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Minimum energy path and atomistic mechanism of the elementary step in oxygen
diffusion in silicon: A density-functional study
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Using a density-functional scheme, we study the migration of a single O atom in a (110) plane between two
adjacent bond-center sites in bulk Si. The minimum energy migration path is found through the nudged elastic
band method within a generalized gradient approximation for the electronic structure. The energy barrier is then
also evaluated within a hybrid functional scheme. We achieve for the transition barrier a best estimate of 2.3 eV in
the generalized gradient approximation and of 2.7 eV in the hybrid functional scheme, both in fair agreement with
the commonly accepted experimental value of 2.53 eV. The transition is characterized by a saddle point which
does not occur at the midpoint between the two bond-center sites and by a pattern of displacements extending up
to the second nearest-neighbor Si atoms. The atomistic mechanism of oxygen migration is analyzed from three
complementary viewpoints involving the evolution of the structure, the Wannier centers, and the single-particle
energies and wave functions. The diffusion process can be separated into two distinct parts. In one part, the
exchange of the Si atoms in the first-neighbor shell of the diffusing O atom occurs through the formation of a
threefold coordinated O center and an overcoordinated Si atom. In the other part, the Si–Si bond flips its position
through the creation of occupied and unoccupied Si dangling bonds which give rise to states in the band gap.
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I. INTRODUCTION

During the last five decades, the semiconductor industry
has heavily relied on the use of silicon and its native
oxide as the main material constituents of electronic devices.
The interface between silicon and its oxide has long been
achieved by thermal oxidation, and its formation involving the
interaction of oxygen with silicon has become one of the most
studied atomistic processes [1–9]. According to our present
understanding, oxygen diffuses in its molecular form through
the oxide until the molecule dissociates by reacting with Si–Si
bonds located in the interface region [1,2,6–8]. Atomistic
simulations suggest that further oxygen migration across the
disordered substoichiometric oxide occurs in the form of
isolated interstitial atoms going through metastable transient
structures in which the oxygen atoms are threefold coordinated
with Si atoms [3,10]. The migration of the interstitial O
atom in bulk silicon can be seen as the ultimate part of the
silicon oxidation process and has thus attracted a great deal
of attention. Several reviews on oxygen centers in silicon are
available [11–14].

Infrared absorption experiments provided strong support
that isolated oxygen atoms dissolved in silicon occupy inter-
stitial positions between two regular nearest-neighbor atoms
of the silicon lattice [15]. This model is also consistent with
lattice constant and density studies [16]. The application of
stress and the observation of dichroism finally confirmed
the model in detail [17]. From the study of the recovery
kinetics, it was additionally possible to measure the single
jump diffusion process in which oxygen hops from one Si–Si
bond to another. Combined with previous internal friction
studies [18], this provided the first accurate measurement of
the oxygen diffusion constant with an energy barrier of 2.56 eV
[17]. Since that time, several experiments including long-
range mass transport, internal friction, and extended stress-
induced dichroism recovery studies have been performed,
closely confirming the early result [19]. All the obtained

data are consistent with a global fit giving an energy barrier
of 2.53 eV [13,19,20]. This global agreement demonstrates
in particular that the long-range diffusion results from a
combination of single jumps of oxygen between neighboring
Si–Si bonds of the lattice. The establishment that the diffusion
proceeds through a single well-defined process is further
supported by the wide temperature range extending from 350
to 1325 ◦C, over which the measured diffusion coefficients
show a single-barrier Arrhenius behavior [13,19,20].

Several theoretical studies have attempted to model this
elementary diffusion process [14,21–26]. In all theoretical
studies, an isolated interstitial O atom is assumed to jump
from a bond-center site to an adjacent one along a path in a
(110) plane. However, the energy barriers and the diffusion
path differ considerably among the various descriptions. Early
density-functional-theory calculations in the local density ap-
proximation considered symmetric diffusion paths and found
energy barriers in the range 1.8–2.0 eV [21,22], significantly
underestimating the experimental value of 2.53 eV [13,19,20].
Using empirical potentials, Jiang and Brown pointed out that
the O atom at the saddle point was not found at the midpoint
of the two bond centers, and gave an overall description of the
diffusion coefficient as a function of temperature in very good
agreement with experiment [23]. Ramamoorthy and Pantelides
recognized that the energy variations of the O diffusion process
involved a complex hypersurface in a multidimensional space
and argued that a barrier of ∼2.5 eV resulted from the
consideration of a variety of transition paths [24]. Using a
scheme based on gradient-corrected functionals, Coutinho
et al. considered the symmetric transition state and gave an
estimate of 2.2 eV for the energy barrier [14]. Through the
use of gradient-corrected and hybrid functionals, Deák et al.
then found a symmetric diffusion path with energy barriers of
2.37 and 2.69 eV, respectively [25]. More recently, Estreicher
et al. applied the nudged-elastic-band method and compared
the local density approximation to various gradient-corrected
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density functionals. These results also yielded a symmetric
diffusion path with energy barriers in the range 1.78–2.01 eV
[26]. These results indicate the persistence of a confusing
situation with significant uncertainties regarding the diffusion
path and the energy barrier. Furthermore, none of the previous
theoretical works has focused on the atomistic mechanisms
operative during this oxygen migration process.

In this work, we study the oxygen migration process in bulk
silicon using the nudged elastic band method [27] within a
density-functional-theory scheme. The minimum energy path
is obtained within a generalized gradient approximation, but
hybrid functionals are also used for determining the energetic
profile of the transition. Our results give an asymmetric
transition pathway and our estimates for the transition energy
lie within 0.2 eV from the experimental value. We then
address the atomistic mechanism both from the structural
and electronic point of view. The electronic structure is
analyzed in terms of the evolution of both maximally localized
Wannier-function centers and single-particle states.

This paper is organized as follows. Section II is devoted to
the determination of the minimum energy path. We first present
our nudged elastic band calculations yielding an asymmetric
transition state. We then compare the achieved transition state
with the Y-lid configuration involving a threefold coordinated
oxygen atom, which has often been identified as transition
state in previous density functional calculations. We conclude
this section by studying the convergence with cell size and
with the number of images used in the nudged elastic band
method. In Sec. III, we describe the mechanism underlying
the diffusion process through the evolution of bond distances,
maximally localized Wannier functions, and single-particle
states. We draw conclusions in Sec. IV.

II. TRANSITION ENERGY PROFILE

A. Minimum energy path

Our electronic-structure calculations are carried out within
a density-functional-theory scheme. In the nudged elastic band
(NEB) [27] calculations used for determining the transition
path, we use the generalized gradient approximation proposed
by Perdew, Burke, and Ernzerhof (PBE) [28]. This semilocal
functional combines a good accuracy for structural investiga-
tions with the computational efficiency required for a careful
study of the transition path. However, the PBE leads to severe
band-gap underestimations and might affect the transition
energy [25]. To overcome this limitation of the PBE, we further
evaluate the energy of the obtained structural configurations
with the hybrid functional proposed by Heyd, Scuseria, and
Ernzerhof (HSE) [29]. Since the diffusivity of O in silicon does
not depend on doping [13,20], we infer that charging effects
are not relevant in the diffusion process and assume the neutral
charge state in our calculations.

The electron wave functions are expanded in a plane-wave
basis set, and core-valence interactions are described through
normconserving pseudopotentials [30]. The energy cutoff of
the wave functions is set at 70 Ry. Using the PBE functional,
this pseudopotential scheme yields for silicon a lattice constant
of 5.46 Å and a bulk modulus of 89.2 GPa, to be compared
with the experimental values of 5.43 Å [31] and 97.8 GPa [32],

respectively. For α-quartz modeled with a c/a ratio fixed to
its experimental value (c/a = 1.10 [33]), we obtain a lattice
constant a = 5.01 Å and a bulk modulus of 34.3 GPa, in
good agreement with respective experimental values of 4.86 Å
[33] and 38.8 GPa [34]. For its internal structure, we find a
Si–O bond of 1.62 Å and a Si–O–Si bond angle of 148◦, to be
compared with experimental values of 1.60 Å and 143.7◦ [35].
These results for silicon and α-quartz attest the quality of our
pseudopotential description.

In our NEB calculations, we model bulk Si with a 64-atom
cubic supercell with a side of 10.9 Å, corresponding to the
equilibrium PBE lattice constant. The Brillouin zone is sam-
pled at the � point. In the hybrid functional calculations, the
exchange potential is treated as described in Ref. [36]. We use
the QUANTUM-ESPRESSO package [37] with the implementation
of the HSE functional detailed in Ref. [38]. With the 64-atom
setup and the �-point sampling, we obtain for Si a fundamental
band gap of 0.73 eV with the PBE functional and of 1.31 eV
with the HSE functional, to be compared with the respective
values of 0.61 and 1.20 eV, obtained upon convergence with
the density of k points in the Brillouin zone. These values are
in overall fair agreement with the respective values of 0.71 and
1.29 eV in the literature [39].

We focus on the diffusion step involving a jump of an
interstitial O atom bonded to two nearest-neighbor Si atoms to
a similar adjacent site in a (110) plane of the Si crystal [14].
In its equilibrium position, the interstitial O atom is situated
off the Si–Si axis forming Si–O bond lengths of 1.62 Å and
a Si–O–Si bond angle of 165◦ (cf. Fig. 1). To allow for
long-range diffusion, the O atom needs to reorient around
the Si–Si axis between one jump and the next. However,
this reorientation plays a negligible role in the energetics of
the long-range diffusion, as discussed in detail in Ref. [14].
Through specific calculations devoted to this point, we found a
barrier smaller than 10 meV between symmetrically equivalent
sites in which the O atom is off the Si–Si axis. To describe the
transition to an adjacent site, we thus confine the path within
a (110) plane and use the angle �O which characterizes the
position of the O atom with respect to the [001] direction. As
illustrated in Fig. 1, this angle is centered at the unperturbed
bulk position of the central Si atom taken as fixed origin.
Similarly, we define the angle �Si for Sic (Fig. 1).

[110]

[001]

ΘO

ΘSi

O

Sil

Sic

Sir

FIG. 1. (Color online) Definition of the notation used in this work
for the involved Si atoms (Sil, Sic, Sir) and for the angles �O and �Si

describing the evolution along the diffusion path. All atoms (Sil, Sic,
Sir, O) are in a (110) plane of the Si crystal. The filled black disks
indicate the positions of the Si atoms in an unperturbed crystal.
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FIG. 2. (Color online) Energy of an interstitial O atom in bulk
Si as a function of the angle �O when jumping between two bond-
center configurations (cf. Fig. 1 for the definition of �O). The present
minimum energy path is obtained from a NEB calculation with 25
images in a 64-atom supercell with the electronic structure described
in the PBE approximation and sampled at the � point (squares). The
calculated transition barrier is 1.91 eV. The energy evaluated at the
HSE level (disks) gives a transition barrier of 2.52 eV. The symbols
give the energies of the images used in the NEB calculation. The
vertical lines correspond to specific structural configurations and are
defined in the caption of Fig. 6.

Using the NEB method with 25 images in which all atoms
of the supercell are allowed to relax, we obtain the converged
description of the minimum energy path for the O migration
process (cf. Sec. II D). Figure 2 shows the energy profile
as a function of the angle �O, as calculated with the PBE
and HSE functionals. For PBE, we find an energy barrier of
1.91 eV, to be compared with the experimental value of 2.53 eV
[13,20]. This result confirms a general trend by which the
barrier obtained with semilocal functionals is significantly
lower than the experimental value. At variance, the energy
barrier with the HSE functional increases to 2.52 eV, bringing
the calculated value in much closer agreement with the
accepted experimental value of 2.53 eV [13,19,20]. A barrier
increase of ∼0.3 eV when using hybrid functionals had been
observed in a previous study [25], but in the present case the
increase is more substantial and the agreement with experiment
improved. However, we defer the reader to Sec. II C for a
more detailed discussion on the quantitative comparison with
the experimental value. From the energy profiles obtained in
Fig. 2 it is furthermore evident that the transition state does
not occur at the midpoint of the two bond centers. This finding
is in good qualitative agreement with the study of Jiang and
Brown based on classical interactions [23], but contrasts with
all previous density-functional calculations [14,21,22,24–26].
A detailed comparison between the presently found transition
state and the competitive symmetric configuration is given
in Sec. II B.

B. NEB transition state versus symmetric Y-lid configuration

In all previous density-functional studies [14,21,22,24–26],
the transition state consisted of a symmetrically threefold-
coordinated oxygen atom occurring at the midpoint between
the initial and final states, denoted Y-lid configuration [14].
In order to obtain this configuration, we perform a structural
minimization constrained by symmetry using the same setup
as in the NEB calculations. We obtain a Y-lid configuration in

VBM

CBM
Y

VBM

CBM
NEB

1.70 Å

1.68 Å
O

Sil

Sic

Sir

1.76 Å

1.86 Å

OSil

Sic

Sir

FIG. 3. (Color online) Comparison between atomic structures of
the symmetric Y-lid configuration and the NEB transition state, as
obtained with the PBE functional. The bottom schemes illustrate
the positions of the corresponding highest occupied and lowest
unoccupied single-particle states in the band gap, as obtained with
the HSE functional.

which the bonds formed by the threefold-coordinated O atom
have bond lengths of 1.86 Å with the Sil and Sir atoms and of
1.76 Å with Sic. The structure is illustrated in Fig. 3, where
it is compared with that of the transition structure achieved
through the NEB calculations.

The Y-lid configuration is found at 1.99 eV higher energy
than the equilibrium structure. Hence, this result further
supports the NEB calculations which yield a transition state at
1.91 eV in the same conditions, namely with a 64-atom super-
cell and the PBE functional. Using the HSE hybrid functional
for the PBE structure, we find the Y-lid configuration at 2.57
eV, still slightly higher than the corresponding energy for the
NEB transition state (2.52 eV).

It is of interest to analyze the physical reasons by which
the Y-lid configuration lies at higher energy than the NEB
transition state. Let us first focus on the electronic structure.
The main difference in the bonding results from an additional
Si–O bond in the Y-lid configuration. This extra bond involves
the threefold-coordinated O atom and the Sir atom, and should
be compared with the situation in the NEB transition state
where this bond is absent, the O atom being regularly bonded
in a twofold-coordinated fashion and the Sir atom carrying
an empty dangling bond. The electronic energy involved in
such a bond formation is difficult to evaluate as it depends on
the degree of residual strain present in the bonds. Nevertheless,
estimates of about 1 eV have been put forward for the electronic
energy gain due to the formation of such a bond in structurally
relaxed conditions [40,41].

There are two mechanisms by which the formation of an
extra bond is compensated in the NEB transition state. The first
is of electronic origin. Indeed, the Sic atom in both the Y-lid
configuration and the NEB transition state is undercoordinated
and carries a localized doubly occupied doublet. By comparing
the electronic structures shown in Fig. 3, one notices that
the doublet lies at higher energy in the symmetric Y-lid
configuration. The energy variation is 0.15 eV with the PBE
functional and increases to 0.3 eV with the HSE functional. We
attribute this effect to the fact that the symmetric location of
the Sic–O bond destabilizes the dangling bond with respect to
the more natural orientation in the asymmetric NEB structure.
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The second factor that contributes to the stabilization of
the NEB structure is the structural relaxation. The Y-lid
configuration naturally introduces strain around the O atom to
ensure reasonable bond lengths with Sir and Sil. At variance,
the NEB transition state is not subject to such constraints and
the Si–O–Si structure can optimally relax. To better assess the
role of the relaxation of the surrounding Si atoms, we perform
a series of additional NEB calculations in which a varying
number of Si atoms are constrained to remain fixed at their
ideal bulk positions. We first only allow the three closest Si
atoms to move together with the O atom during the diffusion
process. Using the PBE functional, we find in this case an
energy barrier of ∼2 eV which does not differ significantly
from the fully unconstrained calculation (1.91 eV, cf. Fig. 2).
However, the transition path now shows a symmetric behavior.
To recover an asymmetric transition profile, it is necessary that
all atoms up to the second nearest neighbor Si atoms be allowed
to vary their positions during the transition.

C. Convergence with supercell size

It is important to address the validity of the achieved
results against the convergence with supercell size and k-point
sampling, as it is known that the convergence of defect
calculations in silicon might be particularly tedious [42,43].
We adopt the strategy of considering supercells of increasing
size, while retaining the sole � point in the k-point sampling.
Based on previous defect calculations in silicon [42], k-point
samplings other than the � point are expected to converge to
the same value for supercells of about 216 atoms or larger.

For each adopted supercell, we compare the energy of
both the NEB transition state and the Y-lid configuration
with respect the equilibrium Si–O–Si configuration. The NEB
optimization is computationally too expensive to be carried
out on cells larger than 64 atoms. For the NEB structure in
the larger supercells, we thus adopt a procedure by which the
structural coordinates up to the second shell of Si atoms are
taken from the 64-atom supercell and kept fixed while all more
distant atoms are allowed to undergo relaxation. This approach
is expected to properly account for the electronic energy, while
the uncomplete account of the relaxation might lead to a small
overestimation of the NEB transition-state energy. However,
on the basis of calculations performed for the ground state and
the Y-lid configuration, we find an estimate of only 0.06 eV
for the deviation by which such an overestimation exceeds the
targeted value. Finally, the energies of the three structures in
the 216-atom supercell obtained in this way are also evaluated
with the HSE functional.

The calculated energies are reported in Fig. 4. We first
remark that the NEB configuration is always found to be lower
than the corresponding Y-lid configuration. In consideration
of the incomplete relaxation of the former configuration, the
energy separation is expected to be actually even larger than
reported in Fig. 4. Second, we notice that the 64-atom results
are not converged with supercell size. Focusing on the PBE re-
sults, we remark that the energies obtained undergo significant
variations going from a 64-atom to a 216-atom cell. The PBE
transition barrier is found to increase to 2.22 eV in the case of a
216-atom supercell. A further increase of the supercell size to
512 atoms, gives a barrier of 2.27 eV, barely different from the
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FIG. 4. (Color online) Transition barrier of the NEB transition
state (circles) in calculations with unit cells of increasing size, as
obtained with PBE (open symbols, blue) and HSE (closed symbols,
red) functionals. The energy pertaining to the symmetric Y-lid
configuration is also shown (open blue and closed red squares). The
horizontal line at 2.53 eV corresponds to the experimental value given
in Refs. [13,19,20].

result achieved with the 216-atom supercell. Our best estimate
for the PBE transition barrier is thus 2.3 eV, with errors
expected to be of the order of 0.1 eV. Furthermore, we conclude
that the results achieved with 216-atom cells are converged
within about 0.1 eV. Thus, we estimate the HSE barrier to
be 2.7 ± 0.1 eV on the ground of the 216-atoms supercell
calculations. In comparison with the experimental value, our
study of the convergence with supercell size leads us to the
conclusion that the PBE value (2.3 eV) underestimates the
experimental value (2.53 eV, Refs. [13,19,20]) by about 0.2 eV,
whereas the HSE functional yields an overestimation by about
the same amount. The small size of these deviations indicate
a fair agreement between theory and experiment.

D. Convergence with number of images in NEB method

The NEB method enables convergence of the minimum
energy path provided a sufficient number of images is
used [27]. A small number of images might not only lead
to an insufficient resolution near the saddle point [44], but
also affect the accuracy of the force projection (“nudging”)
which depends on successive images [27,45]. The occurrence
of two competitive paths might enhance the effect of such
inaccuracies when using a low number of images. We therefore
investigate the convergence of the energy profile and the

TABLE I. Convergence of the energy barrier Eb and the angle �O

at the transition state with number of images Ni used in the nudged
elastic band method. ��O indicates the variation undergone by �O

when considering the images closest to the transition-state image and
can thus be taken as error for the determination of �O. For Ni � 9,
the diffusion path appears nearly symmetric with respect to �O = 0.

Ni �O ��O Eb (eV)

9 −2.5◦ ±8◦ 2.19
11 2◦ ±8◦ 1.80
15 8◦ ±6◦ 1.91
17 22◦ ±2◦ 1.94
25 26◦ ±1◦ 1.91
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FIG. 5. (Color online) Evolution of (a) the energy and (b) the
principal structural parameters �O and �Si along the transition path
for NEB calculations based on the PBE functional with different num-
bers of images: Ni = 9 (triangles, green), Ni = 15 (squares, blue),
and Ni = 25 (disks, red). In (a), the energy profile for only one of the
possible equivalent transitions is shown, whereas the paths of both
equivalent transitions are shown in (b).

main structural parameters as the number of intermediate
images (Ni) in the NEB calculations is increased. We perform
these calculations with 64-atom supercells and with a k-point
sampling at the � point, with the same setup as in Sec. II A.

The results of this analysis are given in Table I and Fig. 5.
We observe that the calculated energy barriers remain constant
within a few tenths of an electron volt (1.80–2.19 eV), whereas
the features of the transition path undergo significant changes
with increasing Ni. For Ni up to 9, the transition path is
essentially symmetric, but, as Ni increases further, the saddle
point moves out of the mid-point of the two bond centers
and progressively occurs at larger �O. Finally, it reaches a
converged value at �O

∼= 26◦. By monitoring both �O and
�Si through the transition path in Fig. 5(b), one understands
how the asymmetric energy profile for the O transition takes
its origin from a complex motion which involves the nearby
Si atoms. The present analysis also provides a rationale for
understanding the differences between our result and previous
NEB calculations with a smaller number of images which
yielded a symmetric transition path [26].

III. ATOMISTIC MECHANISM

In the present section, we analyze the minimum energy
path obtained in Sec. II A through the NEB calculations from
the viewpoint of the evolution of bond distances, maximally
localized Wannier functions, and single-particle electronic
states.

A. Structural evolution

First, we analyze the diffusion path through the evolution
of the distances between the relevant atoms (cf. Fig. 6). During
the transition, the distance between Sic and the interstitial O
atom undergoes only minor variations from 1.63 Å in the
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FIG. 6. (Color online) Evolution of distances between relevant
atoms during the transition, as obtained with the NEB calculations
based on the PBE functional: Sic–Sil (filled disks, red), Sic–Sir (filled
squares, blue), O–Sil (open disks, black), O–Sic (filled small squares,
cyan), and O–Sir (filled triangles, green). The vertical line at �O

∼= 2◦

indicates the position where the O–Sil and O–Sir bond lengths are
equal. The vertical line at �O

∼= 26◦ indicates the position where the
Sic–Sil and Sic–Sir distances are equal. The equilibrium PBE Si–Si
distance in bulk silicon is 2.36 Å.

equilibrium position to 1.77 Å at �O
∼= 0◦. Until �O

∼= −6◦,
the interstitial O is twofold coordinated, with the O–Sic
and O–Sir distances remaining approximately equal. As Sil
approaches, a threefold coordinated O atom is formed at
�O

∼= 2◦, with the O–Sic, O–Sil, and O–Sir bond lengths being
equal to 1.77, 1.91, and 1.91 Å, respectively. Then, the roles of
Sil and Sir exchange. As the O–Sir distance increases, the O–Sil
distance progressively decreases to reach the value pertaining
to a twofold-coordinated O atom. From �O

∼= 22◦ and until
�O

∼= 30◦, the O–Sir distance reaches a plateau at ∼2.6 Å.
In the final part of the diffusion process, the O–Sir increases
again at a faster rate and reaches the final value of 2.93 Å in
the new equilibrium position.

The diffusion process can also be followed by monitoring
the Si–Si distances. The Sic–Sil and Sic–Sir distances undergo
only gradual changes until �O

∼= 22◦. The Sic–Sil distance is
found to increase continuously from 2.33 to 2.69 Å, whereas
the Sic–Sir distance first decreases from 3.21 to 3.14 Å at �O

∼=
−15◦ and then increases to 3.50 Å at �O

∼= 22◦. From �O
∼=

22◦ and until �O
∼= 30◦, the roles of Sil and Sir exchange.

The Sic–Sir distance decreases strongly to 2.44 Å, whereas the
Sic–Sil distance increases strongly to 3.10 Å. At �O

∼= 26◦,
the Sic–Sil and Sic–Sir distances are equal.

This analysis shows that the exchange between O-Si
distances and Si–Si distances occurs at different �O. This
indicates that the transition cannot be understood exclusively
in terms of the formation and breaking of Si–O bonds. More
surprisingly, the value of �O for which the transition barrier
is obtained coincides with that of the exchange of the Si–Si
distances.

B. Description in terms of Wannier centers

A purely structural analysis of the diffusion path does not
account explicitly for the evolution of the electronic structure
during the transition. Deeper insight can be achieved by focus-
ing on the centers of maximally localized Wannier functions
which carry information about the electronic structure in a
compact form [46]. We thus calculate the positions of the
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FIG. 7. (Color online) Evolution of the distances of the relevant
Wannier-function centers with respect to (a) the O atom and (b) the
central Si atom (Sic), as obtained with the NEB calculations based
on the PBE functional. In (a), one of the WFCs corresponds to a
lone pair throughout the transition (closed disks, red), while another
WFC remains associated to the Sic–O bond (squares, blue). One of
the remaining WFCs (triangles, green) first represents the bond to Sir,
but then evolves to a lone pair. The fourth WFC (open disks, black)
undergoes the opposite evolution from representing a lone pair to a
bond with Sil. In (b), one of the WFCs (disks, red) represents the
moving electrons in the process (cf. Fig. 8). The two WFCs (squares,
blue) representing the backbonds between Sic and the bulk Si atoms
are also shown. The fourth WFC corresponds to the Sic–O bond,
does not undergo any interesting variation [cf. curve with squares in
(a)], and is not shown. The vertical lines are defined in the caption
of Fig. 6.

Wannier function centers (WFCs) and study their evolution
through the transition.

In an unperturbed Si crystal, each Si–Si bond shows one
doubly occupied WFC in the middle of the bond. In SiO2,
in which each O atom forms two Si–O bonds, four doubly
occupied WFCs are located around each O atom. Two of those
are responsible for the bond formation with the neighboring
Si atoms, while the other two correspond to the lone pairs of
the O atom.

Figure 7(a) shows the distances between the O atom and its
neighboring WFCs. When the O atom is twofold coordinated
there are two WFCs representing lone pairs. At �O

∼= −11◦,
the distance between one of these WFCs and the O atom
starts increasing as the bond between O and Sil gradually
forms. This can be interpreted as a mark leading to the
formation of a threefold-coordinated O atom. Indeed, the
WFC corresponding to the Sir–O bond concurrently reduces
its distance to the O atom. At �O

∼= 13◦, a crossing is observed
between the distances of these two WFCs. This configuration
occurs as the WFCs exchange their role and can be taken as the
signature of a threefold coordinated O atom within the Wannier
function description. We note that this signature occurs at a
higher value of �O than inferred from the structural point of
view in Fig. 6 (�O

∼= 13◦ vs �O
∼= 2◦). When �O > 25◦, there

are again two WFCs at distances typical of the lone pairs and
the O atom recovers a twofold coordination.

[110]

[001]

WFC
O

Sil

Sic

Sir

FIG. 8. (Color online) Transition path of the atoms and of the
Wannier function center pertaining to the Si–Si bond during the O
diffusion step. The large balls represent the initial positions. The small
black dots correspond to the ideal Si positions in the unperturbed
bulk. The beads on the path sequentially correspond to the images of
the nudged-elastic-band method. On each path, the large green bead
corresponds to the saddle point of the transition at �O

∼= 26◦.

There are four WFCs evolving around the central Si atom
(Sic). One of these corresponds to the Sic–O bond and is
constantly found in the vicinity of the O atom [blue squares
in Fig. 7(a)], as this bond is preserved during the transition
(Fig. 6). The distances at which the other three WFCs evolve
are shown in Fig. 7(b). Two of these WFCs represent the
backbonds that keep Sic attached to the bulk and undergo only
minor variations during the transition.

The most interesting evolution concerns the WFC associ-
ated with the bond between Sic and Sil which switches to the
bond between Sic and Sir as the transition proceeds. In the
initial and final equilibrium positions, this WFC represents
two electrons in a normal Si–Si bond. During the transition, it
undergoes large distance variations for small variations of �O,
from a minimal distance of 0.48 Å at �O

∼= 24.5◦ to a maximal
distance of 1.53 Å at �O

∼= 26.9◦. These important fluctuations
occur in correspondence of the Si–Si bond switching transition
and are associated with large Wannier-function spreads. For
instance, the Wannier function spread at �O

∼= 24.5◦ attains
a value which is more than three times larger than that of
a regular Si–Si bond. The transition path of this WFC is
displayed in Fig. 8 together with those of the nearby O and
Si atoms. One observes that the WFC of the Sic–Sil bond is
gradually pushed away as the O atom approaches and finally
flips to the other side as the Sic–Sir bond is formed.

C. Electronic-structure evolution

In this section, we complement the discussion about the
electronic-structure evolution by addressing the single-particle
energy levels as obtained with the HSE functional. The highest
occupied and the lowest unoccupied energy levels are shown
in Fig. 9 as the O atoms moves across the saddle point. At
the beginning of the diffusion process, the highest occupied
state essentially coincides with the valence band edge of the
unperturbed crystal. The character of this state corresponds to
that of bonding Si–Si orbitals. The Si–O bonds are found at
lower energies.

As the O moves across the saddle point, the highest
occupied state rises up to 0.48 eV in the band gap. As it
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FIG. 9. (Color online) Highest occupied and lowest unoccupied
single-particle energy levels as obtained with the HSE functional
during the transition. The horizontal lines indicate the valence
band edge (Ev) and the conduction band edge (Ec), respectively.
The occupied dangling bond (DB full) is localized on Sic, while
the unoccupied dangling bond (DB empty) is localized on Sir. The
vertical lines are defined in the caption of Fig. 6.

separates from the valence band, the associated orbital local-
izes and becomes a doubly occupied dangling bond located
at Sic, in accord with the Wannier function analysis in Fig. 8.
After the crossing involving the Sic–Sil and Sic–Sir distances
at �O

∼= 26◦, the dangling bond recovers a Si–Si bonding
character and its single-particle energy level returns to the
valence band edge.

Further insight into the electronic behavior can be acquired
by inspection of the single-particle orbitals. Figure 10 shows
the orbitals of the highest occupied and lowest unoccupied
states for four selected atomic configurations occurring during
the transition. When �O

∼= −40◦, the atoms occupy the
equilibrium configuration [Fig. 10(a)]. In this configuration,

(a) ΘO ≈ −40◦ (b) ΘO ≈ 0◦

(c) ΘO ≈ 23◦ (d) ΘO ≈ 26◦

FIG. 10. (Color online) Highest occupied (dark shade, black) and
lowest unoccupied (light shade, orange) single-particle orbitals at
selected �O during the transition. The red and blue balls represents
the O atom and its neighboring Si atoms, respectively.

the highest occupied state is delocalized and is not visualized
in our description. At variance, the lowest unoccupied state
localizes on the two Si neighbors of the O atom and shows an
antibonding character. At �O

∼= 0◦, the O atom has become
threefold coordinated [Fig. 10(b)]. In this configuration, the
charge density of the highest occupied state corresponding
to the Si–Si bond has moved towards Sic, in accord with
the position of the associated WFC (cf. Fig. 8). The lowest
unoccupied state is also localized, but appears distributed
over all four atoms. At �O

∼= 23◦, the O atom has already
exchanged its neighbors while the Sic–Sir is still to be formed
[Fig. 10(c)]. This configuration corresponds to the image with
the second-highest energy in Fig. 2 and is thus very close
to the saddle point. One notices that the charge density of
the highest occupied state around Sic has localized further,
consistent with the formation of a doubly occupied dangling
bond. The weight of the lowest unoccupied state is mostly
localized around Sir and can be interpreted as an empty
dangling bond. Figure 10(d) corresponds to the first NEB
image after the energy maximum (�O

∼= 26◦). The charge
density of the highest occupied state has moved towards the
midpoint between Sic and Sir, indicating the formation of the
new bond. The lowest unoccupied state also localizes around
Sic and Sir, as expected for the antibonding state associated
with the Sic–Sir bond.

IV. CONCLUSION

We studied the elementary diffusion step of a single
interstitial O atom in bulk silicon when hopping from one
bond-center site to an adjacent one in a (110) plane within an
approach based on semilocal and hybrid density functionals.
First, we obtained a detailed description of the minimum
energy path using the nudged elastic band method. Upon
careful convergence studies with the size of the supercell,
we obtained for the transition barrier best estimates of 2.3
and 2.7 eV in the generalized gradient approximation (PBE)
and in the hybrid functional scheme (HSE), respectively. Both
estimates show a fair agreement with the commonly accepted
experimental value of 2.53 eV [13,19,20]. Thus, the identified
elemental diffusion step accounts sufficiently well for the
long-range diffusion without the necessity of invoking peculiar
mechanisms [21] or multiple paths [24].

Our study gives a saddle point that does not occur at
the midpoint between the bond-center sites. We find that the
achieved saddle point is lower in energy by only about 0.1 eV
when compared with the symmetric Y-lid configuration
consisting of a threefold coordinated O atom, which was
often identified as the transition state in previous studies.
In particular, we showed that the pattern of displacements
extending up to the shell of second nearest neighbor Si atoms
lies at the origin of the asymmetric minimum energy path found
in our nudged elastic band calculations. The present result
qualitatively reconciles the density-functional result with that
obtained previously with classical interaction potentials [23].
All previous density functional studies [14,21–26] have been
unable to reach such a description, most likely because
of the difficulty of properly describing the transition path
in a computationally demanding scheme. This difficulty is
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FIG. 11. Schematic evolution of the atomic positions and the electronic states as the O atoms moves across the transition. Each stick
represents two electrons.

overcome in the present study through the use of a sufficiently
large number of images in the nudged-elastic-band method.

We then analyzed the underlying atomistic mechanism
studying the evolution of the atomic and electronic structure
across the transition. This analysis revealed a mechanism
which is schematically represented in Fig. 11. Up to �O

∼=
−12◦, the O atom is twofold coordinated and all Si atoms are
fourfold coordinated. Then, for −12 < �O < 12, the O atom
moves and forms an extra bond with Sil. The oxygen atom
becomes thus threefold coordinated while Sil is momentarily
fivefold coordinated. The other two Si atoms remain regularly
coordinated. Between �O

∼= 22◦ and �O
∼= 26◦, the O atom

becomes twofold coordinated leaving an unoccupied dangling
bond on Sir. Sil is still fivefold coordinated but the charge
density in the Sic–Sil bond progressively displaces towards
Sic. At �O

∼= 26◦, the bond between Sil and Sic breaks and the
electrons originating from this bond condensate in a doubly
occupied dangling bond on Sic. This corresponds to the saddle
point in the transition energy profile. The transition completes
by the dangling bond flipping around Sic and building up the
charge density in the Sic–Sir bond.

This analysis reveals a peculiar mechanism by which the
diffusion process can be separated in two distinct parts.
One part concerns the exchange of the Si atoms within the
first-neighbor shell of the diffusing O atom. The other part
corresponds to the flipping of the Si–Si bond from its initial to
its final position. The occurence of these two parts allows us to
rationalize the underlying structure observed in the calculated
transition energy profile (cf. Fig. 2). The wide barrier which
dominates the transition energy profile mainly arises from
the formation of the threefold coordinated O center, whereas
the narrow peak occurring at �O

∼= 26◦ corresponds to the
formation of occupied and unoccupied dangling bonds upon
the flipping of the Si–Si bond.
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