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The quality of silicon wafers used as substrates for microelectronic devices is measured in terms of the type, size and density
of defects formed during crystal growth process. The native point defects such as vacancies and self-interstitials diffuse,

react and aggregate to form intrinsic defects in the silicon wafers. We investigated the point defect behaviour using the
kinetic lattice Monte Carlo (KLMC) model. The KLMC method has been applied extensively in various forms to the study
of microdefects in silicon wafers. The purpose of this paper is to demonstrate the phenomena of void defect formation. The
size and density of void defects are usually affected by system temperature, vacancy—vacancy reaction and vacancy—
impurity reaction. In this paper, we study the temperature effect and the vacancy concentration effect. The simulation results
with various temperatures are well matched with our experimental data, and the relationship between temperature and

vacancy density describes well the phenomena of void defect formation. This is the first time such KLMC simulation results

have been reported.
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1. Introduction

Vacancy aggregation in silicon has been studied
extensively because void defects are known to be harmful
to microelectronic device yield and reliability, particularly
gate oxide integrity (GOI) [1,2]. The behaviour of intrinsic
point defects in microdefect formation has been
researched by many theoretical and experimental studies.
Voronkov [3] was the first to connect theoretically point
defect dynamics and crystal growth operating conditions,
such as crystal pull rate V and cooling rate G, with
observable transitions in microdefect structures during
crystal growth. His approach pioneered the comprehensive
modelling of point defect dynamics. The prediction of
defect formation depends on understanding the sensitivity
of important features of the microdefects in the silicon
crystal to the crystal temperature field and pull rate. Habu
et al. [4] and Habu and Tomiura [5] described the dominant
point defect species with a two-dimensional (2D)
continuum model. Ebe [6] performed analytical calcu-
lations on the behaviour of point defects in the growing
silicon crystal. The development of these models is only
discussed with regard to the native point defects such as
vacancy and self-interstitial silicon, but defect species are
also created by the combination of native point defects and
impurities, such as dopant. Sinno et al. [7] describe an
extension including an impurity (boron). Continuum
models based on rate equations are most often used to

make direct connections to experimental measurements.
The kinetic evolution leading to micro-void formation
from supersaturation of vacancies is very complex, and the
nucleation stage requires an atomic description of the
atomic scale phenomena. Molecular dynamics (MD)
calculations have been extensively used to explore the
fundamental interactions among vacancies. In the results,
the cluster formation energy and single-particle dynamics
have been gained. Bongiorno and Colombo [8] and Prasad
and Sinno [9] used MD to model the energy of vacancy
cluster formation and used this information to develop a
continuum model of cluster aggregation [10]. Recently, the
kinetic lattice Monte Carlo (KLMC) method was used for
description of vacancy diffusion and clustering phenom-
ena. La Magna et al. [11] proposed a KLMC method for
the description of vacancy diffusion and clustering
phenomena. The KLMC method does not make any
assumptions about the behaviour of clusters, but shows
that particles hop in the simulation domain according to
pre-determined rates that depend on their local environ-
ment. Unlike the MD method, the KLMC method can
provide valuable mesoscopic information that is difficult
to obtain experimentally. Haley [12] shows that vacancy
clustering behaviour as a function of temperature,
concentration and interaction range is well described
using the KLMC method. The diffusivity of the vacancies
decreased over time as clusters were formed with the
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power law. Temperature and vacancy concentration have
significant effects.

In this work, we describe void defects formation using
the KLMC model. In particular, we show the cluster
formation with various temperatures and vacancy
concentrations, and we also present the simulation results
together with the experimental results corresponding to
each simulation to validate our simulations.

2. Simulation model

A detailed study of vacancy cluster thermodynamics,
transport and structure is presented based on MD for free
energy estimation. MD was performed with the empirical
environment dependent interatomic potentials, which has
been shown to lead to a very good representation of
vacancy cluster properties. MD calculations have been
extensively used to explore the fundamental interactions
between vacancies. The KLMC model has been widely
used to describe the diffusion and clustering of vacancies
in a Si lattice [13—15]. A typical move in a KLMC method
consists of picking a particular event to execute, and then
picking a random vacancy that can execute that event.
Once the vacancy move is executed, the hopping rate of
the vacancy and its surrounding neighbours are updated to
reflect its new environment. The rate of a migration event
is then simply given by the following Arrhenius
expression:

= exp{— kf’T} M
where vy is the attempting frequency as the prefactor, E; is
the migration energy, kg is the Boltzmann constant and 7'is
the simulation temperature. E; = 0.43 eV, reported by La
Magna et al. [11], and the lattice constant is 5.43 A. The E;
is for a single vacancy without any interaction. When a
vacancy has neighbour vacancies, the E; changes to AE;
that is the energy barrier for a vacancy hop. The energy
barriers for a vacancy hop given by Dia et al. [16] are as
follows:

NN
AE; = max (0, AEpop — 0.5 X Z ANB]»E{3> )

J=1

where Ey,, is the energy barrier for a single vacancy
jump. NN is the nearest-neighbour shell. NB; is the change
in the number of particle—particle bonds with interaction
range j. E} is the binding energy of ith vacancy that has a
neighbour vacancy j. Bongiorno et al. [17] investigated the
formation and binding of vacancy clusters in silicon.
Spherical-shaped clusters (SPC) are assumed in this work.
The binding energy of nth vacancy added is defined as
Ey(n) = Ef(n — 1) + E¢(1) — E¢(n). Table 1 shows the
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formation energy and the binding energy as a function of
cluster size (n). In this work, the vacancy-vacancy
interaction distance is extended up to the eighth nearest-
neighbour shell based on the MD simulation results.

In KLMC simulations, the diffusion coefficient in each
case was computed using the Einstein relation

N _ pm?
&y =L imy RO = ROF.

6 t—04 t

i=1

3

Here, R(¢) is the position of the ith atom or vacancy at time
t.

The time interval is set by the inverse of the net
hopping rate as follows:

“

where R, = >, rl.
The time dependence of diffusivity as a power law of
the form is as follows:

D) =~1"". 5)

3. Results and discussion

Void defects are driven by the supersaturation of vacancy
in silicon crystals, and the defect formation is easily
influenced by temperature and vacancy concentration. The
main concern of this study was the temperature effect and
the vacancy-vacancy reaction. We used the KLMC
method for defect formation with long-range interactions
that interact up to the eighth nearest neighbour. The actual
simulation volume is 1.6 X 10~ '®cm? , and the total
simulation time is 0.01 s.

3.1 Temperature

The simulations presented in this section were performed
with 400 vacancies in a 3D simulation box with 100 unit
cells in each dimension, for a vacancy concentration of
2.5x 10"®/cm? The system’s temperature range for

Table 1. Formation energy and the binding energy as a function
of cluster size (n).

Number of vacancies E¢ (eV) Ey (eV)
1 3.4

2 52 1.6

3 7.14 1.46
4 9.36 1.19
5 10.68 2.08
6 11.27 2.72
7 13.7 1.07
8 14.08 3.04
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Figure 1. Diffusivity of vacancies for the temperature range
1200-1500 K.

clustering was 1200—1500 K [18-20]. Figure 1 shows the
diffusivity of vacancies over time. The initial constant
diffusivity, indicating free vacancy diffusion, leads to
decreasing diffusivity, as clusters form. The diffusivity of
vacancies decreases at a power law with exponent y =
1.1 = 0.2 and the power law exponent is greater at the
specific temperature range of 1400—1350 K. This means
that the clustering phenomena are vigorous in this
temperature range. This result is in good agreement with
our experimental results [18]. Compared with the
conditions in Haley’s research [12], this study focussed
on the clustering temperature range and allowed a wider
range of vacancy concentration, but the trend agrees well
with Haley’s research. Figure 2 shows the formation of
vacancy clusters for the temperature range. Figure 2(a)
shows the number of clusters over time. The number
increased and then gradually decreased as the time
increased, because small clusters merged with other
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clusters or resolved into the free vacancies. At higher
temperatures, small clusters initially formed and dissolved
easily into free vacancies, but they remained for a
relatively long time at lower temperatures. Figure 2(b)
shows the mean size of clusters over time. At higher
temperatures, the free vacancies diffuse rapidly so large
clusters are formed quickly by capturing the free
vacancies. Therefore, the size tends to be larger on
average than those formed at lower temperatures. The
mean size of clusters continuously increases over time by
capturing the free vacancies. Figure 3 shows a comparison
between simulation results and previous experimental
results [18]. In our experiment, the behaviour of the
grown-in defects is well explained by a growth halt test
that is a temporary stop test of the crystal pulling rate. The
pulling rate was dropped abruptly from 0.8 to
0.04 mm/min near the ingot position of 60 cm of 6” crystal
for 60 min. The crystal stayed 60 min more at a specific
temperature depending on the crystal’s position. After the
crystal was grown, the distribution of void defects was
changed, and the temperature dependency of void defects
was well explained by the density and size of the void
defects in the halted crystal. The temperatures of the
crystals at the different positions were calculated using
global heat transfer simulation. Figure 3(a) is a graph
comparing the void defect density from the experiment
and the cluster density of the KLMC simulation results.
Figure 3(b) is a graph comparing the void defect size from
the experiment and the mean cluster size of the KLMC
simulation results. Because of the different scales of both
systems, we could not directly compare the void defects
with the vacancy clusters, but the temperature dependen-
cies of both cases are well matched. The temperature
dependencies of clustering are important in controlling the
clustering phenomena during an experiment.
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Figure 2. Formation of vacancy clusters for the temperature range 1200—1500 K: (a) number of clusters and (b) mean size of clusters as

a function of time.



17:12 14 January 2011

Downl oaded At:

(a) 48 ] T T . T T T r T

®  Simulation

—0O— Experiment
42 4 o ind - 300

- 330

- 270

344 - 240

- 210

Number of clusters
8
1
mo

2% < L
N 180
2] o 150

13 n - 120

. 1 T 7 v T v r x
900 950 1000 1050 1100 1150
Temperature ("C)

Figure 3.

5398J8p PIOA JO IaqInN

Mean size of clusters

Molecular Simulation 243

(b) T T T T T T T T
22
®  Simulation B [-0.16
—0O—Experiment
20 4 - =
@©
o
Lo1s 2
18 4 N
- @
=3
<
16 1 Los S
L o
L 3
144 8 3
I3
013 ~
12 4 g §
10 Y Y Y Y 012
a0n0 950 1000 1050 1100 1150

Temperature (°C)

Comparison between the experimental results and the KLMC simulation results: (a) comparison between the void defect

density from experiment and cluster density of the KLMC simulation result and (b) comparison between the void defect size from
experiment and mean cluster size of the KLMC simulation result.

3.2 Vacancy concentration

The simulations presented in this section were performed
with different numbers of vacancies in a 3D simulation
box with 100 unit cells in each dimension, for a vacancy
concentration range of 0.5-3.5 X 10'®atoms/cm®. The
defect formation phenomenon was different compared
with previous research [12], because of higher system
temperature. Figure 4 shows the diffusivity of the
vacancies over time. Except for a vacancy concentration
of 0.5X%X lOlSatoms/cmz, the diffusivity decreased as
clusters were formed with the power law exponent
vy= 1.3 £0.2, in which the higher values correspond to
higher concentrations. This means that the clusters were
formed quickly and trapped more vacancies at higher
concentrations. However, the diffusivity remains constant
over time at 0.5 X 10'® atoms/cm?. Because the system did
not have enough vacancy to form a stable cluster at
1500 K, a cluster was not formed.
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Figure 4. Diffusivity of vacancies for

the vacancy
concentration range 0.5-3.5 X 10'® atoms/cm®.

Figure 5 shows the formation of the vacancy clusters
over time with various vacancy concentrations. Figure 5(a)
shows the number of clusters over time. It increased and
then gradually decreased over time, because small clusters
merged with other clusters or they were resolved into the
free vacancies. The number of clusters was proportional to
the vacancy concentration. Figure 5(b) shows the mean
size of the clusters over time. Once a free vacancy was
formed in a cluster, the diffusivity decreased dramatically,
such that it became difficult to move and merge with
neighbouring clusters. In the authors’ system, the mean
size of the clusters was mainly affected by the number of
free vacancies. If two systems of identical number of free
vacancies existed, the systems with fewer clusters grow
more than other systems with a greater number of clusters.
As mentioned, a cluster does not form at 0.5 X
10"® atoms/cm?. To form a stable cluster, a system in
higher temperature needs higher vacancy concentration.

Figure 6 shows the formation of the clusters according
to various temperatures and vacancy concentrations. The
system’s temperature range was from 1200 to 1500 K and
its vacancy concentration range was from 0.5 to
3.5 x 10"®atoms/cm®. The contour plot in Figure 6(a)
explains the number of clusters according to the
temperatures and the vacancy concentrations. The number
of clusters increased with the decrease in the temperature
and with the increase in the vacancy concentration.
Figure 6(b) shows the mean size of the clusters according
to the temperatures and the vacancy concentrations. The
mean size of the clusters increased with an increase in the
temperature and a decrease in the vacancy concentration.
However, a stable cluster needs a higher vacancy
concentration at a higher temperature. For example, a
cluster was formed in a low vacancy concentration
condition (0.5 x 10" atoms/cm®) at 1200 K, but did not
form at 1500 K. These results imply that the void defect
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Figure 5. Formation of vacancy clusters for the vacancy concentration range 0.5-3.5 X 10'® atoms/cm™: (a) number of clusters and (b)

mean size of clusters as a function of time.

density and size can be controlled by changing the system
temperature and the vacancy concentration.

4. Conclusion

The formation of void defects could be represented by
vacancy cluster formations in silicon. It was investigated
using the KLMC method, which is effective for estimating
the void defects formation in silicon crystal. We studied
the vacancy clustering behaviour as a function of
temperature and as a vacancy-—vacancy reaction. First,
we analysed the effect of temperature on the void
formation. We show that the clustering phenomenon is
vigorous at a specific temperature range (1400—1350 K),
that larger clusters were generated at higher temperatures,
and that smaller clusters were generated at lower
temperatures. This phenomenon is in good agreement
with the previous experimental results [18]. Second, we
analysed the vacancy concentration effect on the void

Number of clusters vs. temperature, vacancy
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formation. The number of clusters is proportional to the
vacancy concentration, and the mean size of the clusters is
not proportional to the vacancy concentration because the
mean size of the clusters is mainly affected by the number
of free vacancies. In this specific case, a vacancy could not
form a cluster if the system had a low vacancy
concentration (0.5 X 10"® atoms/cm?) and a high tempera-
ture (1500 K). This means that a system with a higher
temperature needs a higher vacancy concentration to form
a stable cluster. Our conclusion is that the cluster
formation according to various temperatures and various
vacancy concentrations could explain the defect for-
mations in real systems; this implies that the void defect
density and size can be controlled by changing the system
temperature and the vacancy concentration. The KLMC
method can provide valuable mesoscopic information
about void defect formation. These kinds of KLMC results
had not previously been reported.
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Figure 6. Formation of vacancy clusters according to various temperatures and vacancy concentrations: (a) number of clusters and (b)

mean size of clusters as a function of time.
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