentration) and a
linear combination of the number of clusters and interstitials.
Finally the exponent cr was found to be 1. This means that the
rate of dissolution depends on the concentration of clustered
interstitials and on the factor Kr :
The terms responsible for cluster formation in both
models do not share a common structure, thus, we finally
compare the results for the dissolution term. In Eq. (1), the
dissolution term is

2

D0 C 2ðEb þEm Þ=kT
e
;
a2

where the values for Eb and Em given in Ref. [3] are 1.8 and
1.77 eV, respectively. Eb þ Em ¼ 3:57 eV agrees very well
with the values found for krE in Table 3, namely 3.56997 eV
for the high parameter set and 3.84503 eV for the low
parameter set.
In summary, a refined model for the formation and
dissolution of silicon self-interstitial clusters was calibrated
to published measurements for two different technologies
(corresponding to two different sets of material parameters)
and very good agreement was achieved. The inverse
modeling problem was solved using an optimization
framework providing several optimizers. Taking advantage
of this automation, some variants of the models were
investigated in order to challenge and verify theoretical
considerations.
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