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We present results of ab initio calculations for point defect clusters with phosphorus, arsenic, and antimony
in silicon, including mixed clusters. We show that these dopant species interact, modifying their diffusion and
activation. Most importantly, mixed clusters can exist in similar concentrations as pure clusters, reducing the
fraction of active dopants. Furthermore, we analyze the influence of cluster composition on the configurations
and energetics. Phosphorus and arsenic atoms take similar roles in the cluster configurations, whereas antimony
leads to different configurations. The binding to self-interstitials is weaker for As than for P and weaker for Sb
than for As. The binding to a vacancy is stronger for As than for P and stronger for Sb than for As. For all
clusters with one vacancy and up to four dopant atoms, the constant binding energy per dopant atom is
−1.17 eV for P, −1.27 eV for As, and −1.34 eV for Sb. Finally, we derive reaction enthalpies from the
calculated formation energies and discuss the implications for dopant diffusion and activation.
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I. INTRODUCTION

The ongoing scaling of integrated circuits to ever-smaller
feature size requires a detailed understanding of the physical
processes during manufacturing. Phosphorus, arsenic, and
antimony are the three important n-type dopants for silicon
technologies. They differ in characteristics relevant for semi-
conductor technology, e.g., the diffusion coefficient, the solid
solubility, or their behavior in ion implantation. Selecting the
optimal dopant for a specific application is a complex prob-
lem, depending on the changing requirements for state-of-
the-art manufacturing technologies. For example, antimony
has recently gained special attention because of its advanta-
geous behavior in strained silicon.1,2 The ever increasing re-
quirements for semiconductor technology even call for solu-
tions with several n-type dopant species in the same region
of the device, cleverly combining the respective advantages
and disadvantages of the individual dopant species.3–5 The
diffusion and activation behavior of one dopant species may
also be modified by the presence of another dopant species.
Therefore, the interaction between the different dopant spe-
cies must be investigated. This interaction can be indirect,
via clusters with self-interstitials �I� or vacancies �V�, or di-
rect, via mixed clusters �containing several dopant species�.
Comprehensive diffusion and clustering models must prop-
erly include mixed clusters.

Process simulation is a vital tool for the development and
optimization of advanced microelectronic devices. For the
manufacturing of advanced devices, an essential step is the
formation of highly doped ultrashallow junctions, where a
complex system of diffusing and reacting defects in the sili-
con wafer is involved. The accurate simulation of the result-
ing dopant diffusion and dopant cluster formation is an im-
portant part of process optimization. The diffusion and
clustering models in state-of-the-art process simulators,
based on either the kinetic Monte Carlo �KMC� or the con-
tinuum approach, require the relevant physical properties of
the involved defects as input parameters.6 The experimental
determination of all required atomic-level properties for the
large number of important defects is currently not possible.

Therefore, ab initio calculations of such defect properties
such as formation energies or binding energies are of great
interest for the development of dopant diffusion and cluster-
ing models.

The goal of this study is to investigate the clustering of
As, P, and Sb in Si with ab initio calculations based on
density-functional theory �DFT�, including mixed clusters
with two types of dopant atoms. Numerous previous ab initio
calculations have been performed for these three dopants.
Many studies considered only defects with dopant-vacancy
or dopant-interstitial pairs or other small clusters.7–16 Several
studies also included larger clusters with only As dopant
atoms17–26 and one study included AsPV, a defect with two
different dopant species.27 However, there have been no pre-
vious ab initio studies for larger P clusters, Sb clusters, or
mixed clusters. In summary, the clustering of Sb and the
mixed clustering of P, As, and Sb has not yet been investi-
gated in a consistent manner with ab initio methods.

The overall goal of our project is to gain a broad under-
standing of defect diffusion and clustering in silicon. An im-
portant part is to create a comprehensive database of ab ini-
tio results, concentrating on the relevant defect properties.
The selection of defects and the details of the computational
setup are geared toward maximizing the gain of knowledge
useful for the understanding of dopant clustering and diffu-
sion. Our approach was to investigate a large number of
potentially important defects to allow for the discovery or
confirmation of trends or general rules in the clustering en-
ergetics and defect configurations. This was achieved by con-
sistently using the same computational setup for all defects.
Since hundreds of calculations have been performed, some
of the work had to be automated.

In process simulation, the goal is to determine the system
state after annealing with a limited thermal budget. During
annealing, the system of dopants and defects in the silicon
crystal is not in complete equilibrium. For example, imme-
diately after ion implantation, a region with a large super-
saturation of self-interstitials exists. These interstitials form
clusters with dopant atoms that are rare under equilibrium
conditions. Since there are still �steep� gradients in the dop-
ant concentration in the finished device, the system is not in
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complete equilibrium even after the annealing. Process simu-
lation must determine the evolution of a complex reaction-
diffusion system with many defects species and possible re-
actions, starting from initial conditions influenced by the ion
implantation parameters. Therefore, KMC simulations with
all considered defects will be required for a complete analy-
sis of the implications of the clustering energetics presented
in this paper. Nevertheless, we can directly make important
conclusions by calculating binding energies and reaction en-
thalpies. The resulting qualitative statements represent sig-
nificant physical insights and are a valuable basis for detailed
investigations with KMC models based on the calculated
clustering energetics.

II. METHODS

For each defect species that can be formed by a reaction,
the configuration with the lowest energy must be determined.
The search is performed as usual by starting relaxations �lo-
cal energy minimization� from several different initial con-
figurations. Simply searching for the lowest energy supercell
containing the right number of dopants would yield wrong
configurations for defects with repulsive constituents �an ex-
ample is discussed in Sec. III D�. The cluster constituents
would be separated. We must exclude configurations not at-
tainable by reactions. Since the computational cost of
molecular-dynamics simulations of reactions is prohibitive,
we have to apply a criterion based on the cluster geometry.
The selection of this criterion is arbitrary and it is not guar-
anteed that the correct configurations are considered. We
used a criterion based on the Voronoi cells of the perfect
silicon lattice.28 Each Voronoi cell that does not contain ex-
actly one silicon atom was marked as defective. Two Voronoi
cells were defined to be connected when they belong to first-
or second-nearest-neighbor lattice sites. A set of connected
defective Voronoi cells was considered to represent one de-
fect.

In accordance with the conventional approach in ab initio
studies of point defects and dopant clustering, the formation
energy Ef�X� of defect X was calculated with

Ef�X� = Etot�X� − �
i

ni�i, �1�

where Etot�X� is the total energy of the supercell containing
the defect, ni is the number of atoms of type i in the super-
cell, and �i is the corresponding chemical potential.29 In the
dilute case, the equilibrium concentration of defect X is then

Ceq�X� = C0�X�e−Ef�X�/kT. �2�

In the present study, no actual defect concentrations are cal-
culated because the prefactors C0�X� depend on the forma-
tion entropies �and on the concentrations of possible sites�,
which were not investigated. Furthermore, the formation en-
ergies depend on the chemical potentials �i, which in turn
depend on the environmental constraints of the system, i.e.,
if atoms of type i can be exchanged with a reservoir or if
their total concentration is fixed.

As discussed in Sec. I, we investigate dopant clustering
during semiconductor device manufacturing, in particular,

during annealing after ion implantation. The system is not in
complete equilibrium and the total concentrations and chemi-
cal potentials of the dopant species vary throughout the de-
vice. A rough approximation is to assume that the clustering
reactions are in equilibrium in a spatially limited area of the
device with a fixed total concentration for each dopant spe-
cies. These total concentrations determine the chemical po-
tentials at this point. Such an approximation must be consid-
ered with great care. To achieve equilibrium between cluster
types, there must be mobile defects to transport their con-
stituents. These mobile defects also change the local total
concentration. Whether there is a sufficiently large separation
between the two respective time scales depends on many
factors, including defect mobilities and concentration gradi-
ents. Such a calculation is correct only when all dominant
clusters are included in the calculation. Otherwise, the results
for the included clusters are overestimated. For these rea-
sons, it is better to analyze the clustering energetics in ways
that are independent of the chemical potentials.

Total binding energies and reaction enthalpies are derived
from the formation energies. They are independent of the
chemical potentials since the numbers of atoms are con-
served in the reactions. Therefore, pathways for cluster for-
mation and the binding strength between cluster constituents
can be investigated without specifying values for the chemi-
cal potentials. Since there are many possible reactions for
each defect, we will not list all reaction enthalpies. Instead,
we present the formation energies for a specific choice of the
chemical potentials. We used �Si=

Etot�Si�
N for silicon atoms

and �D=Etot�D�− �N−1��Si for dopant atoms, where Etot�Si�
is the total energy of a supercell with no defect, N is the
number of lattice sites in the supercell, and Etot�D� is the
total energy of the supercell with one substitutional dopant
atom. With these definitions, the formation energy includes
the energy required to assemble the cluster from its isolated
constituents and the energy required to create the isolated
vacancies or interstitials. The selected definitions allow the
comparison of our results to the most comprehensive previ-
ous study of As clusters.22

The calculations were performed with the DFT-based Vi-
enna ab initio simulation package �VASP�.30,31 Cubic super-
cells with 216 lattice sites were used. The lattice constant
was set to the calculated value of 5.47 Å. All defects were
considered in the neutral charge state. The generalized gra-
dient approximation was used �Perdew-Wang 91� together
with the projector-augmented wave method.32 The cutoff en-
ergy for the plane-wave expansion was set to 191.312 eV.
The Brillouin zone was sampled only at the � point. The
conjugate gradient algorithm was used to relax the atomic
positions, stopping when the energy difference between two
steps was less than 10−3 eV.

In order to estimate the numerical accuracy of the results
for the formation energies, we performed calculations for a
subset of the clusters with a plane-wave cutoff energy of 270
eV and a 3�3�3 Monkhorst-Pack k-point grid.33 A com-
parison of the two sets of results in Fig. 1 indicates that our
calculations do indeed represent the predictions within the
framework of DFT. We conclude that the observed trends can
be considered as independent of the details of the computa-
tional setup, as long as a reasonable setup is consistently
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used for all calculations. Furthermore, for each defect, either
the absolute difference is below 0.1 eV or the relative differ-
ence is below 15%. Considering this error estimation, our
results for the As clusters are in good agreement with the
formation energies reported in Ref. 22.

III. RESULTS AND DISCUSSION

In the following, Dn is used to denote a group of in total
n dopant atoms with arbitrary numbers of P, As, or Sb atoms.

A. Defect configurations

The large number of defects considered prohibits a de-
tailed discussion of all minimum-energy configurations. We
describe the basic structure of all defects and for several
selected defects we include a more detailed description of the
lattice relaxations and discuss basic trends that hold for the
other defects as well. Several defect configurations are
shown graphically. In these plots, Si, P, As, and Sb atoms are
represented by blue �small, light�, red �small, dark�, green
�medium size�, and pink �large� spheres, respectively. The
plots also include the bonds of a reference lattice shown as
gray cylinders. The bonds are not drawn between actual atom
positions but between the positions of the undisturbed lattice
sites. This increases the visibility of the lattice relaxations.
For example, in Fig. 2�a� it is clearly visible that the distance

between the two neighboring P atoms is larger than the bond
length of the undisturbed Si lattice.

1. Clusters of substitutional dopants

In defects without I or V, all dopant atoms are on lattice
sites �substitutional�. Several examples are shown in Fig. 2.
The clusters of type D2 and D3 have a higher total energy
compared to isolated substitutional dopants. Due to our
Voronoi cell based criterion, we considered only configura-
tions with the dopant atoms on first- or second-nearest-
neighbor lattice sites of each other. For P2 and PAs, the two
dopants are on first-nearest-neighbor lattice sites since the
energy of the second-nearest-neighbor configuration is
higher. For all other defects of type D2, the second-nearest-
neighbor position has the lower energy.

For all D3 clusters, two dopant atoms are first nearest
neighbors and the third one is on a second-nearest-neighbor
position of the central one, as shown in Fig. 2�c�. When
different dopant species are present, the dopant atom on the
second-nearest-neighbor position is always one with the
larger atomic radius and the central dopant atom is always
one with the smaller atomic radius.

Although all atoms are on lattice sites, the lattice relaxes
around the impurities. Figure 3 depicts the lattice relaxations
around the three isolated substitutional dopants. The lattice
relaxation increases with the increasing atomic radii of P, As,
and Sb. The first nearest neighbors of the As and Sb dopant
atoms show clear outward relaxation. Compared to the un-
disturbed bond length of 2.37 Å, the relaxation around P is
very small and the relaxation around Sb is significant. In all
three cases, the relaxations rapidly decrease with increasing
distance from the dopant atom. They reach very small values
for interatomic distances clearly below the maximum pos-
sible in supercells with 216 lattice sites. The relaxations are
predominantly in the radial direction. The second nearest
neighbors of the dopant atoms exhibit the strongest perpen-
dicular relaxation.

2. Clusters with dopants and one vacancy

For all clusters of type DxV�x=1,2 ,3 ,4�, the dopant at-
oms are positioned on the first-nearest-neighbor positions of
the vacant lattice site. Two representative examples, P3V and
SbAs2V, are shown in Fig. 4. The inward relaxation of the
dopants toward the vacancy is apparent. The relaxation in-
creases with the increasing atomic radii of P, As, and Sb.
Figure 5 depicts the relaxations for three other examples
�P3SbV, P2Sb2V, and As4V� in more detail, confirming the
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FIG. 1. �Color online� Comparison of formation energies of selected clusters �with simple configurations� calculated with different
k-point sampling and plane-wave energy cutoff. Left: � point and 191.312 eV. Right: 3�3�3 Monkhorst-Pack and 270 eV.
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FIG. 2. �Color online� Configurations of selected clusters of
substitutional dopants.
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trend. The relaxation is stronger than around the isolated
substitutional dopants. Again, the relaxations are predomi-
nantly in the radial direction and they fall off rapidly with
increasing distance to the vacancy.

3. Clusters with dopants and one interstitial

DI clusters have a split �110� configuration. While P and
As are part of the split pair as shown in Fig. 6�a�, Sb has a
substitutional position next to the split pair as shown in Fig.
6�b�.

D2I clusters without Sb have split configurations as well,
slightly tilted from the �110� direction, with both dopant at-
oms part of the split pair, as shown in Fig. 6�c�. In D2I
clusters with one Sb atom, the Sb atom is sitting on a lattice
site and the As or P atom is part of a distorted split �110�
structure centered on a second-nearest-neighbor lattice site,

as shown in Fig. 6�d�. The configuration of Sb2I is an ex-
tended split �110� as shown in Fig. 6�e�.

In the cluster Sb3I, one Sb atom is part of a split �110�
pair and the other two Sb atoms are on two second-nearest-
neighbor positions of the split lattice site, as shown in Fig.
6�f�. For P3I and As3I, two dopant atoms are part of a tilted
split �110� and the third dopant atom is on a first-nearest-
neighbor lattice site, as shown in Fig. 6�g�. For all other
clusters of type D3I, two dopant atoms are part of a tilted
split �110� and the third dopant atom is on one of the second-
nearest-neighbor lattice sites �not always the same�. An ex-
ample is shown in Fig. 6�h�.

4. Clusters with dopants and two interstitials

In DI2 clusters, the dopant atom shares one lattice site
together with two Si atoms. The configuration for PI2 is
shown in Fig. 7�a�. AsI2 has a very similar structure. The
configuration of SbI2 is shown in Fig. 7�b�.

B. Formation energies

The calculated cluster formation energies are summarized
in Fig. 8. Because of our particular choice for the chemical
potentials of the dopant species, the formation energies of
substitutional P, As, and Sb are zero and not included in the
plot. Defects with the same number of dopant atoms and
vacancies or interstitials are shown in the same color.

For clusters including a vacancy, the formation energy
decreases when a P atom is replaced by an As or Sb atom, or
when an As atom is replaced by an Sb atom. For clusters
including an interstitial, the formation energy increases when
a P atom is replaced by an As or Sb atom, or when an As
atom is replaced by an Sb atom.

1 2 3 4 5 6 7 8 9 10 11 12 13
−0.005

0.000

0.005

0.010

0.015

0.020

0.025

Distance from dopant atom (A)

P
er

pe
nd

ic
ul

ar
re

la
xa

tio
n

(A
)

P
As
Sb

−0.050

0.000

0.050

0.100

0.150

0.200

0.250

R
ad

ia
lr

el
ax

at
io

n
(A

)

FIG. 3. �Color online� Lattice relaxations around a single sub-
stitutional P, As, or Sb atom. The distance of all other atoms in the
simulation cell to the dopant atom is shown on the x axis. In the
upper plot, the y axis shows the radial displacement of the atom
from the closest lattice site. Negative and positive values represent
inward and outward relaxations, respectively. In the lower plot, the
y axis shows the displacement perpendicular to the radial
displacement.
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FIG. 4. �Color online� Configurations of selected clusters with
dopants and one vacancy.
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FIG. 5. �Color online� Lattice relaxations around a vacancy.

Analogous to Fig. 3 but the x axis shows the distance of all atoms in
the simulation cell to the vacant lattice site.
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Similar to the lattice relaxations, the trends in the forma-
tion energies are consistent with the different atomic sizes of
the three dopants. A vacancy represents available space in
the lattice. Moving it next to a large dopant atom reduces the
system energy more than moving it next to a smaller dopant
atom. An interstitial represents missing space in the lattice.
Combining it with smaller dopant atoms is energetically fa-
vorable.

There is a direct interaction between different dopant spe-
cies. The existence of mixed clusters significantly increases
the total number of available defect species. For example,

there are only three pure but nine mixed clusters of type
D4V. When a fixed concentration of dopant atoms is distrib-
uted to a larger number of defect species, the fraction in the
individual defect species is reduced, including the fraction of
substitutional dopants. This effect is only significant if the
concentrations of the added mixed clusters are not negligible.
Mixed clusters have similar formation energies as pure clus-
ters. Switching one dopant of a pure cluster with a substitu-

(b)(a)

(c) (d)

(f)(e)

(g) (h)

FIG. 6. �Color online� Configurations of selected clusters with
dopants and one interstitial.

(b)(a)

FIG. 7. �Color online� Configurations of selected clusters with
dopants and two interstitials.
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tional dopant of another kind does not involve a large change
in energy. Therefore, if the different dopant species are
present in similar concentrations, mixed clusters exist in
similar concentrations as pure clusters.

The formation energy of all D4V and some D3V clusters
is negative. With our particular choice for the chemical po-
tentials, we interpret these negative formation energies as
follows: the energy gained from binding the dopants to a
vacancy is larger than the energy required to form a vacancy.
For fixed dopant concentrations, this provides a mechanism
to lower the fraction of active dopants, especially for lower
annealing temperatures.

The formation energies of the investigated defects cover a
range of more than 6 eV. For example, typical changes in
energy when replacing one dopant with another in D4V type
clusters are on the order of 0.1 eV. Energy differences be-
tween clusters of different types are typically much larger.
Considering that energy differences usually appear in the
form of e�E/kT and kT=0.112 eV at a high annealing tem-
perature of 1300 K, it is clear that the observed trends in the
clustering energetics lead to significant effects in the cluster-
ing behavior.

C. Binding energies

The total binding energy is defined as the energy con-
sumed when forming the defect from isolated substitutional
dopants and vacancies or self-interstitials. This is identical to
the definition of the total binding energy �or potential energy�
used in KMC simulations for semiconductor processing
applications.6,34 An overview of our results is shown in Fig.
9.

�1� The binding to vacancies is stronger for As than for P
and stronger for Sb than for As. The binding to self-
interstitials is weaker for As than for P and weaker for Sb
than for As.

�2� It is energetically favorable to add a P, As, or Sb
dopant to any of the DV, D2V, or D3V clusters. However,
substitutional dopants and D2V and D3V clusters are gener-
ally considered to be immobile, restricting such direct
cluster-growth reactions �see below�.

The binding energy per atom is an interesting character-
ization of clusters with only one type of constituent. To ex-
tract the binding energy per dopant atom ��P, �As, and �Sb� in
clusters of type DxV�x=nP+nAs+nSb=1,2 ,3 ,4� we used the
simple linear model

Eb = nP�P + nAs�As + nSb�Sb, �3�

where nP, nAs, and nSb are the numbers of P, As, and Sb
atoms in the cluster, respectively. A least-squares fit to the
calculated binding energies yields �P=−1.17 eV, �As=
−1.27 eV, and �Sb=−1.34 eV. In Fig. 10, the binding ener-
gies according to the linear model are compared to the origi-
nal formation energies. �It is a good but not perfect fit; the
residuals are not independent.� This result confirms our ob-
servation that the binding to vacancies decreases with de-
creasing atomic weight: it is stronger for Sb than for As and
stronger for As than for P. It would be interesting to perform
equivalent calculations for larger clusters, i.e., DxV2 with x

=1, . . . ,6. For our binding energies of clusters with dopants
and interstitials, no good fit was obtained with a simple lin-
ear model.

D. Reaction enthalpies

The reaction enthalpy is the difference between the sum
of the formation energies of the products and the sum of the
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formation energies of the reactants. For example, in the re-
action

P2 + AsV → P2AsV �4�

the amount of energy consumed in the forward reaction and
released in the reverse direction is Ef�P2AsV�− �Ef�P2�
+Ef�AsV��=0.08 eV− �0.07 eV+2.21 eV�=−2.2 eV, i.e.,
the reaction is exothermic. On the other hand, the reaction

As2I + As → As3I �5�

is endothermic because it consumes 0.4 eV in the forward
direction.

Repulsive clusters can be formed by exothermic reactions.
For example, the reaction

PAsV + PI → P2As �6�

involves a I-V pair recombination and releases 3.47 eV. The
resulting dopant cluster has a higher total energy than iso-
lated substitutional dopants. The dopant atoms repel each
other. Reactions with other defects or spontaneous I-V pair
generation are required to dissolve such clusters. They are
relatively long lived and play important roles in the full clus-
tering dynamics.

For two defects to react, at least one of them must be
mobile so that they can approach each other. The set of pos-
sible reactions is therefore limited by the set of available
mobile defects. Often, only the intrinsic point defects I and V
and the pairs DI and DV are included in the set of potentially

mobile defects. For this case, the enthalpies of 196 distinct
reactions �with only one defect on the product side� are de-
termined by the formation energies listed in Fig. 8. Addi-
tional defects may be mobile, as, for example, suggested by
atomistic calculations for I2 and I3 �Refs. 35–38� or for
As2I.21 The actual importance of such larger mobile defects
depends on the specific application.39 If all defects of type
D2I are also considered to be mobile, 211 distinct reactions
are determined by the calculated formation energies. Among
these, six reactions are slightly endothermic, including the
reaction defined in Eq. �5�.

Most of the clustering reactions are exothermic and there-
fore in a first approximation diffusion limited. There are
many paths to form a specific cluster species with reaction
rates depending on the concentrations and diffusivities of the
building blocks. On the other hand, the rates of cluster dis-
solution reactions depend on the binding energies of the
emitted defects. Therefore, mixed clusters can dissolve into
mobile defects different to the ones from which they were
built, effectively transforming the population of mobile de-
fects. Dopant-vacancy clusters preferentially emit dopant-
vacancy pairs with the largest dopant in the clusters. Dopant-
interstitial clusters preferentially emit dopant-interstitial pairs
with the smallest dopant.

IV. SUMMARY

We performed systematic ab initio calculations for a wide
range of clusters with P, As, and Sb in Si. Using a consistent
computational setup for all defects, we observed that P and
As atoms take similar roles in the cluster configurations,
whereas Sb leads to different atomic arrangements. The de-
fect configurations and energetics depend, in a fundamental
way, on the atomic sizes of the contained dopants. There is a
direct interaction between the different dopant species.
Mixed clusters can exist in similar concentrations as pure
clusters. The concentration of active dopants can be reduced
due to the increased number of possible cluster species.
Binding to self-interstitials is weaker for As than for P and
weaker for Sb than for As. The binding to vacancies is stron-
ger for As than for P and stronger for Sb than for As. For
D4V clusters, the binding energy per dopant atom is
−1.17 eV for P, −1.27 eV for As, and −1.34 eV for Sb.
Dopant-vacancy clusters preferentially emit dopant-vacancy
pairs with the largest dopant in the clusters. Dopant-
interstitial clusters preferentially emit dopant-interstitial pairs
with the smallest dopant. When several n-type dopant spe-
cies are present in the same area of a semiconductor device,
their diffusion and activation will be modified because of
their direct and indirect interactions.

By performing calculations for a subset of the defects
with increased accuracy, we estimated the numerical errors
and showed that the observed trends are independent of the
computational details. An in-depth analysis of the implica-
tions of the clustering energetics by means of KMC simula-
tions might indicate that further defects play a crucial role.
The corresponding ab initio calculations must be performed
with the same computational setup, in order to maintain the
consistency in the database of ab initio results.
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The energetics of a subset of our results �P-based clusters�
have already been implemented in a KMC-based process
simulator and tested with experimental data.34 The clustering
energetics did not require calibration �they were used un-
changed� to perform well, even better than other parts of the
complete KMC model. This demonstrates the usefulness and
the validity of our approach.
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