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Abstract—The formation energies and diffusion paths of O;,
0O2; and BO2 complex in silicon are determined using ab initio
calculations and used to calibrate a Kinetic Monte Carlo. The aim
is to simulate the formation of the BO2> complex in Technology
Computer Aided Design tools.

Index Terms—Boron-Oxygen complex, Kinetic Monte Carlo,
process simulation, TCAD

I. INTRODUCTION

Formation of Boron-Oxygen complex (BO2) is known to
be a major issue in Cz-silicon photovoltaic cells: the BO,
induces a drastic reduction of the minority lifetime carrier [1],
which is detrimental for the photoconversion efficiency. It is
also detrimental in image sensors since BO; is reported to
introduce a deep energy level into the bandgap [2] that can act
as an active recombination center giving rise to a significant
increase of the dark current. As reported in [3] optimizing the
process can avoid the formation of BO2 complex.

The purpose of this study is first to identify the fundamental
mechanisms underlying the formation of BOs complex in
silicon material by means of ab initio calculations. And later,
to exploit the results to accurately calibrate the Sentaurus
Process KMC solver [4]. It will be shown that BO, complex
formation requires a detailed description of the diffusion of
isolated oxygen O;, the formation and possible dissociation
of Oy;, and the association and dissociation of Os; with
the Boron doping element as detailed in Section III-A. In
Section III-B, with the new first principle-based parameters,
the solver predicts diffusion coefficients in better agreement
with available experimental data.
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II. SIMULATION AND CALIBRATION METHOD

Each KMC event is governed by an Arrhenius’ law D x
exp(E,./kpT) that requires the knowledge of its entropic
prefactor D and of its activation barrier F..

The events needed to form the BO; complex, are the dif-
fusion of isolated O; atoms, their agglomeration in molecular
0,; and the formation of BOs. Hence, four species have to be
implemented in the KMC code: O;, Og;, BsOg; and B;0o;,
where B;05; and B;05; respectively refer to a BO, complex in
which the boron atom is in a substitutional [5] and interstitial
site [6].

These species have been relaxed in a 216-atoms cubic
supercell of silicon atoms with periodic boundary conditions in
different charge states until forces on each atom are less than
10~* Ry/a.u. Based on the formation energy of such species,
we identify the one most likely to exist in the material and
which will be likely to migrate [6]. Total energy calculations
have been performed within Density Functional Theory (DFT)
[7], [8] using the Perdew-Burke-Ernzerhof functional (PBE
[9]) as implemented in Quantum Espresso [10]. The Heyd-
Scuseria-Ernzerhof (HSE [11]) functional has been used for
the evaluation of the formation energy at each charge state.
PAW and Vanderbilt pseudopotentials were used for the PBE
and for the HSE calculations, respectively. The plane-wave
basis cut-off was set to 50 Ry. The sample of the Brillouin
zone was performed at the I' point only with PBE and with
a Monkhorst-Pack [12] grid of 23 k-points for the HSE.
Activation barriers E,. have been determined using ARTn
refine-saddle mode [13]. D have been fitted to match the
diffusion coefficients measured in [14] [15]. Binding energy
Ey, for a given system is determined with the difference



between the formation energy Ey of the system and the
formation energies of the elements composing the system
isolated in a Si-supercell: E},(Og;) = Ef(O2;) —2 X Ef(O;).

III. RESULTS
A. DFT Investigation

O; specie: formation and migration - We found that the
most stable structure for O; is the Cyp, in agreement with
[16] (O;-A in Fig. 1.A). The charge state is found to be neutral
independently of the Fermi level value as shown in Fig. 1. The
calculated migration energy for O, is 2.25 eV. The saddle point
of the migration is shown in Fig. 1.B. Experimentally, the high
temperature diffusion of O; species in silicon is associated to
a migration barrier of 2.53 eV [17].
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Fig. 1. Left: O; formation energy for different charge states. Right: Atomic
configuration for C, (O;-A) and saddle point of migration path (O;-B). Red
and blue spheres are respectively O and Si atoms.

0-; specie: formation, dissociation and migration -
Staggered Og;-st and O;‘ squared configurations are the most
discussed structures discussed in the literature [18]. In our
calculations, the staggered Os;-st configuration (Fig. 2 top-
right) exhibits the lowest energy (Fig. 2 top-left) in comparison
to the formation energy of the O;f squared structure (Og;-
sq in Fig.2). Therefore the hypothesis of a migration by the
means of O;‘ﬁ' squared structure found in [18] is unlikely to
occur even at low Fermi level energy. The migration energy is
thus calculated for a neutral charge state. The barrier energy
is calculated to be 1.40 eV. O4;-sq is revealed to be the saddle
point along the migration path. Binding energy of Oy; (-0.30
eV) calculated with PBE is consistent with experimental values
(Tab. I) and indicates that the formation of molecular O;
specie is a favorable process.

TABLE I
COMPARISON OF THE CALCULATED ACTIVATION BARRIERS Fq. AND
BINDING ENERGY Ej (IN EV) AND THE EXPERIMENTAL ONES. THE
PREFACTOR D (S™1) IS ADJUSTED EMPIRICALLY TO FIT EXPERIMENTAL
DATA FROM [14] [15].

DFT-PBE Exp.

Eac Eb D Eac Eb
0; 225 - 3.10™ | 2,53 [17] -
Og; | 1.40 | -0.30 | 4.10T5 | 1.5[15] | -0.30 [19]
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Fig. 2. Top left: Og; formation energy for squared (O2;-sq) and staggered
(Og;-st) structures in different charge states. Top right: Og;-st atomic con-
figuration. Og;-sq is the saddle point of migration path of Og;-st. Bottom:
Mapping of the local environment involved during the dissociation of the Og;-
st toward the formation of two isolated O;. Red boxes represent the different
interstitial sites where O; from O-Ref can migrate. The number and the letter
in the boxes indicate the distance between Si neighbors and the direction of the
migration (P Parallel, O Orthogonal) respectively. Corresponding activation
barriers are given in Tab. II.

An exhaustive characterization of the activation barriers of
the dissociation/association mechanisms of Oy;-st is neces-
sary to correctly identify, then predict and simulate at what
temperature Oo;-st is formed and how often it dissolves. To
understand the interaction between the oxygen atoms and how
it affects the activation barriers, one O; atom is taken away
from the atomic configuration O;-st to the next interstitial
sites as depicted in Fig. 2 bottom panel. All the energy barriers
associated to the dissociation mechanisms of the Oy;-st as a
function of the nearest neighbors influence are given in Tab. II.
Note that the calculated activation barriers associated to the
energy gains provided in Tab. II allow a description of the
formation of Oq;-st from two isolated O; according to back
reactions. Such an approach is carried out until the total energy
of the system is equal to that of two isolated oxygen atoms,
meaning that the two atoms are no longer in interaction, i.e.
until the fourth Si neighbors.

To dissociate Oo;-st, we observe that the activation barriers
of diffusion occurring in the direction parallel to the two
O atoms of structure Og;-st are always smaller than in the
other direction: O; initially on O-Ref will successively migrate
toward sites 3-P, 4-PP... The reorientation of the structure Oo;-
st on another plane (O; on site O-Ref moving to site 2-O
on Fig. 2) requires a larger activation barrier of 2.45 eV. We
reveal that the diffusion of Oy;-st is highly anisotropic. In the
fourth neighbor position, the O; atoms are still influencing
each other. In this zone where the two O; atoms interact, the
two O; atoms will have to tendency to cluster to form the



TABLE II
ACTIVATION BARRIERS (Eqc) FOR THE DISSOCIATION OF Og;-ST
REFERRING TO CONFIGURATIONS LABELLED IN FIG. 2 BOTTOM PANEL.
AFE IS THE ENERGY DIFFERENCE BETWEEN THE INITIAL AND FINAL
CONFIGURATIONS. ENERGIES ARE IN EV.

From O-Ref to From site 3-O to
site Fac AFE site FEac AFE
2-0 2.45 0.00 4-OP | 2.24 0.17
3-P 1.82 0.60 4-OF | 2.36 | -0.10
3-0 2.12 0.14 4-OB | 2.28 0.06

From site 3-P to From site 4-P to
site Fac AFE site Fac AFE
4-PP | 1.38 | -0.12 5-PP | 1.67 | -0.03
4-PO | 1.67 0.48

Ogy;-st, rather than to separate. Beyond this interaction limit,
the behavior of oxygen can be considered as an isolated O;
atom.

For an accurate predictive modeling of Og;-st dissociation,
we demonstrate the importance of considering the existing
interaction between oxygen atoms even at long distances.
We also identify the interaction limit of these oxygen atoms.
Furthermore, this DFT-based study reveals that the dissociation
(and formation) is highly anisotropic, which could be critical
in the thermally activated regime.

BO; complex: stability and formation - Structural relax-
ations confirm that the more stable configurations for BOo
complex are the B;Oy; and B;09; defects as obtained in [5]
and [6]. Formation energies for the B;O2; defect demonstrate
that the B;O»; in B configuration is dominant for a Fermi level
below 0.22 eV whereas the A configuration is more stable
above (Fig. 3).
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Fig. 3. Top left: formation energies for BsO2; and B;O2; in their more
favorable charge state. Top right : atomic configuration of B;O2;. Bottom:
Minimum Energy Path of the migration of Og;-st from a BsOg2; complex
(A). Boron atoms are represented by dark blue spheres.

In the following, we focus on the B;02; complex formation.
This structure is likely to have a high migration barrier because
of the stability of the boron atom in a substitutional position.
Boron diffusion is only shown when associated with the
presence of a vacancy [20]. Then, comparing the total energy
between the B;O5; in configuration A and isolated Os;-st and
B, configuration indicates that the formation of B;Oy; is a
favorable process (-1.09 eV).

We consider that the dissociation of the B;O; complex
occurs through the departure of Os; from the B;05; complex.
As in the case of Oo;, a detailed study of the dissociation of
B;O5; should be investigated as a function of the interaction
distance between O2; and B atom. Because of the large number
of possibilities for dissociation, based on the findings of Oy;
diffusion described previously, we initially assume that Oy;
diffusion occurs in the plane containing the two oxygen atoms
(in the P direction), consistent with other study [5]. The
minimum energy path of the corresponding migration is shown
in Fig. 3-Bottom part. The activation barrier to transform the
B;04;-A configuration into the B;O4;-B configuration (when
0,; is no longer symmetric about the B atom) is large by 0.76
eV. Once the complex is in the B;O9;-B configuration, the
dissociation of B;0y;-B is slightly in favor of the formation
of B4O9;-C (E,. are 0.22 eV from B to C vs. 0.23 eV
from B to A). The same trend is observed in the next step
between the B;02,-C and B;O9;-D configuration (E,. are
0.20 eV from C to D vs. 0.40 eV from C to B). Thus these
calculations are consistent with the formation of the B;O9;-A
configuration, which once formed is very stable. The formation
of this complex is nevertheless dependent on the area around
the Boron atom which tends to make this complex not form
immediately. This formation time linked to the tendency of O;
not to be systematically attracted by the boron atom, must be
considered to give a predictive account of the formation of
B;Oq;.

B. KMC process simulation

O; and O-; calibration - For this purpose we calculated
the oxygen diffusivity with the view of comparing KMC
prediction to measurement of [14] and [15]. Oxygen diffusivity
is simulated with KMC by following the diffusion of a buried
oxygen-rich silicon layer in a bulk silicon during annealing at
different temperatures. Oxygen diffusion in silicon is assumed
to be driven by O; migration for temperature above 700°C.
Between 400°C and 700°C, the experimental diffusivity shows
an enhancement. Several hypotheses exist to explain the dif-
fusion acceleration: a fast diffusion of Oy; complex is one of
the most cited explanations [17].

For an efficient use, KMC codes use a single energy barrier
to simulate a dissociation event. Dissociation energy for Oy; is
determined as done in [21]: Eg;ssociation(O2:) = Ep(O2;) +
E,,(O;). The DFT values used for the KMC calibration are
given in Tab. I. As can be seen in Fig. 4, the DFT calibrated-
KMC exhibits a clear enhanced diffusion between 400°C and
700°C. We notice a discrepancy between the experimental
data and the KMC simulations results, especially in the region



of the enhanced diffusion. This observation can have several
explanations. The O; driven diffusion is dependent on the
migration energy of the Og;-st but also on its interaction not
favoring the dissociation of Og;. As we detailed in previous
section, the multiple pathways shown in Fig. 2 should be
considered to better represent the diffusion of Og;. A single
dissociation and migration event is certainly not sufficient to
accurately describe the increased diffusion.
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Fig. 4. KMC prediction for oxygen diffusivity obtained with the events of
Table I. Comparison with the experimental diffusion coefficients from [14]
(a) and [15] (b). Dashed vertical line shows the separation between the O;
driven diffusion regime and the O2; diffusion regime and dashed inclined line
is guideline for the eyes for the O; mediated diffusion.

Implementation of B;05; complex - It can be noted
incidentally that the boron parameters have been calibrated
elsewhere [21]. To implement the BO> complex formation,
following method could be applied: the emission of an Oy;
from a B;O; defect can be estimated using the same method
as the emission of an O; from an Og;, by knowing the energies
of the B atoms and Oo; in a Si supercell. In such way, the
dissociation mechanism to form a B and an Oy; from a
negatively charged A configuration of B;O2; must overcome
a binding energy of 1.09 eV and the migration energy of the
Oy; given in Tab I. These two barriers lead to an activation
energy of 2.49 eV for the dissociation mechanism.

As we have already proven before, this calibration method
has again several limitations. A KMC code that uses only one
activation barrier per event cannot adequately handle the effect
of the interactions at more or less long distance that we observe
for the dissociation (or formation) of the B;Oy; complex.

IV. CONCLUSION

DFT calculations provide accurate values of activation ener-
gies for atomistic events as needed for TCAD tool calibration.
The KMC calibrated with ab initio inputs reproduces enhanced
diffusion of oxygen by the mean of Oo; kinetics. We also show
that by a conventional way, it is also possible to implement
the process simulation of the BOy formation using the DFT
calculated parameters for oxygen species and BOs.

In the idea of calibrating the KMC sentaurus code as
built today, we have proposed in this paper the possibility
of implementing a single activation barrier as required by
the code that we have calculated in DFT. This approach has
the advantage of being fast and easy to use. However, we
showed through a detailed study at the ab initio scale, that
this approach has many drawbacks.

To solve this problem, an off-lattice KMC seems to be
a promising tool. We are currently developing such an off
lattice KMC [22] in order to use the complete library of
possible events we have identified in this paper. The goal of the
off lattice KMC simulations will be to determine the correct
prefactor as calculated in DFPT [23] and avoid its fitting on
the experimental data. The objective of this KMC will also be
to account for the disparity of all activation barriers calculated
above. It will then be necessary to determine lifetimes for each
of these configurations, to construct energy basins, for simpler,
more efficient but accurate implementation in commercial
TCAD tools, such as using and refining a single activation
barrier for both migration and dissociation mechanisms.
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