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evolution during silicon crystal growth
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A recently developed lattice kinetic Monte Carlo (LKMC) model for vacancy aggregation is used to investigate the
morphological evolution of large vacancy aggregates under different conditions relevant to commercial silicon crystal
growth. In particular, the roles of dissolved oxygen atoms as vacancy complexing agents during the aggregation process are
studied and the resulting effects on the void morphological evolution are compared to recent experimental observations. It is
shown that oxygen plays an important role, under certain crystal growth conditions, in the final morphology of vacancy
clusters, and that the LKMC model is able to explain and accurately reproduce experimental observations. The essential
dynamical features of the LKMC predictions are analyzed using a simple differential equation model to describe void growth

kinetics under different conditions.
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1. Introduction

The lattice kinetic Monte Carlo method (LKMC) has
found applications in a large number of areas in which
microscopic dynamical processes are important and an
explicit representation of atomic-scale structure is
required. The diffusion, reaction and aggregation of
atomic species in crystals, such as point defects and
impurity atoms, is a particularly suitable application that
has been treated with LKMC in numerous studies. Recent
examples of LKMC simulations applied to atomic
diffusion and clustering in metallic and semiconductor
systems are given in Refs. [1-5].

Recently, a LKMC model for vacancy aggregation was
presented and used to analyze vacancy clustering in silicon
[6,7]. Vacancy aggregation in crystalline silicon continues
to plague polished wafers because nanoscale voids are
harmful to microelectronic device performance measures,
such as Gate-Oxide Integrity in DRAM circuits [8]. In
these LKMC studies, careful attention was placed on the
analysis of the lattice constraint in LKMC models, which
greatly reduces the number of configurational degrees-of-
freedom available to the system. It was shown that in real
systems at elevated temperature, which is a common
operating condition in semiconductor crystal growth and
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processing, most defects and clusters exist in configur-
ations that are not aligned with the lattice. For example,
vacancy clusters are not simply missing lattice atoms, but
rather involve complex and substantial atomic relaxations
that can extend several lattice parameters away from the
actual vacant sites [9,10]. The configurational entropy
associated with the ensemble of many distinguishable
relaxations of each cluster therefore can be substantial and
serves to significantly lower the free energy of vacancy
aggregates as the temperature increases [11].

The importance of off-lattice degrees-of-freedom in a
LKMC simulation makes the estimation of individual
transition rates difficult if not impossible because the
lattice structures allowed in the LKMC simulation are
only idealizations of the actual structures. Moreover, each
lattice structure corresponds to many potential continu-
ous-space structures, which implies that each given
transition between lattice structures corresponds to some
average of transitions between the corresponding ensem-
bles of actual structures. In order to address the underlying
continuous-space degrees-of-freedom while retaining the
computational advantages of the LKMC approach, a
model-to-model regression approach was developed in
Refs. [6,7], in which the LKMC transition rates were
regressed by comparing the output of LKMC and
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molecular dynamics (MD) simulations. Various measures
were used in the model regression to ensure that the
LKMC parameters were robustly specified, including
transient cluster size distributions, large cluster density
profiles, and cluster structural information.

In this paper, we extend and apply the LKMC model
developed in Refs. [6,7] to the study of vacancy cluster
morphology in the presence of a secondary species,
namely oxygen. Oxygen, which is present in the crystal
predominantly as single interstitial atoms, is an important
element in commercial Czochralski (CZ) silicon crystals
and plays the dual roles of impurity and dopant. Oxide
precipitation during CZ crystal growth and wafer
annealing serves to create essential gettering, or trapping,
centers for harmful and highly mobile metal atoms
introduced during device fabrication [12]. Oxide precipi-
tates also provide mechanical toughness at elevated
temperatures, which is particularly important for large-
diameter wafers. On the other hand, the presence of oxide
precipitates in the near-surface region of a wafer where the
devices are fabricated is highly undesirable.

The presence of a large oxygen concentration, which is
typically about 10'7-10"®cm™* and several orders-of-
magnitude larger than the vacancy concentration, can
strongly influence the vacancy aggregation process and
resulting void morphology [13—15]. Under typical CZ
growth conditions, vacancy aggregation proceeds in a
rather narrow temperature interval between 1100 and
1070°C [16—18]. The basic mechanism for void formation
is well understood. Vacancies and self-interstitials are
introduced into the crystal at the melt—solid interface at
their respective equilibrium concentrations and then
proceed to recombine as the cooling crystal lowers the
equilibrium concentrations and creates point defect
supersaturation. Above a critical pulling velocity,
vacancies, which possess the larger equilibrium concen-
tration, eventually deplete all of the self-interstitials and
become increasingly supersaturated across most of the
crystal driving homogeneous nucleation of voids [19,20].
The final void size distribution depends on the post-
recombination vacancy concentration and the crystal
cooling rate during void formation—higher cooling rates
produce a larger number of smaller voids [16,18].

If the oxygen concentration is low, vacancy aggregation
proceeds essentially without being affected by the presence
of oxygen because the oxygen solid solution does not
become sufficiently supersaturated before most of the
vacancy aggregation is completed. Under these conditions,
large single octahedral voids (figure 1(a)) are formed with
mean diameter of about 100 nm [13,14,21,22]. As the crystal
continues to cool, the interstitial oxygen atoms diffuse to and
< T, o2 g segregate on the void internal surface and produce an oxide

g e S SRR 0 M coating several nanometers thick.

> - ~‘ ?“. % <33 . ! A T
oo 100Mm
W 2 res - £oN Figure 1. TEM images of various void structures observed in CZ and
oxygen-doped FZ crystals. (a) Single octahedral void (CZ crystal), (b)

double void (CZ crystal), (c) void cloud (oxygen doped FZ crystal).
Taken from Refs. [13,14,21].
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Higher interstitial oxygen concentrations are associated
with the formation of double and triple void structures
(figure 1(b)) [13,14]. Previous qualitative models have
postulated that double and triple void structures arise due
to simultaneous vacancy aggregation and oxide deposition
on the still-evolving voids [12,23,24]. As a vacancy
aggregate is still growing, the surface becomes partially
covered with oxide, which then leads to the formation of
heterogeneous growth sites from which secondary voids
grow. Finally, oxygen doped floating-zone (OFZ) crystals
[14], which are subject to very high cooling rates (several
times higher than CZ), have been shown to lead to very
different void structures when the oxygen concentration is
about 8 X 10" cm™? (similar to moderately high oxygen
concentration CZ crystals). In the OFZ crystals, voids are
observed to have a compound structure in which a central
void (with diameter ~ 50 nm) is surrounded by a cloud of
secondary nanoscopic voids (figure 1(c)). The secondary
void cloud consists of 2—3 nm diameter voids distributed
over a 100 nm spherical region centered about the primary
void. The formation mechanism of the void cloud
structure is not yet firmly elucidated. The aim of this
paper is to explain the formation mechanisms of these
various void structures using direct LKMC simulations.

The remainder of the paper is organized as follows. In the
following section, LKMC models are presented for vacancy
aggregation and oxygen—vacancy interactions. In Section 3,
the formation mechanisms of the double/triple void
(figure 1(b)) and void cloud structure (figure 1(c)) are discu-
ssed in detail. Finally, conclusions are presented in Section 4.

2. Vacancy-vacancy and oxygen—vacancy interaction
models

2.1 Vacancy-vacancy interactions

An interaction model for vacancies has already been
addressed in previous work [6,7] and is only discussed
briefly here. Vacancies are assumed to interact up to the
8th nearest-neighbor (NN) shell based on MD simulation
results [9,10] using the empirical EDIP potential [25]. A
“vacancy —vacancy bonding energy”, Ej, is defined at each
interaction distance so that the energy barrier for a
vacancy hop is given by Ref. [6]

NN
AE; = max (07 AEpop — 0.5 X E ANB,EQ), (1)
=1

where AE; is the energy barrier for event i, where AE,,, is
the energy barrier for a single, isolated vacancy jump, NN
is the maximum interaction shell, ANB_,- is the bond count
change due to a hop associated with interaction range j.
Note that the barrier function in equation (1) is positive
semi-definite, i.e. no negative barriers are possible. The
rate of an event i is then simply given by an Arrhenius

expression of the form

—AE;
r= voexp< ksT ), ()

where r; is the rate for event i, v, is a (constant) attempt
frequency, kp is the Boltzmann constant and 7 is the
simulation temperature. .

The eight bonding energies, {E,, j = 1,8} are derived by
regression to MD data of various types including those
generated by large-scale simulations of aggregation, single
cluster structures and density profiles, and cluster diffusiv-
ities [6]. Collectively, these eight bond energies define
a “lattice potential” for the LKMC model. As mentioned
earlier in the Introduction, an important feature of the
derived lattice potential is that it accounts implicitly for the
missing configurational degrees of freedom associated with
the underlying real, continuous-space lattice. It should be
noted that the magnitude of the implicit continuous-space
configurational entropy is strongly temperature dependent
and therefore the regressed effective vacancy—vacancy bond
energies also are functions of temperature. The model in refs.
[6,7] and all results presented in this work were obtained ata
single temperature of 1600 K.

A screening model was introduced into the LKMC
physics in Refs. [6,7] to account for the fact that void
formation energies in a solid are defined by the void
surface area, and not the volume. In this model, vacancies
only interact with each other if the path connecting them is
not obstructed by other vacancies [6]. It was demonstrated
that this physical feature leads to much better agreement
with MD results than could otherwise be achieved.
However, the presence of interaction screening effectively
renders the lattice potential a many-body one, and
significantly increases its computational expense.

2.2 Vacancy-oxygen complex formation

There is extensive evidence for the formation of various
oxygen—vacancy complexes in bulk CZ silicon but their
exact nature is still under some debate [24,26—28]. The
OV and O,V complexes are commonly accepted to be the
dominant mediators for trapping vacancies and form
according to the reaction

V+0<=0V+0<0,V. (3)

The OV complex is considered to be less stable than the
O,V complex, and should exist in much lower
concentrations [28]. The diffusivity of interstitial oxygen
is several orders-of-magnitude slower than that of the
single vacancy at all temperatures [29] but the diffusion
coefficients of the oxygen—vacancy complexes are not
well established, although they are not expected to be
larger than the single interstitial oxygen value.

As will be shown in Section 3, the exact nature of the
oxygen—vacancy binding mechanism is not important for
assessing the influence of bulk vacancy trapping on the
evolution of void morphology. The oxygen—vacancy
binding physics in the present LKMC model are represented
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schematically by the following single process:
V+ eV “4)

where * represents a lattice site occupied by an oxygen atom
which binds to the vacancy to create a trapped-vacancy
complex, V* Two mechanistic models for this process are
considered. In the first model (Model 1 shown in figure 2),
the oxygen atom, or trapping site, is immobile but the
vacancy can reversibly bind and unbind from it. The
unbinding rate is given by Ar, where r is the normal rate of
vacancy hopping (for a given surrounding environment) and
A is a trapping strength factor which represents the reduced
mobility of the vacancy once it complexes with an oxygen
atom. Once the vacancy moves away from the trapping site it
resumes a normal hopping rate. In the second model that we
consider (Model 2 shown in figure 3), the vacancy binds
irreversibly with the trapping site and diffuses with the
oxygen atom at a reduced rate also given by Ar. In both
models, the sites adjacent to a trapped vacancy are also
designated as trapping sites, which reflects the finite capture
radius of an oxygen—vacancy complex. Both models are
considered in a parametric study in the following section.

2.3 Oxide formation on void surfaces

The reversible formation of oxygen—vacancy complexes
can be characterized by an equilibrium constant of the
form, Kv- =[V*]/[V]["], where * denotes the oxygen
trapping sites. As a result, the extent of vacancy complex
formation depends on both the concentrations of free
vacancies and interstitial oxygen. In particular, if the
vacancy concentration is only weakly supersaturated
(or not at all) because of ongoing vacancy aggregation, the
formation of oxygen—vacancy complexes may be
negligible even if the single interstitial oxygen atoms are
supersaturated. On the other hand, the formation of oxide
on the surfaces of voids only requires an oxygen
supersaturation and is independent of the free vacancy
concentration. As a result, under certain growth
conditions, such as high oxygen levels and moderate
cooling rates, it is possible to have a driving force for
oxide layer formation without any bulk oxygen—vacancy
complex formation.

In this work, the effect of oxide layer formation on the
void morphological evolution is investigated with a simple
model. Oxygen atoms are assumed to arrive spontaneously
at a void surface at a rate that is determined by diffusion
limited dynamics. Once an oxygen atom is incorporated at a
surface vacancy site, that site becomes an “oxide site”. An
oxide site differs from a vacancy site in the following ways:

(1) Oxide mobility on the void surface is reduced by a
factor A relative to vacancy mobility.

(2) Free vacancies do not interact with oxide particles (see
further explanation below).

(3) Oxide—oxide interactions are the same as vacancy—
vacancy interactions.

(@)

S¥
)

(b)

()

(d)

(1
L

Figure 2. Model 1—Reversible binding and immobile trapping sites.
(a) Vacancy binding, (b) bound OV complex, (c¢) dissociation, and (d) free
vacancy. Circle, free vacancy; square, interstitial oxygen; circle-in-
square, OV complex.

(4) Physically, oxide particles cannot be entirely sur-
rounded by vacancies—they must either be connected
to other oxide particles or to the silicon lattice. This is
ensured in the simulation by exchanging oxide particle
positions with an arriving vacancy if all other NN are
vacancies.
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(a)
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(b)

(©)
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Figure 3. Model 2—Irreversible binding and mobile trapping sites. (a)
Vacancy binding, (b) bound OV complex, (c¢) complex diffusion, and (d)
irreversible complex. Circle, free vacancy; square, interstitial oxygen;
circle-in-square, OV complex.

Assumption 2 above requires further explanation.
In Section 2.2, it was assumed that interstitial oxygen
atoms (in the form of isolated trapping sites) and vacancies
interacted in the same way that vacancies interacted with
other vacancies — only the mobility of the resulting

oxygen—vacancy complex was modified. Within assump-
tion 2, however, the interaction between incoming
vacancies and oxide deposited on a void surface is
assumed to be very weak. The difference in the two
models of oxygen—vacancy interaction is motivated by the
very different stress environments experienced by oxide
particles formed in the lattice bulk and oxide deposited on
void surfaces. Interstitial oxygen atoms and oxide
precipitates in the lattice bulk are associated with large
compressive stresses that attract vacancies [30,31]. On the
other hand, the stress associated with oxide formed on a
void surface is passivated (relieved) by the presence of the
void, i.e. the oxide can expand into the void volume as
required to minimize the stress energy.

3. Results and discussion

Formation mechanisms for the void morphologies shown
in figure 1(b),(c) are addressed separately below. The
formation of cloud-like structures (figure 1(c)) is
considered first in Section 3.1, while the formation of
multiple-primary void structures (figure 1(b)) is addressed
in Section 3.2.

3.1 Vacancy-oxygen complex formation and cloud-like
void morphology

It has been suggested that the cloud-like void structure
shown in figure 1(c) forms because of a sudden shift of the
V + O— 0V 4+ O0— 0O,V reactions to the right before
the vacancy aggregation process is complete. The rapid
cooling rate encountered in OFZ crystallization (about ten
times higher than that in standard CZ [14]) produces an
oxygen supersaturation quickly relative to the vacancy
aggregation (diffusion limited) timescale and couples the
oxygen—vacancy binding and vacancy aggregation
processes. In this picture, the resulting cloud of secondary
voids therefore is an instantaneous snapshot of the
(trapped) vacancy profile surrounding the growing
primary void.

Consider, however, that the vacancy distribution profile
around a void under typical void growth conditions would
be at least partially established by diffusion limitations
[32]. For fully diffusion-limited growth, the concentration
of vacancies at the cluster surface would approach the
local equilibrium value, while far away from the growing
void the concentration would tend towards the bulk value,
as shown schematically in figure 4.

On the other hand, an important feature of the
secondary void cloud shown in figure 1(c) is that the
cloud density increases towards the primary void, i.e. a
diffusion-limited vacancy concentration profile is incon-
sistent with the idea that the void growth is interrupted by
sudden vacancy binding into immobile complexes which
then serve as nucleation sites for new clusters.

LKMC simulations based on the model described in
Section 2.1 were used to investigate possible mechanisms
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C(o0)=C(bulk)

Figure 4. Quasi-steady state single vacancy profile in the vicinity of
void under diffusion-limited growth conditions.

for the formation of void clouds using the following
simulation conditions. An octahedral void containing
16,215 vacancies initially was placed in a lattice
containing 5.83 X 10° sites and subject to periodic
boundary conditions. The system was then allowed to
evolve without constraint at a fixed temperature of 1600 K.
A control run first was performed in which no oxygen
traps were present. In this case, the void emits
approximately 35—40 monomer vacancies, but otherwise
retains its octahedral geometry and establishes equili-
brium with the surrounding lattice as shown in figure 5.
The void is stable at 1600 K because the system is closed.
The void size is plotted as a function of time in figure 6
and shows clearly the dynamical equilibrium that has been
established in the system.

The effective single vacancy concentration in equili-
brium with the void is about 3.4 X 10'"cm ™, which is
substantially higher than the value, 7.6 X 10'*cm ™,
predicted by the EDIP potential at 1600 K [9]. Recall that
the EDIP potential was used to generate all of the MD data
to which the LKMC bond energies were regressed. The
high equilibrium vacancy concentration arises because of
the Gibbs—Thomson effect [33], whereby the void exerts a
local thermodynamic pressure on the lattice leading to
higher vacancy solubility in the vicinity of the void.

Figure 5. Snapshot of a pre-seeded 16,215-vacancy void after 5 s of
annealing at 1600 K.

16300

16250 [~

16200

Void Size (N)

16150

16100||||||||||||||||||||||||
0 1E-06 2E-06 3E-06 4E-06 5E-06

Time (s)

Figure 6. Primary void size as a function of time predicted by LKMC
simulation at 1600 K. Initial void size = 16,215. No oxygen traps.

The presence of oxygen traps dramatically changes the
system behavior. In figure 7, the primary void size is
shown to decrease rapidly in time when oxygen traps are
introduced randomly into the system at about 1% atomic
fraction (assuming Model 1 binding physics—see Section
2.B). Three different trap strengths were used; A = 1072,
A=10"% and A=10"° where A approximately
represents the ratio of trapped-to-free vacancy diffusiv-
ities. Literature values for the oxygen and vacancy
diffusion coefficients at 1100°C, the temperature at which
void aggregation typically proceeds during CZ crystal
growth, give Do/Dy ~ 5 X 107 [29]. Assuming that
Doy ~ Do,y ~ Do, A can be considered to be roughly
equivalent in meaning to the ratio Do/Dy. The rate of
primary void size decrease increases strongly with the
trapping strength, A, while for A = 10"2 the system is
essentially unchanged relative to the control case.

16200 5"\\
i \\ R
L \ S o
LN .
— -~
16050 i \ .
L A
=3 [ " Ss
8 - \ N
» 15900 AN RN
S B N S <
= i \ N
L \ N
L \ \
15750 — \ N
- \
- \
L \
L \
15600||||||||||||||||K|||||||
0 1E-06 2E-06 3E-06 4E-06 5E-06
Time (s)

Figure 7. Primary void size as a function of time predicted by LKMC
simulation at 1600 K. Initial void size = 16,215 with 1% oxygen traps
dispersed randomly in the lattice (Model 1). Solid line—A = 1072,
dashed-line—A = 10, long-dashed line A = 10°.
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Figure 8. Snapshots of vacancy positions after 6 ps with trap
concentration = 1.0%. Green spheres represent free vacancies, purple
spheres represent trapped (complexed) vacancies. (a) A = 1072, (b)
A=10"*and (c) A = 10~° (Colour in online version).

Shown in figure 8 are snapshots of the system after 6 s
for various trapping strengths. For the A = 10"* and
A=10"° cases, the formation of a secondary cloud-like
distribution of small vacancy clusters (purple atoms) can
be seen clearly. These clusters are formed by the
dissociation of the primary void once the traps are
activated. A mechanism for the formation of the
secondary-void cloud therefore can be proposed on the

basis of the results presented above: During rapid cooling
in OFZ crystals the vacancy aggregation process is
interrupted by the onset of oxygen—vacancy binding
(i.e. equation (4) shifts to the right) because of the rising
oxygen supersaturation. The remaining free vacancies in
the crystal bulk are now bound into slow-diffusing (or even
immobile) oxygen complexes. As a result, voids that have
already been formed lose stability and begin to dissociate to
replenish the free vacancy population back to its equilibrium
value. In other words, the osmotic pressure exerted by the
vacancy solid-solution on the existing voids is effectively
removed if the free vacancies are sufficiently immobilized in
the lattice. It is interesting to note that substantial
immobilization is required to produce this effect—for the
A = 1077 case (corresponding to Dy- /Dy = 0.01), almost
no vacancy emission is observed relative to the control case
in the simulation time considered.

Finally, the emitted vacancies diffuse away from the
primary void and get captured by the surrounding oxygen
atoms, gradually building up a distribution of small
secondary vacancy clusters around the primary void. Note
that the secondary clusters are vacancy aggregates;
essentially only a single oxygen atom is needed to provide
the nucleation site. This is in agreement with the
experimental observation (via Energy Dispersive X-Ray
Spectroscopy (EDS) analysis) that the secondary clusters
do not contain oxide [14].

The exact distribution of the secondary void cloud
depends on the primary void size, the concentration of
oxygen traps, and the capture radius and mobility of the
oxygen—vacancy complexes. However, the overall quali-
tative behavior is unchanged for reasonable values of these
parameters. Shown in figure 9 are snapshots of the vacancy
distribution at 5us for several different trapping-site
concentrations. While the cloud density and localization
increase with increasing oxygen concentration, the overall
morphology is qualitatively unaffected.

The results also are robust with respect to the assumed
binding physics. Shown in figure 10 are snapshots of the
vacancy distribution after 5 ws using Model 2 (Section
2.1) to represent the oxygen—vacancy binding physics.
For strong binding, A = 10™°, the primary void begins to
dissociate once traps in the lattice start immobilizing the
vacancy solid-solution in equilibrium with the void as in
the previous cases (figure 10(b)). However, Model 2
predicts qualitatively different behavior when the mobility
of the trapped vacancy is increased. In the A = 10~ case,
the trapped vacancies now remain sufficiently mobile to
continue diffusing and interact directly with the cluster. As
the cluster surface becomes heterogeneously mobile
because of the presence of oxide, it becomes distorted
and the cluster shape evolution changes. Void shape
evolution in the presence of oxygen is addressed further in
the following section.

A final note should be made regarding the 1600K
temperature employed in all the LKMC simulations
described in this section, as well as the ones in the following
sections. As discussed in the Introduction, vacancy
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(@)
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Figure 9. Snapshots of vacancy positions after 5 ps as predicted by
Model 1 with A = 10™°. Green spheres represent free vacancies, purple
sphere represent trapped (complexed) vacancies. Trap concentrations are
(a) 0.1%, (b) 1%, and (c) 5% (Colour in online version).

aggregation during CZ crystal growth takes place in the
neighborhood of 1100°C (or 1373K), and at somewhat
lower temperatures in FZ and OFZ crystals. The fact that our
simulations were performed at a single temperature of
1600 K affects the results and conclusions quantitatively, but
not qualitatively. For example, the timescales for void
dissolution and the equilibrium free vacancy concentration
will depend on temperature, but the overall process will be
unaffected.

Ol e A

Figure 10. Snapshots of vacancy positions after 5 s as predicted by
Model 2 with trap density = 1.0%. Green spheres represent free
vacancies, purple sphere represent trapped (complexed) vacancies.
Mobility ratios are (a) A = 1072, (b) A = 10 ° (Colour in online version).

3.2 Oxide-layer deposition and double/triple void
morphology

LKMC simulations performed with different trap densities
and mobilities indicate that the dissolution mechanism
described in the previous section is not likely to also
explain the evolution of the double and triple void
morphology found in CZ crystals with high oxygen
concentration. Briefly, too much time would be needed to
transfer enough vacancies from the primary void to a
second void that is almost equal in size. Moreover, there is
no clear driving force that would cause the vacancies
emitted from the primary void to travel preferentially in
one direction to create a single additional void.

Previous models [23,24] have addressed the formation
of double and triple voids in the context of a growth
mechanism, whereby the void shape evolution is distorted
by the simultaneous deposition of oxide on the void
surface. The lower cooling rates found in CZ growth,
relative to OFZ, suggests the following qualitative picture:
Sometime after point defect recombination is completed,
and vacancy aggregation begins at about 1100°C, the
oxygen solid-solution becomes supersaturated. The
relatively slow cooling rate allows vacancy aggregation
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to proceed to an extent that keeps the vacancy
concentration close to its equilibrium value and the
oxygen—vacancy binding reactions in equations (4) are
not substantially activated as was the case in the fast-
cooled OFZ crystal. However, the driving force for oxide
precipitation on void surfaces is present, and if the oxygen
concentration is high enough, oxide precipitation on void
surfaces will take place concurrently with void growth.

In this section, we employ two modeling approaches to
study the influence of oxide layer formation on void shape
evolution during growth. First we use LKMC simulations
based on the model described in Section 2 to explicitly
probe cluster morphology, and then we develop a mean-
field model to analyze quantitatively the LKMC
predictions.

3.2.1 LKMC simulations of void growth in the
presence of oxide layer formation. LKMC simulations
were performed to assess the impact of an insulating
surface oxide coating on the growth behavior of pre-
seeded octahedral voids. As mentioned earlier, the present
LKMC model is valid only at a single temperature
(1600 K) and therefore the driving force for void growth
must be supplied by creating a vacancy supersaturation,
rather than by crystal cooling. This was achieved by
imposing a monomer controller on a system containing a
pre-seeded octahedral void whereby the number of single
vacancies in the lattice is fixed so that a constant
supersaturation is created. The controller monitors
periodically the single vacancy number and either adds
or removes vacancies to drive the system towards the set-
point. It was found that large supersaturations led to the
formation of secondary clusters which competed for
monomers and inhibited the growth of the pre-seeded
void, while small monomer set-points (corresponding to
an undersaturation) led to void dissolution, as expected.
Intermediate supersaturations of about 2—4 led to the
fastest seed growth. The following LKMC simulations
were all performed starting with a single pre-seeded
octahedral void containing 6545 vacancies in a
1.73 x 10°-site lattice. The optimal monomer set-point
number in this system size was determined to be 89, which
corresponds to a supersaturation of approximately 3.
Several LKMC runs were performed in which the void
surface oxidation rate and the initial oxide coverage were
varied. Shown in figure 11 are three snapshots taken from
LKMC simulations with different oxide deposition
schedules. Slow deposition rates (figure 11(a)) essentially
do not modify the growth behavior relative to the oxide-
free case because the amount of void surface available for
vacancy attachment increases faster than the rate of
passivation by oxide coverage. At very high oxide
deposition rates (figure 11(b)), the void growth process
ceases quickly because the entire surface becomes
completely passivated and the void no longer provides a
favorable sink for single vacancies. More interesting
behavior is observed at intermediate oxide deposition rates

(a)

(b)

Figure 11.  Snapshots of void structures grown under constant monomer
supersaturation (approx. 3) for different surface oxide deposition rates.
Green spheres represent free vacancies, purple spheres represent surface
oxide. (a) Low oxide deposition rate, (b) high oxide deposition rate, and
(c) intermediate oxide deposition rate (Colour in online version).

as shown in figure 11(c). In this case, a double void
structure is clearly seen to evolve, supporting the
hypothesis that the coupling between oxide deposition
and void growth is responsible for the formation of double
and triple void structures.

The void evolution dynamics leading to the structures
shown in figure 11 are analyzed further in the following
section using a mean-field model.
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3.2.2 A mean-field model for void growth with oxide
layer formation. A mean-field dynamic model was
developed to analyze quantitatively the results presented
in the previous section. Consider a growing void
containing N(f) vacancies. The growth rate of the void is
given by the product of the flux of vacancies at the void
surface, J, and the active void surface area, A.g, so that
O = Jhar =14 - 40 )
t
In equation (5), A is the total void surface area, and A, is
the void surface area covered by passivated oxide, which
does not interact with incoming vacancies. Assuming
spherical geometry, the total void surface area is given by

A= @4m'PRV)YIN, (6)

where V; is the volume of a single vacancy. Further
assuming that all the oxide particles are located on the
void surface, the coated area is given by

N,
Ao = (4m' PGV =2 (7)
For a constant rate of oxygen atom arrival at the void

surface, k, the growth rate of a void can be obtained by
combining equations (5)—(7) to give

W r@m Py {NZB - &] : (8)
dr 3
and
dN,
— =k
ar ©)

A model for the vacancy arrival flux, J, can be proposed
based on the theory of Lifshitz and Slyozov [33]. Consider
the steady-state spherical diffusion-limited problem

10 J
(r2D1 —C> =0, (10)

r2or ar

where 7 is the radial coordinate emanating from the center
of a spherical void, C is the concentration of vacancies
surrounding the void and D; is the single vacancy
diffusivity (figure 4). Equation (10) is subject to the
boundary conditions that the far-field vacancy concen-
tration equals some set-point value, C(o0) = C*P, and the
concentration at the surface of the growing void is C(r.) =
C® where C® is the equilibrium concentration of
vacancies at the surface of the void (r = r,). The solution
of equation (10) with these boundary conditions gives

C=(C% - C"q)(l —ﬁ) +c. (11)
r
The vacancy flux at the surface, therefore, is
oC D(CSF — C«
J =D, (_) :M. (12)
ar ) . e

Expressing the radius of the cluster in terms of the vacancy
number and volume, r. = ((3NV)/ (477))1/ 3 and applying

equation (12) to equation (8) the void growth rate is given
by

% = @m)*33V)3Dy(CSP - C*9)
N, ] (13)

x [N —

N1/

Defining B = (4m?*3(3V)*D,[CSP — €], equation
(13) can be rewritten in final form as

dN _ [ 15 No
o B[N 3N1/3} (14)

To compute the void growth rate, equation (14) must be
solved together with equation (9) with appropriate initial
conditions for N and N,,.

3.2.3 Self-consistent comparison of mean-field and
LKMC models. Comparisons between the mean-field and
LKMC predictions for void size evolution were made for
several operating conditions. First, void size evolution in
the absence of oxygen was considered (k = 0), where the
mean-field growth kinetics simplify to
dN _ s

P BN /2. (15)
Equation (15) was solved analytically with the initial
condition, N(t = 0) = 6545 and with C SP — 89, corre-
sponding identically to the values used in the LKMC
simulations described in the previous section. The value
for C°1 (and therefore B) is difficult to estimate
independently from LKMC simulation and was obtained
by regressing the analytical solution to the LKMC. The
difficulty stems from the expected non-uniform effect of
the Gibbs—Thomson phenomenon on the equilibrium
vacancy distribution around a void. Attempts to compute
independently the single vacancy concentration in
equilibrium with a void of size 6545, led to C* ~ 30,
which is a factor of two lower than the regressed value of
C 1= 60 (which corresponds to 8~ 3 x 10°s71). It is
entirely possible that the effective equilibrium concen-
tration at the void surface is higher than the value averaged
over the entire simulation cell but this value is impossible
to evaluate accurately in such a small system.
The void size evolutions predicted by LKMC and the
analytical model using C® =60 (8 ~ 3 X 10°s™") are
shown in figure 12 and the agreement is excellent across
the entire timescale simulated. The fact that the LKMC
evolution follows the analytical result closely demon-
strates that the diffusion-limited quasi-steady-state
assumption is valid, i.e. there is essentially no reaction
barrier for incorporating single vacancies into the growing
void. Under these conditions the void grows at an
increasing rate, and for the supersaturation considered
here, the surface diffusion rate is sufficiently high to keep
the void growing with compact morphology.

For high oxide deposition rate, however, the void active
surface area is reduced as the void grows. Shown in figure 13
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Figure 12. Comparison between mean-field and LKMC predictions for
void size evolution without oxidization. Circles, LKMC; solid line,
mean-field model.

are the predictions for the void size and surface oxide
coverage fraction, 6, when the oxidization rate, k, is fixed at
4 % 10’ s™!, but with the same initial conditions as in the
previous case. Once again the agreement between the mean-
field and LKMC models is excellent for both quantities.
Initially the void grows as in the oxide-free case, but as the
coverage increases the growth rate declines, and at about
2 s, the void suddenly becomes fully passivated and stops
growing. A dimensionless ratio of timescales for oxide and
vacancy deposition rates can be defined as y = k/B. For
k=4 x 10’s"!, y ~ O(10) which quantitatively shows
that the overall growth rate is governed by the oxide
deposition rate at these conditions.

The above situations correspond to the structures shown
in figure 11(a),(b). The double void structure shown in
figure 11(c) was obtained using a two-stage growth
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Figure 13. Comparison between mean-field and LKMC predictions for
void size evolution with oxidization (k = 4 X 10" s~ "). Circles, void size
from LKMC simulation; squares, surface coverage of oxide from LKMC
simulation; solid line, void size from mean-field model; dashed line,
surface coverage of oxide from mean-field model.
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Figure 14. Comparison between mean-field and LKMC predictions for
void size evolution with oxidization. Circles, void size from LKMC
simulation; squares, surface coverage of oxide from LKMC simulation;
solid line, void size from mean-field model; dashed line, surface coverage
of oxide from mean-field model.

process. For t <2us, k=5 X lOgs_l, or y ~ 0O(100),
was used, while for #>2ps, k=85 X 106371, or
X ~ 3, was applied. All other parameters were the same as
in the previous two runs. The rapid surface oxidation rate
for + < 2 s was used to mimic the presence of a partial
oxide layer which would be expected by the time the
primary void grew to its initial simulation size (i.e. 6545
vacancies). The two-step procedure is practically identical
to simply initiating the simulation with a partially-
oxidized void, but avoids any bias in the placement of the
oxide particles.

The mean-field and LKMC predictions for the void size
and oxide coverage fraction for this two-stage process are
shown in figure 14. The agreement between the two
models is excellent at the initial stages where the surface
oxidation rate is rapid relative to the void growth and
gradually becomes worse as the double void morphology
evolves. This small discrepancy is expected because the
assumed values for the geometric factors in the mean-field
model (i.e. based on spherical geometry) do not apply to
the double void structure. The important point to note,
however, is that the double void morphology evolves when
x ~ O(1), i.e. when the oxide and vacancy fluxes are
similar during void growth.

4. Conclusions

A comprehensive analysis, based on direct LKMC
simulations, was presented to explain the origin of the
various void morphologies that are encountered in single
silicon crystals grown by the CZ and FZ processes. It was
demonstrated that properly parameterized LKMC models
are powerful tools for probing the microstructure of
mesoscopic defects that are commonly found in
commercial semiconductor silicon crystals. Both the
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Figure 15. “Phase diagram” for void morphology as a function of oxygen concentration and crystal cooling rate during vacancy aggregation.

cloud-like void morphology found recently in OFZ and the
more common double void structure found in CZ crystals
are influenced strongly by the presence of oxygen, which
binds to vacancies during crystal growth. Whether this
binding affects the final void morphology or not depends
also on the details of the crystal growth process
parameters, particularly the time-temperature history. A
summary ‘“phase-diagram” of void morphology depen-
dence on oxygen concentration and crystal cooling rate is
shown in figure 15. At low oxygen concentrations, void
growth is unaffected by interactions with oxygen and the
final oxide coating is formed after the void size
distribution is established. As the oxygen concentration
increases, two possible interaction pathways can be
activated. If the crystal-cooling rate is slow and the
vacancy population does not become significantly super-
saturated, interstitial oxygen atoms do not bind with single
vacancies but do oxidize the surfaces of still-evolving
voids, leading to double and triple void structures.
However, if a vacancy supersaturation is present because
of rapid cooling, which is present in OFZ crystal growth,
then oxygen—vacancy complexes can form depleting the
free vacancy population and destabilizing existing voids,
which then begin to dissolve.

It should be noted that some of the conclusions
presented in this paper were obtained somewhat indirectly
on the basis of a constant-temperature LKMC model.
While the effect of oxygen concentration was modeled
explicitly, the effect of cooling rate during crystal growth
was simulated indirectly by modifying the vacancy
supersaturation and the simulation initial conditions.
Future work is being applied towards the development of a
variable temperature LKMC model which will enable
more direct comparisons to defect evolution during actual
processing conditions.
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