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Oxygen in silicon: Switch in the diffusion-mediated mechanism
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The impact of a heavy doping on oxygen diffusion at 350 ◦C−700 ◦C is widely discussed in literature,
however, the retardation/enhancement mechanisms remains unclear at that temperature range. In this paper, we
study the impact of heavy doping on the oxygen diffusion coefficient in silicon by using density functional theory
calculations. While it is known that the lowering of temperature induces a switch in the diffusion mechanism
from monomer mediated diffusion to dimer one, we have discovered that the reported enhanced oxygen diffusion
in p-doped silicon is driven by a switch back from the dimer to monomer. We base our claim on extensive
calculations of both pre-exponential factors and activation energies in various doping and stress conditions.
We show that the stress has a negligible effect and we attribute the switch back to monomer diffusion at low
temperatures in p-doped materials, to a charge assisted mechanism that reduces the migration energy of the
monomer of 0.4 eV, while the diffusion rate is kept high thanks to the pre-exponential factor. We also provide
comparisons to n-doped and isovalent cases.
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I. INTRODUCTION

The production of a pure and homogeneous monocrystal
of silicon is still relatively expensive. The industrial crystal
growth methods lead to inclusion of impurities into a silicon
crystal, namely light elements, metallic elements, and dopants.
The impurities interacting with each other, with dopants and
with self-interstitials or vacancies [1], sometimes result in
substantial changes of the formal material’s properties.

Oxygen is a particular impurity as it is nearly always present
in crystalline silicon in concentrations of 1017–1018 cm−3 [2].
Its impact on silicon-based devices is ambiguous. On one hand,
it does not affect the electrical properties of silicon; it improves
the mechanical strength of the crystal, and in the form of
precipitates it getters the undesired metallic impurities [3]. On
the other hand, the so-called thermal donors [4,5] presence is
caused by the formation of oxygen agglomerates. Moreover,
some oxygen containing defects (such as V-O, C-O, or B-O
complexes) act as recombination centers and reduce the solar
cell efficiency [6,7]. In particular, the boron-oxygen complexes
are responsible for the ligh-induced degradation of solar cells
[6,8–10]. Both the exact composition of the complex and its
formation mechanism remain debated [9–12], although the
method to passivate the complex activity was already defined
[13]. The oxygen mobility, and thus its ability to agglomerate
or to form complexes, depends on the temperature range, as
well as on the concentration of dopants and impurities.

A. Temperature dependence of oxygen diffusion

In low doped silicon, one can distinguish two temperature
ranges: (i) the high temperatures, above 700 ◦C up to melting
temperature and (ii) the low temperatures, 350 ◦C−700 ◦C.
At high temperatures, we observe the so-called “normal”
diffusion, which diffusion coefficient can be described by the
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following empirical expression [14]:

D(O) = 0.13 exp

(
−2.53 eV

kT

)
cm2 s−1. (1)

In this case, an interstitial oxygen monomer is the particle
responsible for oxygen transport, the so-called “mediator.”

At low temperatures, an “enhanced” oxygen diffusion is
observed. It is due to a switch in the diffusion species. The
oxygen dimer is thought to become the primary diffusing
species in this regime. The enhancement is associated with
an activation energy of 1.5 eV [15–17], however, some recent
experiments suggest an activation energy of 2.0 eV [18,19].

B. Doping and impurity affected oxygen diffusion

While the oxygen diffusivity is not affected by low
doping rates, it is sensitive to the high doping concentrations
(>1018–1021 cm−3) [20–23], but also to the influence of
hydrogen and metallic incorporation [24–26]. The numerous
experimental evidences gathered during the past two decades
have revealed certain trends. At high temperatures, heavy
doping leads to either very weak or no impact on oxygen
diffusion and precipitation kinetics [23,27,28], whereas at low
temperatures, experiments show contradictory trends.

As far as the effect depends on the doping type, three main
groups of dopants can be distinguished: p-type, n-type, and
isovalent dopants. Most of the studies suggests an enhanced
oxygen diffusion in heavily doped p-type silicon. The first
indirect evidence was an observation of the enhanced thermal
donor formation as reported by Wada et al. [29]. Another
evidence has been provided by recent dislocation locking tech-
nique (DLT) experiments. DLT measurements have suggested
an increase of the oxygen transport by a factor of at least
8, compared to low doped materials [20,21]. The enhanced
kinetics of the oxygen precipitation in heavily B-doped
materials [23] supports the enhanced oxygen diffusivity.
However, some earlier SIMS out-diffusion profiles have shown
a reduced oxygen diffusivity in heavily B-doped samples at
600 ◦C−800 ◦C by a factor of 2 to 5 [30]. In other words,
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the experiments have suggested an opposite effect of heavy B
doping on the oxygen transport in the low temperature range.
Recent study performed by Torigoe et al. [22] revealed that the
oxygen diffusion coefficient is proportional to the square root
of B concentration at 750 ◦C−1000 ◦C temperature range.

There are few evidences of reduced oxygen diffusion in
heavily n-type doping at low temperature range. Phosphorus
doping reduces the thermal donor formation according to Wada
et al. [29]. Both heavily arsenic-doped and antimony-doped
samples slow the oxygen diffusion as revealed by Takeno et al.
[30], by increasing its migration energy by 0.64–0.68 and
1.4 eV, respectively. Dislocation locking experiments show
a slowing down of oxygen diffusivity by a factor of 5 in
heavily As-doped silicon [21]. However, no dependence of
the diffusivity was found in antimony-doped silicon by means
of DLT experiment [20].

Doping with germanium slows the oxygen diffusivity by
a factor of 4 according to Zeng et al. [21] in the low
temperature range. Since stress-induced dichroism technique
is only sensitive to the oxygen monomer diffusion, it was
shown that the increasing of the germanium content slows
more the monomers diffusion at 375 ◦C [31].

To summarize, p-type, n-type, and isovalent doping im-
pacts the oxygen diffusivity at low temperatures. As it was
earlier concluded by Zeng et al. [21], experimental evidences
suggest that both internal strain and change in Fermi energy
level may cause the changes in kinetic properties of oxygen.
For example, high germanium content introduces relatively
important change in lattice parameter ( �a

a
= +7×10−5) of

silicon without affecting its electrical properties. While high
content of p- and n-type dopants changes the Fermi energy
level of the crystal. And as it was reviewed above, both cases
are known to impact oxygen diffusivity properties.

In the last decades, significant efforts were made in order to
understand the mechanisms lying behind the observed changes
in oxygen diffusivity. For example, other diffusing complexes,
such as VO, SiiO, molecular O2 [32], chains of more than three
interstitial oxygens [33], were proposed as a diffusing species.
Later, it was shown that they can barely be involved in oxygen
transport [34,35]. Dimers diffusion in doubly charged state is
an alternative for an enhanced transport as proposed by Adey
et al. [36,37]. However, no signs of charged dimers were yet
observed [38]. Another explanation for the enhanced diffu-
sion is the so-called Bourgoin-Corbett mechanism [39–41].
Such mechanism is based on the fact, that the ground-
state configuration of the neutral oxygen dimer becomes the
saddle point of the doubly charged state, whereas the saddle
configuration of the neutral dimer becomes the ground state.
This mechanism suggests that the oxygen dimer captures and
releases one or two electrons and diffuses with a very low
activation barrier or even nearly barrierless, which contradicts
the experimental observations.

Recently, we have investigated the oxygen migration barrier
(Em) in the proximity of a dopant with a numerical approach
based on density functional theory (DFT) [42]. We have
shown that Em for the oxygen monomer can be reduced
due to a charge assisted mechanism in the proximity of a
p-type dopant. In its ground state, oxygen is a neutral particle,
but by approaching the saddle point, it attracts an unpaired
electron from the vicinity of the p dopant. We have shown

FIG. 1. Oxygen monomer’s (a) ground state and (b) transition
state schematic configurations. In Table I, Ŝi123 stands for an angle
between Si1-Si2 and Si2-Si3 bonds.

that the charge assisted mechanism reduces the monomer’s
migration energy Em by 0.4 eV. We have suggested that
this reduction can accelerate the dimer formation, whereas
dimers remain the primary diffusion mediators. Nevertheless,
any final conclusion on the effect of this reduction on the
oxygen diffusion, requires to calculate the complete diffusion
coefficient for both monomers and dimers, and not only the
migration barrier. Only such complete calculations can give
a clue towards the proper understanding of the underlying
processes.

In this paper, we investigate the impact of doping on
the diffusivity of both oxygen monomers and dimers. The
diffusivity of the migrating species can be described by the
diffusion coefficient D and can be expressed in the most
general form as

D = D0 exp

(
−Ea

kT

)
. (2)

Here, Ea is the activation energy and D0 is the pre-exponential
factor. Both parameters can be calculated from first-principles
methods [43,44]. We separately study the effect of strain
and the effect of Fermi energy level. We calculate the
pre-exponential factor D0 of the full diffusion coefficient in
addition to the activation energy Ea for each considered case.
By performing DFT simulations, we show that uniaxial or
biaxial strain does not affect the diffusion coefficient value.
However, the shift in Fermi level due to incorporation of
p- or n-type dopant into the supercell, impacts the diffusion
coefficient significantly. In the latter case, dopant atom can be
also thought as a source of electrons.

The paper will be organized as following. Firstly, we
give the computational methodology employed in this study.
Secondly, we will introduce the calculations of diffusion
coefficient for monomer and dimer in the unconstrained
supercell. Then, we will consider the effect of the strain and
of the doping. The obtained diffusion coefficients will be later
discussed and compared with existing experimental data.

II. METHODOLOGY

In the case of a simple defect diffusion, such as an
interstitial oxygen monomer, the activation energy is equal
to the migration energy, i.e., the minimal energy needed to
jump to a closest neighboring ground state (GS) through
the transition state (TS), see Figs. 1(a) and 1(b): Ea(A) ≡
Em(A) = ETS − EGS. In the case of diffusing defect complex,
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such as oxygen dimer, the activation energy also depends on
its binding energy Eb and can be expressed as

Ea(AB) = Em(AB) − Eb(AB), (3)

with

Eb(AB) = −Etot(NSiAB) − Etot(NSi)

+Etot(NSiA) + Etot(NSiB), (4)

where N is the number of Si atoms in the supercell.
The corresponding energies of monomer and dimer config-

urations were obtained using density functional theory calcula-
tions under the spin polarized generalized gradient approxima-
tion with Perdew-Burke-Ernzerhof functional [45]. The core
electrons have been treated with norm-conserving Hartwigsen-
Goedecker-Hutter pseudopotentials [46]. The wavelet based
BIGDFT code [47] have been employed. The basis set accuracy
was given by a grid spacing of 0.44 Bohr that provides
energy values with an accuracy of 20 meV within the given
approximations. Fast inertial relaxation engine [48] (FIRE)
and direct inversion in interactive subspace (DIIS) [49] force-
based optimizers were used to converge to the ground-state and
saddle point configurations, respectively [50]. The criterion on
forces for geometry optimization was chosen to be smaller than
3×10−4 Ha Bohr−1.

The second parameter of Eq. (2), namely the pre-
exponential factor, depends on the single jump length d, the
number of equivalent paths p and the dimensionality of the
space n. Taking into account the random walk theory and
the vibrational entropy of the diffusion path as proposed
by Vineyard et al. [43] one gets the expression for the
pre-exponential factor value:

D0 = d2p

2n

∏N
i νGS

i∏N−1
i νTS

i

. (5)

Here, νGS
i and νTS

i are the vibrational modes of the ground-
state and transition state configurations, respectively. N is the
number of the frequency modes, which is equal to n.M − n,
where n is the space dimensionality and M the number of
atoms in the system.

The phonon spectra of the system with a defect was
calculated in a frozen-phonon approximation, where only the
first shell of defect’s neighbors were taken into account in the
dynamical matrix. Perfect supercell elements were considered
for the rest of the matrix. The increase of the shell size, by
inclusion of up to 32 nearest neighbors around the interstitial
oxygen defect, leads to a variation in each frequency mode by
less than 1.5%. Thus we imply that the first nearest neighbors
approximation leads to converged enough results.

The supercell size strongly impacts the results of DFT
calculations of point defect studies, as periodic boundary
conditions lead to spurious interactions between periodical
images of the defect. A 192 Si atoms supercell was employed
for the investigation of the impact of strain on diffusing
properties, with a Monkhorst-Pack grid of 1×1×3 for the
k-point sampling. X and Y axes of the supercell are collinear
with 〈110〉 and 〈1 = 10〉 crystallographic directions, while Z

axis is collinear with 〈001〉 direction. That orientation allows
to apply uniaxial and biaxial strain along the migration path
of interstitial oxygen monomer and dimer. Strains ranging

TABLE I. Geometry parameters of the oxygen monomer config-
urations (see Fig. 1 for the schemes). The length values are in Bohrs,
the angles are in degrees. For reference, the calculation parameters
we have used give a Si-Si bond length of 4.468 Bohr.

doping conf. â b̂ Ŝi123 Si1-O Si2-O Si3-O Si1-Si2 Si2-Si3

pristine GS 161.9 52.0 103.9 3.069 3.068 5.586 6.061 4.415
B GS 162.0 51.9 103.9 3.068 3.068 5.589 6.060 4.416
Ge GS 162.1 51.9 103.9 3.068 3.068 5.590 6.061 4.414
As GS 162.1 51.9 103.9 3.068 3.068 5.590 6.061 4.415

pristine TS 94.9 94.0 87.2 3.472 3.374 3.487 5.045 5.018
B TS 101.2 94.8 85.9 3.528 3.304 3.611 5.280 5.096
Ge TS 94.5 94.5 87.0 3.481 3.581 4.477 5.041 5.036
As TS 93.4 91.7 91.7 3.544 3.294 3.572 4.979 4.931

from −1.0% to +1.0% have been applied. The supercell was
allowed to relax along unconstrained axes. Then the diffusing
species were introduced in the supercell and the calculations
of migration energy as well as the pre-exponential factor value
were performed.

To study the impact of doping on oxygen migrating
properties, we used a 512 Si atoms supercell. First, we
incorporated a substitutional dopant to the supercell and
performed a full relaxation of the atomic positions within the
supercell. Then an oxygen atom was introduced in the middle
of the area elastically unperturbed by the dopant presence.
That allowed avoiding the elastic interaction between dopant
and oxygen atoms and corresponds to a distance of 15 Å.

To further investigate the charge assisted diffusion, the
nudged elastic band (NEB) algorithm has been employed for
a few representative cases in a 216 Si supercell. NEB paths of
41 images were converged within the convergence criteria of
0.005 Ha/Bohr on forces, which are perpendicular to the path
direction.

III. RESULTS

A. Instrinsic silicon

1. Diffusion coefficient of monomer

We start by describing the isolated interstitial oxygen
diffusion, which mainly occurs at high temperatures. The
interstitial oxygen impurity is situated between two neighbor-
ing Si atoms and is covalently bonded to them as illustrated
in Fig. 1(a). The diffusion proceeds in one of the three
equivalent 〈110〉 directions. Thus we consider the number of
equivalent paths equal to six p = 6. The oxygen atom jumps
to the neighboring bond-centered site by passing through the
transition state. The latter is a highly symmetric threefold
coordinated configuration as illustrated in Fig. 1(a). The
corresponding jump length was measured to be d = 2.83
Bohr. The optimized structural parameters for ground state
and transition state are listed in Table I.

The calculated migration energy and pre-exponential factor
are listed in Table II together with geometry parameters of a
single jump used in the calculations. The calculated diffusion
coefficient can be expressed as

Dcalc.
O = 0.029 exp −2.40

kT
cm2 s−1. (6)
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TABLE II. The calculated migration energies (Em), binding energies (Eb), activation energies (Ea = Em − Eb), and pre-exponential factors
(D0) for oxygen monomer’s and dimer’s diffusion. The low temperature pre-exponential factor Dlt

0eff is described by Eq. (8) and depends on
the oxygen monomers concentration.

calculations (this work) experiment [14,51]

[O] (cm−3) Em (eV) Eb (eV) Ea (eV) D0 ( cm2

s
) Dlt

0eff ( cm2

s
) Ea (eV) D0 ( cm2

s
)

monomer – 2.41 – 2.41 0.029 – 2.53 0.13
dimer 1018 1.62 0.14 1.48 0.013 7.63×10−7 1.55 2.16×10−6

Figure 2 reports the calculated Arrhenius plot of diffusion
coefficient together with experimental data from Ref. [14].
The fit of experimental points [14] [described by Eq. (1)]
is plotted with a dashed black line, whereas plain red line
reproduces the results of the present calculations [Eq. (6)].
The calculated diffusion coefficient lies excellently on the
measured experimental points.

2. Diffusion coefficient of dimer

In literature, it was suggested that dimers migrate at
temperatures <700 ◦C [16,17,35,52]. Murin et al. [53] have
provided the experimental evidence for fast diffusing dimer
via IR absorption experiments. According to numerous first-
principles calculations [33,54], the dimers are two oxygen
monomers placed on neighboring Si-Si bonds, the so-called
staggered configuration, as illustrated in Fig. 3(a). In the
present study, such configuration was found to be the most
stable with respect to other dimer geometries. Here, the
corresponding binding energy was obtained as follows:

Eb(O2) = −E(512Si + O2i)

−E(512Si) + 2E(512Si + Oi). (7)

The expression gives a value of 0.14 eV, while experiment
suggests 0.3 eV [53]. The discrepancy of 0.16 eV can
have multiple reasons, one of the main is the choice of
pseudopotentials.

The dimer diffuses through the square form [see Fig. 3(b)]
with a migration energy of 1.62 eV. Then, a nearly barrierless
rotation around Si-Si bonds is required to continue the
diffusion in the same direction. The activation energy, obtained

FIG. 2. Arrhenius plot of the oxygen monomer’s diffusion co-
efficient calculated for the fully relaxed and strained supercells. [a]
Reference [14].

using Eq. (3), is therefore equal to 1.48 eV, which is in
an excellent agreement with the experimental data listed in
Table II.

Once the dimer is formed, it preferably diffuses forward
or backward along the particular 〈110〉 direction because
its reorientation to another (110) plane is an energetically
unfavorable procedure. According to Lee et al. [33], it
is as costly as an interstitial monomer migration. So we
considered this process as rarely occurring and thus negligible
at low temperature regime. This is why to calculate the
pre-exponential factor value D0(O2), we take the number
of possible equivalent directions p = 2 and the single jump
length d = 2.46 Bohr.

However, the effective diffusion coefficient at low tempera-
tures depends not only on oxygen dimer diffusion coefficient,
but also on the overall oxygen concentration and binding
energy of a dimer [20,53]. It can be expressed as

Dlt
eff ≈ D(Oi) + 2

C(Oi)

NSO

g2

g1
D0[Oi2] exp

(
−Em − Eb

kT

)

≈ Dlt
0eff exp

(
−Elt

a

kT

)
, (8)

where g1 = 4 and g2 = 12 and represent possible sites of Oi

and Oi2 in a unit cell, NSO is a density of possible sites of Oi .
At the low temperature (“lt”) regime, the impact of monomers
diffusion to the oxygen transport can be neglected, as the
migration energy of a monomer is much higher than that of a
dimer. Therefore the low temperature effective pre-exponential
factor can be expressed as Dlt

0eff = 2C(Oi )
NSO

g2

g1
D0(Oi2).

Assuming the initial oxygen concentration being
1018 cm−3, the calculated Dlt

0eff is 7.63×10−7 cm2 s−1.
Figure 4 shows the Arrhenius plot of calculated diffusion
coefficient for the oxygen dimer at low temperature range
(plain red line) that is compared with DLTS experimental data

FIG. 3. Oxygen dimer’s (a) ground-state and (b) transition state
configurations. In Table III, Ŝi123 and Ŝi234 angles are defined in the
same manner as in Fig. 1.
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FIG. 4. Oxygen dimer diffusion coefficient. [a] Reference [14].
Below 450 ◦C, the stress-induced dichroism experiments, which are
sensitive only to monomers diffusion, are well described by the
extrapolation of the high temperature diffusion coefficient. These data
also agree with the calculated diffusion coefficient for monomers. [b]
Reference [17]. The experimental data (red circles) are an effective
oxygen diffusivity. These data agree with the calculated diffusion
coefficient for dimers.

fit from Refs. [17,20,51] (dashed red line). Our results are in a
fair agreement with the experimental fit.

Once we reproduced the diffusing properties of oxygen in
the unperturbed pristine Si, we can consider how heavy doping
can affect oxygen diffusing properties. We will consider the
two hypothesis proposed in literature for the enhanced and
retarded oxygen diffusion: the effect of strain (Sec. III A 3) and
the effect of the Fermi energy change due to the high doping
concentration (Sec. III B) on the oxygen diffusion features.

3. Strain effect

The first hypothesis to check theoretically is the effect of
strain on the oxygen diffusion coefficient. We remind that this
calculations have been performed in a 192 Si atoms supercell,
which frame of references can be obtained through rotation by
45 ◦C around the Z axis of a 216 Si atoms supercell. In the new
frame of references, we let the monomer locate and diffuse in
〈110〉 crystallographic plane along the (110) direction. The
effect of applied strain on oxygen monomer migration energy
is illustrated in Fig. 5.

External compressive strain tends to reduce the migration
energy, while the external tensile strain tends to increase it
almost in all cases except when it is uniaxially applied in
(110) direction, i.e. perpendicular to the diffusion direction.
The effect of uniaxial strain is maximum when it is applied
along the migration direction. A variation of less than 0.1 eV
is obtained for 1% deformation. The biaxial strain applied in
diffusion plane gives a variation of 0.15 eV for the monomer
migration energy.

However, a strain of ±1.0% can barely be realized due to
the dopant’s presence. A change of −7×10−3% was observed
by Zeng et al. [21] in heavily Ge-doped samples, while for
heavy doping with other elements the average absolute strain
is below 8×10−4%. Thus we conclude that neither uniaxial nor
biaxial strain will cause noticeable changes in the migration
energy of the monomer.

FIG. 5. The effect of the uniaxial and biaxial strains. Oxygen
monomer migrates along (110) direction and stays in 〈110〉 plane.
The variation in energy is less than 0.1 eV.

Table IV lists the calculated pre-exponential factor and
migration energy parameters for ±0.5% biaxial 〈110〉 strain.
The temperature evolution of diffusion coefficient for these
cases is shown in Fig. 2. Both compressive and tensile biaxial
strain lead to a reduced monomer diffusivity. However, the
change in diffusivity will be negligible for strains induced by
doping only. Same trends were obtained for dimer’s diffusivity.
Hence, strains, induced by heavy doping, can cause no effect
on both monomer and dimer diffusivity. We can conclude
that neither monomer’s nor dimer’s migration energies can
be affected by external strain, as well as the monomer’s
pre-exponential factor.

B. Doped silicon

We can rule out the effect of external strain to explain the
reported enhancement or retardation of oxygen diffusion. The
second hypothesis is the assumption that oxygen diffusion is
sensitive to the Fermi energy level change, caused by the heavy
doping incorporation.

To investigate how doping can affect the oxygen diffusion,
we performed calculations of the diffusion coefficient of
monomer and dimer in proximity of the dopant atoms. In other
words, we introduce both the dopant and oxygen in supercell
at the same time. Two defects were distanced by 15 Å in a 512
Si atoms supercell. The binding between oxygen species and
dopant was obtained to be zero. Thus we infer no impact of
dopant on ground-state properties of oxygen species.

1. Geometries

The effect of dopants on the geometries of the ground-
state and transition configurations are listed in Tables I and
III for monomer and dimer, respectively. The geometry of the
ground-state configurations is not affected by any of tested
dopants.

However, significant changes in the transition state ge-
ometries were observed. Both B and As presence in the
supercell leads to the same changes in monomer geometries.
The Si1-O and Si3-O bond lengths are increased from ∼3.480
to ∼3.530–3.610 Bohr, while the Si2-O bond length is reduced
from ∼3.370 to ∼3.300 Bohr in both cases. Ge presence does

195306-5



TIMERKAEVA, CALISTE, DEUTSCH, AND POCHET PHYSICAL REVIEW B 96, 195306 (2017)

TABLE III. Geometry parameters of the oxygen dimer configurations (see Fig. 3 for the schemes). The length values are in Bohrs, the
angles are in degrees.

doping Conf. â b̂ ĉ d̂ Ŝi123 Ŝi234 Si1-OI Si2-OI Si3-OI Si2-OII Si3-OII Si4-OII

pristine GS 142.7 71.6 145.1 60.9 97.2 98.6 3.093 3.053 6.040 3.037 3.088 4.985
B GS 142.5 70.9 146.2 59.5 98.3 100.2 3.090 3.061 6.090 3.035 3.085 5.090
Ge GS 142.6 71.0 146.6 59.4 98.2 100.3 3.093 3.067 6.094 3.038 3.083 5.100
As GS 142.6 71.0 146.6 59.4 98.2 100.3 3.093 3.067 6.095 3.038 3.083 5.101
pristine TS 88.2 95.7 101.5 79.8 95.0 97.4 3.834 3.257 3.536 3.262 3.244 4.098

B TS 83.6 99.0 98.1 84.4 95.7 95.6 3.962 3.257 3.357 3.393 3.265 3.936
Ge TS 83.4 98.7 99.4 82.3 95.8 96.7 3.956 3.261 3.363 3.339 3.256 4.040
As TS 76.8 102.6 95.6 85.6 99.4 96.7 4.111 3.225 3.298 3.603 3.249 3.769

not affect much the transition state geometry of the monomer
(see Fig. 3 for notations). In brief, we observe no impact on GS
configurations of both the monomer and the dimer, however
doping significantly affect the TS configurations.

2. Migration and binding energies

Recently, we reported the effect of dopants on the migration
energies of diffusing oxygen species [42]. These results are
listed in Table V. The migration energy of oxygen monomer
is reduced by ∼0.4 eV due to the presence of p-type dopants.
n-type dopants also lead to a reduced migration energy but in
a smaller extent of ∼0.15 eV. Germanium presence does not
affect the monomer’s migration energy.

The effect of dopants on the dimer’s energy barrier has the
opposite trends. There is almost no effect of p-type dopants,
however, there is slight increase by ∼0.1 eV caused by n

dopant and isovalent dopant presence in the supercell.
There are no significant changes in the dimer’s binding

energy, being about 0.14 eV in all tested cases except Sb
dopant. In the latter case, a negative binding energy of
−0.39 eV was obtained.

We have shown that p-type doping plays a significant
role on monomer’s migration energy. In this paper, we aim
to further investigate the mechanisms, responsible for the
reported reduction in monomer’s migration energy.

3. Pre-exponential factors

To have a full picture of diffusing properties and to draw
final conclusions, the information about the pre-exponential
factor in the diffusion coefficient is crucial. The calculated
pre-exponential factor values for representative cases of B, Ge,
and As are listed in Table VI. For the dimer case, the calculation
of the effective pre-exponential factor at low temperature is

TABLE IV. The effect of biaxial strain, applied in 〈110〉 plane, on
Em and D0 of oxygen monomer diffusion. Strains of ±0.5% applied
in 〈110〉 plane are chosen as an example, as it gives the maximal
effect on migration energy.

Strain Em (eV) D0(Oi) (cm2 s−1)

−0.5% 2.22 0.002
0.0% 2.29 0.010
+0.5% 2.37 0.009

derived from Eq. (8). The oxygen monomer concentration was
considered to be 1018 cm−3 in all cases. Note that D0(O2) is
proportional to the oxygen concentration. Thus the reduction
of the latter by one order in magnitude will cause the same one
order reduction in the pre-exponential factor.

Boron has an important impact on the migration energy
of the monomer, but we only observed a slight change in the
prefactor value. The effects of Ge and As are more pronounced.
Our calculations suggest that in the Ge-doped case the pre-
exponential factor is lower by a factor of 8, whereas As presents
a reduction by a factor of 4. The corresponding values are
0.004 and 0.009 cm−2 s−1 in the case of Ge and As doping,
respectively. The doping effect on the dimer’s pre-exponential
factor has an inverse trend. The isovalent doping nearly has not
impact on the pre-exponential factor, whereas arsenic slightly
increases it by a factor of 2, and boron reduces it by a factor
of 5.

4. Charge transfer mechanism

Prior to discussing the calculated diffusion coefficient as
a function of temperature in heavily doped materials, we
will consider the charge transfer mechanism in more details.
For this purpose, we performed NEB calculations to find the
minimum energy diffusion path of oxygen monomer in a 216 Si
supercell. We compared the diffusion in the proximity of boron
and arsenic dopants with diffusion in a nondoped supercell.
The obtained paths as a function of reaction coordinates
are represented in Fig. 6. The migration energies obtained
with DIIS scheme and using the NEB technique are 2.41
and 2.35 eV, respectively. Such a small difference between
energies shows both efficiency of the DIIS technique and the
convergence level of a 216 Si supercell with respect to the
512 Si atoms supercell. The slightly lower value obtained
using the NEB technique is related to the elastic bands that
restrict the images along the migration path. The path of 41

TABLE V. The calculated migration energies and binding ener-
gies of oxygen monomer and dimer when a doping element is inserted
as a substitutional atom in the calculation supercell.

dopant – B Al Ga Ge P As Sb

Em(O) (eV) 2.41 2.01 2.04 2.05 2.39 2.26 2.29 2.24
Em(O2) (eV) 1.62 1.66 1.63 1.62 1.74 1.75 1.71 1.74
Eb(O2) (eV) 0.14 0.15 0.15 0.14 0.14 0.14 0.14 −0.39
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TABLE VI. Calculated pre-exponential factor values of diffusion
coefficients of oxygen monomer and dimer in silicon with or without
the presence of a doping element as a substitutional atom in the
calculation supercell.

dopant – B Ge As

D0(O) (cm2 s−1) 2.9 × 10−2 3.2 × 10−2 0.4 × 10−2 0.9 × 10−2

D0(O2) (cm2 s−1) 7.6 × 10−7 1.7 × 10−7 15.0 × 10−7 7.9 × 10−7

images resulted in a highly symmetric curve with a transition
state situated very close to the middle of the path.

The changes of the barrier height due to the dopants pres-
ence agree well with previously obtained values (summarized
in Table V). The shapes of the three curves are merged starting
from the GS and they start splitting after the inflection point.
Let us suggest that the charge transfer appears at the moment
of the curves splitting. To analyze the electronic distribution
along the path, we mapped the electronic density of an unpaired
electron for the cases of B- and As-doped supercells (see
Fig. 7). Numbered points correspond to the number label
in Fig. 6. The dopant is positioned near the top left corner
of the projection, while the oxygen atom is located in the
right-hand side. The electronic distribution of the lone unpaired
electron clearly indicates that starting from the ground state
and up to the image numbered 4, oxygen diffuses as a neutral
species. From the point numbered 5 in Fig. 6, the charge is
already located around the oxygen. This finding indicates that
monomer diffusion in heavily doped silicon is assisted by a
charge transfer. This charge is a hole in the B-doped case and
an electron in the As-doped case.

The charge transfer mechanism occurs in the dimer
diffusion as well, but causes only a slight increase in its
migration energy. The reason for that could lie in the electronic
configuration of the transition state of the dimer. Contrary
to the monomer case, it is less active. During the migration
process, two hopping bonds of two oxygen atoms can be
neutralized by each other, causing a lower migration barrier,
which is less sensitive to the charge transfer mechanism.

FIG. 6. The 41 images NEB paths of oxygen monomer in 216
Si atoms supercells. Results for B- and As-doped supercells are
compared with undoped supercell. Figure 7 illustrates the snapshots
of up-down electronic density corresponding to (1) first, (2) fifth, (3)
ninth, (4) 13th, (5) 17th, and (6) 21st images of B- and As-doped
cases.

IV. DISCUSSION

We have reported migration energy values for the oxygen
monomer and dimer in low doped and heavily p- and n-doped
silicon, through ab initio calculations. They are in excellent
agreement with experimental data. The results were obtained
in 512 Si supercells by employing a DIIS optimization scheme
for the saddle point relaxation as well as the NEB relaxation
technique in 216 supercells.

Recently, in 2014, Binder et al. [55] have performed an
ab initio study of oxygen migration path in pristine silicon.
They have obtained an asymmetric path for oxygen monomer
diffusion slightly lower in energy than the symmetric path.
They claim that enough images in the NEB calculation are
necessary to obtain the proper asymmetric migration path.
The result shown here illustrates that even a higher number of
images can stabilize the symmetric path. This result does not
contradict the one of Binder et al., but emphases the existence
of several oxygen migration paths.

For pristine silicon, the calculated values reproduce the
experiments, the monomer diffusion at the high temperature
regime and dimer diffusion at the low temperature regime.
In addition, our results show that strain cannot affect oxygen
diffusivity. However, heavy doping can impact the oxygen
diffusivity by electronic interaction, specifically by a charge
transfer mechanism. This effect is demonstrated in Fig. 7.
Indeed, a dopant belonging to the III column of the periodic
table introduces a hole into the supercell. The latter can be
spread over a wide area around. The electronic density of this
hole is revealed by the ρunpaired(�r) map obtained from DFT
calculations and represented on top line in Fig. 7. In the case
of the n-type dopant, the supercell has also an odd number of
electrons. Here, the unpaired electron belongs to the dopant
atom and is localized in a smaller sphere around it.

The binding energy between the interstitial oxygen
monomer and a dopant, being B or As, is equal to zero in
both cases. Note that the distance between two point defects
is less that 15 Å as we deal here with 216 Si supercells. These
results are in line with the fact that geometry parameters of
the interstitial oxygen are the same as in pristine silicon.
The potential energy surface has exactly the same shape,
according to the shape of the NEB curves. The NEB paths in all
three cases, namely pristine, B-containing, and As-containing,
are merged in ranges of 0.0–0.4 and 0.6–1.0 of reaction
coordinates of Fig. 6.

Once the oxygen approaches the transition state, it becomes
electrically active and attracts the electronic density towards
itself. This effect is illustrated by the ρunpaired(�r) distribution:
top and bottom images (5) and (6) on Fig. 7. A hole is attracted
in B-doped case and an electron is attracted in As-doped
case. Once the oxygen atom overpasses the transition state,
the electron goes back to the dopant.

Such a charge transfer mechanism allows reducing the
migration energy barrier, if a charge electron detaches easily
from its source. In the case of B doping, we obtained a
reduction of monomer migration energy by 0.4 eV. However,
trying to add a second B in the system leads only to a slight
reduction in migration energy of 0.08 eV. Thus we conclude
that ∼0.4 eV is the highest possible reduction for the oxygen
monomer’s migration energy. Our calculations predict the
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FIG. 7. The up-down electronic density ρunpaired(�r) [ρunpaired(�r) = ρ↑(�r) − ρ↓(�r)] mapped along the oxygen monomer migration path for B
and As dopant cases (see Fig. 6). Number 1 corresponds to the ground state of oxygen monomer, while number 6 is related with the transition
state. The dopant atom is located on the right side of each snapshot, while the migrating oxygen is on the left side. The electron density transfers
from the dopant vicinity (numbers 1–4) towards the migrating oxygen (numbers 5 and 6).

same effect on migration energy in the presence of Al and
Ga. If the element is a n-type dopant, the charge transfer
leads to a smaller reduction of the migration energy of
only ∼0.15 eV.

In proximity of p- and n-type dopants, the dimer diffusion is
also charge assisted, according to our results. However, we did
not register a considerable change of the migration energy in
proximity p-type dopants, and we detect only a slight increase

of 0.09 eV in proximity of As dopant (see Table V). Doping
with germanium does not affect the migration energy of the
monomer, however it leads to an increase of 0.12 eV of that of
dimer and is similar to the n-doped case.

Finally, the complete comprehension of diffusing properties
implies the investigation of the temperature dependence of
the calculated diffusion coefficients. In Fig. 8, the calculated
diffusion coefficients of the oxygen monomers and dimers are

FIG. 8. Overall picture of the oxygen diffusion coefficients, both from experimental data (as represented by dots) and from numerical
simulations (represented by lines). Experimental data come from two references: the first one labeled “exp. a” in this figure, features oxygen
diffusion at high temperatures [14] and the second one, labeled “exp. b” gives measurements in a lower temperature range for pristine silicon
or in the presence of dopants [17]. The simulated diffusion coefficients come from ab initio calculations presented in this paper. The solid lines
stand for monomer diffusion while dashed lines represent dimer diffusion. The effect of dopants on the diffusion coefficients is represented by
different colors, red for undoped cases, black for B-doped, green for As-doped, and blue for Ge-doped cases. The main feature of this figure is
the higher diffusion coefficient obtained by simulation for the monomer (black solid line) in the B-doped case, while previously the measured
enhancement (black squares) was generally attributed to enhanced dimer diffusion.
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plotted together with experimental data from Refs. [14,20,21]
with respect to inverse temperature.

First, it is worth to notice that Ge and As doping should
affect diffusion coefficients of monomer and dimer in the
same extent (green and blue lines in Fig. 8). An impact
of both dopants on the migration energy (see Table V) and
pre-exponential factor (see Table VI) of oxygen dimer lead to
a similar reduction in the diffusion coefficient that fully agrees
with experimental trends from Ref. [21]. More specifically,
in both cases, a slight increase in migration energies leads
to a steeper slope of Arrhenius plot and results in lowered
diffusion coefficient of oxygen dimer at low temperatures. At
high temperatures, we obtained slightly reduced monomer’s
diffusion coefficients in proximity of Ge and As. This effect is
related with the decrease in pre-exponential factor of monomer
with respect to pristine silicon (Table VI), while migration
energies are not affected (Table V).

At thermodynamic equilibrium, the diffusion of the oxygen
dimer in proximity of boron proceeds with a lower diffusion
coefficient (black lines dashed line in Fig. 8), while monomer
diffusion is enhanced (solid black line in Fig. 8). Murphy
et al. [20] in their paper are reporting diffusivity values
(see Fig. 6 in Ref. [20]) in a temperature range where the
oxygen diffusion is known to be mediated by the oxygen
dimer but they observed a significant increase in diffusivity
when the sample is heavily B-doped. Assuming an Arrhenius
behavior in this regime, one can fit the experimental points
and obtain a prefactor and an activation energy. Though
the experimental technique cannot give a clue on which
mechanism is giving this Arrhenius behavior. On the other
hand, using the atomistic simulation results of the present
article, assuming a monomer or a dimer mechanism, we show
that only the diffusivity of the monomer is increased in this
same temperature range, raising monomer diffusivity values in
the range of the experimental ones. This result clearly discards
the dimer mechanism for B-doped sample as explanation for
the diffusivity raise. Although, the calculated prefactor and
activation energy for the monomer are still quite different
from the fitted experimental ones, the resulting diffusivity are
quite similar. This apparent inconsistency suggests that the
experimental raise in the diffusivity is a complex combination
of mechanisms, where the monomer is playing a key role
although it seems to be mitigated by a side mechanism that
is not included in the present simulation (e.g., a temperature
dependence of the charge transfer mechanism).

This finding raises the question of how monomers diffuse
in the high temperature regime in heavily B-doped silicon,
since the extrapolation of our enhanced diffusion coefficient
to the high temperatures does not match the experimental
data (left hand side of the solid black line in Fig. 8). Indeed,
recent experiments suggest that “normal” (i.e., not enhanced)
diffusion happens at high temperatures in heavily B-doped
sample [22,23]. We propose possible reasons for the enhanced
monomer diffusion not to happen at elevated temperatures. The
first reason can be point defects appearance in concentration of
the order of boron atoms. Formed at high temperatures, those
defects can trap holes and block the charge assisted migration.
The second reason can be a change of conductivity type. As
far as p- or n-type semiconductors become intrinsic at high
temperatures, charge assisted diffusion can be blocked because

of mobile electrons and holes presence in concentrations of the
order of dopant atoms.

In the case of hydrogen enriched samples as well as in
samples with metallic impurities, we suggest that enhanced
oxygen diffusion may happen assisted by a charge, as
demonstrated in this article for B-doped silicon. Indeed,
weakly binded electrons can participate in the oxygen diffusion
process, causing a reduced migration energy. Experimentally,
migration energies of about 2 eV have been obtained in
hydrogen and metallic impurities presence [24–26]. This value
is equal to the calculated migration energy of monomer
in proximity of p dopants, and we therefore suspect that
charge assisted diffusion can take place in mentioned samples
as well.

The enhanced and retarded diffusion, obtained with differ-
ent techniques for heavily B-doped samples, suggests either
enhanced (DLT) or reduced (SIMS out-diffusion) diffusion
of oxygen at low temperatures. Our DFT-based calculations
support the enhanced diffusion due to the accelerated mi-
gration of monomers, which can also result in the enhanced
precipitation, recently observed in Ref. [23]. The SIMS out-
diffusion profiles, in this case, may indeed result from reduced
free oxygen in the sample. Moreover, it was shown that the
oxygen out-diffusion profiles are sensitive to surface effects
and the oxygen concentration in the bulk [16].

It is worth to notice that at high doping rates a significant
amount of dopant atoms can stay precipitated. Apparently,
these precipitates may also have an impact on oxygen
diffusivity. At the same time, high precipitation rates result
in lowered single dopant concentration, which does not affect
oxygen diffusion. Therefore the balance between precipitated
and nonprecipitated dopants may be the reason of the diversity
of results in experiments. However, further investigation is
absolutely necessary. Similarly, the boron-oxygen defects may
also impact oxygen species’ behavior, and therefore is a good
direction for further research.

Another controversy is related to Sb doping. The SIMS
out-diffusion suggests a reduced diffusivity with an activation
energy of about 3.0 eV, while DLT has not detected any
pronounced changes. According to our results, among tested
elements only Sb impacts the binding energy of the dimer
(see Table V), making it unstable and thus impossible to
form and diffuse. This suggests that it will preferably diffuse
as a monomer with an activation energy of at least 2.5 eV.
Furthermore, the trapping of oxygen by Sb may further
increase the activation barrier [see Eq. (3)]. If Sb and O atoms
are separated by 15 Å, the binding between Sb and O was
calculated to be 0.52 eV, raising Ea around 3 eV.

V. CONCLUSIONS

We have thoroughly investigated the diffusion properties of
oxygen species, monomers and dimers, through DFT based
calculations. We showed that the investigation of the two
parameters of diffusion coefficient, namely pre-exponential
factor and migration energy, is crucial for this kind of
investigation as it allows direct comparing theoretical results
with experiment. In our case, we reproduced the experimental
results for all doping types.
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On one hand, we showed that the effect of strain on
the oxygen transport is negligible. On the other hand, we
have highlighted a switch in the diffusion mediator. While
lowering the temperature favors the oxygen dimer as the
primary diffusing species over the slower monomer, p doping
is responsible for promoting again the monomer as primary
diffusing species. This switch is supported by a charge
transfer, reducing the migration barrier while the diffusion
prefactor is kept at a high value.
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