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insight in the interaction of phosphorous with oxygen interstitials and vacancies in silicon. It recently has
been proposed, based on a binding energy analysis, that phosphorous–vacancy–oxygen defects may
form. In the present study we investigate the stability of this defect as a function of the Fermi energy
for the possible charge states. Spin polarization is found to be essential for the charge neutral defect.
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I

Introduction

Silicon (Si) is a mainstream material used in many microelectronic, photovoltaic, and sensor devices. Even though there
have been intensive studies of the defect processes in Si for
more than ve decades, there are still defect–dopant associations that are not well understood.1–5 Those can be essential
considering that the dimensions of devices can be only a few
nanometers with atomic eﬀects becoming more and more
important. Oxygen (O) and phosphorous (P) are key defects in
Si. Their tendency to associate with lattice vacancies (V) leads to
the well known A-centers (V + Oi / VOi, where Oi denotes
interstitial O) and E-centers (P + V / PV) which inuence the
properties of Si.6
The formation of A-centers and E-centers is of particular
importance for Si-based imaging and spectroscopy sensors used
in space, most specically in charge-coupled device and
complementary metal–oxide–semiconductor sensors. As the
scientic goals of space missions, such as the visible light
instruments on the future Euclid7 and Gaia8 missions, increase
in complexity, the requirements on the precision of the sensors
on board become increasingly demanding and the interaction
with the radiation environment therefore increasingly important. High energy protons of the space radiation cause lattice
displacement damage, giving rise to a supersaturation of Vs.
When these Vs diﬀuse through the lattice and encounter P or Oi
atoms they form stable E-centers and A-centers, respectively.
The presence of such centers, known as traps, can impact the
device performance and cause a smearing of the images
produced. An understanding of the properties is necessary to
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improve devices through design as well as for the application of
appropriate image correction algorithms, such as those
employed on the Hubble space telescope and those due to be
used for Gaia.9,10
Interestingly, in a recent study based on density functional
theory it has been proposed that it is energetically favorable to
form phosphorous–vacancy–oxygen (PVOi) defects in Si.11 In the
following we therefore investigate the binding, ionization, and
formation energies of the PVOi defect with respect to the Fermi
energy for the possible charge states.

II

Methodology

The Vienna ab initio simulation package12 is used, where the
pseudopotentials are generated by the projector augmented
wave method.13 The defect structure is constructed based on a
2  2  2 supercell that contains 64 Si atoms. A 3  3  3
Monkhorst–Pack14 type k-mesh is used and the cutoﬀ energy for
the plane waves is set to 400 eV. The supercell size, k-mesh, and
cutoﬀ energy have been checked to yield accurate results. The
lattice constant of pure Si is optimized by the PBEsol15 functional. This procedure is as accurate as calculations using the
hybrid Heyd, Scuseria, and Ernzerhof (HSE) functional.16,17 For
each defect and charge state, the lattice parameters are kept
constant (that of pure Si) and the atomic positions are relaxed
for the forces on all atoms to decline below 0.01 eV Å1. Then
the optimized structures are used for the HSE calculations with
the screening parameter m ¼ 2.06 Å1. The local part of the HSE
functional is evaluated using the Perdew–Burke–Ernzerhof
functional.18 Finally, we apply the correction approach developed by Freysoldt et al.19,20 on our nite size supercell calculations to eliminate interaction between the charged defects, i.e.,
to treat them as isolated. The dielectric constant of Si entering
the correction approach is taken from ref. 21.
The formation energies of the neutral and charged PV and
PVOi defects can be calculated using the relation22
X
DED;q ðme ; ma Þ ¼ ED;q  EH þ
na ma þ qme
(1)
a
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where ED,q is the total energy of the defective cell with charge q
and EH is the total energy of the perfect cell. Moreover, na
represents the numbers of atoms added to or removed from the
defective cell and ma corresponds to their chemical potentials.
Finally, me is the Fermi energy, which is measured from the top
of the valence band maximum (VBM) and has values in the band
gap: EVBM # me # EVBM + Eg. The O chemical potential is
calculated using a-quartz SiO2 as (E(SiO2)  3mSi)/6.
To investigate the energetics of point defect association and
cluster formation it is useful to calculate the binding energies of
the clusters. For example, the binding energy of a substitutional
P atom, an Oi atom, and a V to form a PVOi cluster in Si is
given by
Eb(PVOiSiN2) ¼ E(PVOiSiN2)  E(PSiN1)  E(OiSiN)
 E(VSiN1) + 2E(SiN)
(2)
where E(PVOiSiN2) is the energy of a N atom supercell (here N ¼
64) containing N  2 Si atoms, one P atom, one Oi atom, and
one V. Furthermore, E(PSiN1) is the energy of a supercell with
one P atom and N  1 Si atoms, E(OiSiN) is the energy of a
supercell with one Oi atom and N Si atoms, E(VSiN1) is the
energy of a supercell with one V and N  1 Si atoms, and E(SiN) is
the energy of a supercell with N Si atoms. Therefore, a negative
binding energy corresponds to a defect cluster that is stable
with respect to its point defect components.

III

Results and discussion

In previous ab initio calculations11 it was found that the energetically favorable PVOi defect in Si has the V in the middle
between the P substitutional atom and the Oi (refer also to
Fig. 1(g) of ref. 11). In that work next nearest neighbor
arrangements were also studied but were deemed to be less
favorable. The PVOi defect can be formed when an A-center
encounters a P substitutional atom (VOi + P / PVOi) or when a
PV pair encounters an Oi atom (PV + Oi / PVOi). It is important
to identify the dominant charge states of the PVOi defect for
diﬀerent doping conditions. For the PBEsol functional, the total
energy of the PV charge neutral state is lowered by less than
0.001 eV under spin polarization as compared to the spin
degenerate case. However, spin polarization is more important
for the PVOi charge neutral state due to a total energy decrease
of 0.04 eV. Other charge states of the PV and the PVOi defects are
found to be not sensitive to spin polarization. Hence, a spin
polarized HSE calculation is only employed for the PVOi0 defect.
Fig. 1 presents the formation energies of the PV and the PVOi
defects, with respect to the Fermi energy, for various charge
states. From Fig. 1(b) it is deduced that the PVOi+1 defect
dominates up to a Fermi energy of 0.17 eV, above which the
PVOi0 defect dominates up to 0.69 eV, above which the PVOi1
defect dominates. Finally, above a Fermi energy of 1.02 eV the
PVOi2 defect is most stable, but only by a small amount of
energy. Note that the formation energy of the PVOi0 defect is
obtained by a spin polarized calculation.
We subsequently consider the PV defect for comparison with
the PVOi defect. The PV+1 defect dominates up to a Fermi energy
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Fig. 1 Formation energies of the (a) PV and (b) PVOi defects, with respect to the
Fermi energy.

Table 1

Ionization energies (in eV) for the PV and PVOi defects

Ionization energy

PV

PVOi

(++/0)
(+/0)
(0/)
(0/)
(/)
(+/)
(+/)
(++/)
(++/)

—
0.16
0.17
0.21
0.24
0.17
0.19
—
0.02

—
0.17
0.69
0.85
1.02
0.43
0.63
0.18
0.39

of 0.16 eV. Then the PV0 defect is prevalent but only for a small
range up to 0.17 eV, followed by the negatively charged states
PV1 (up to 0.24 eV) and PV2. For a Fermi energy in the range
from 0.15 eV to 0.17 eV the formation energies of the PV2,
PV1, PV0, and PV+1 defects are close. The ionization energies of
the PV and PVOi defects are summarized in Table 1.
The binding energies (refer to eqn (2)) of the PVOi1, PVOi0,
and PVOi+1 defects are 2.82 eV, 3.80 eV, and 2.86 eV,
respectively. The equivalent binding energies of the PV1, PV0,
and PV+1 defects are 1.05 eV, 1.57 eV, and 0.74 eV,
respectively. These diﬀerences of the binding energies are due
to the formation of the O interstitial. Note that the latter is
assumed to be charge neutral. Furthermore, the diﬀerence
E(PVOi)  E(PV) deviates from the O chemical potential calculated using a-quartz SiO2 by 0.31 eV, which suggests that the
interaction between PV and Oi is stronger than that between O
and Si in a-quartz SiO2.
In Fig. 2 the shaded and unshaded densities of states (DOSs)
indicate that the band gap of pure Si obtained by the HSE
calculation is about 1.05 eV, which is in good agreement with
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Fig. 2 Total DOSs of pure Si (gray) and Si with PVOi cluster (red). The occupied
states of pure Si are shaded. The Fermi energy of the PVOi cluster is shown by a
dotted line.

the experimental value of 1.17.23 The spin degenerate DOS
shows that the defect state of the PVOi0 cluster is half occupied,
see the middle of the band gap, which causes the valence band
to be located at a lower energy than in pure Si. However, the
conduction band is rather close to that of pure Si. The defect
state is contributed by all the atoms around the PVOi0 cluster. It
is empty for PVOi+1 and fully occupied for PVOi1. The energetical positions of the valence and conduction bands remain
similar for the diﬀerent charge states of the PVOi cluster, but the
defect state shis considerably. This is obvious for PVOi1,
where the energy gap between the defect state and the
conduction band becomes small and the lower energy gap is
enlarged. Fig. 1 illustrates that PVOi+1 and PVOi1 dominate at
low and high electron chemical potentials, respectively, which
demonstrates that the unoccupied defect state (PVOi+1) and the
fully occupied defect state (PVOi1) are rather stable.
The peak at the Fermi level of PVOi0, as shown in Fig. 2,
indicates that the spin degenerate scenario is unstable. Therefore, the spin polarized DOS of PVOi0 is presented in Fig. 3(a).
The defect states split such that the total energy is lowered by
0.28 eV. We observe that the occupied half of the defect state
merges to the valence band and the other half to the conduction
band. Thus, the band gap changes to be 0.67 eV. The Si atom
next to the V (having a dangling bond) shows a signicant
magnetic moment of 0.24 mB, while the moments of all other
atoms are negligible. Only if spin polarization is taken into
account the PVOi0 defect is low enough in energy to be favorable
against the +1 and 1 charge states in a certain Fermi energy
range (0.17 eV to 0.69 eV). Fig. 3(b) shows the DOSs of the P
atom, of the Si atoms with signicant magnetic moment, and of
O for the PVOi0 cluster. The P and Si DOSs are presented as
sums of the 2s and 2p states due to a strong s–p hybridization.
The defect state is located between 5.1 eV and 5.7 eV, where P
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Fig. 3 Spin polarized (a) total DOS and (b) partial P 2s + 2p, Si 2s + 2p, and O 2p
DOSs of Si with PVOi cluster.

and O have minor contributions, while Si dominates. This fact
indicates that the single dangling electron is well localized on
the Si site and does not interact with P and O. For this reason,
this Si atom has a relevant magnetic moment. When O is
introduced into the PV defect, the dangling bonds of two Si
atoms next to the V are eliminated. The DOS demonstrates a
strong P–O hybridization. In this situation, the dangling electron of the third Si atom adjacent to the V interacts little with
other atoms.
To explain why spin polarization is less important for the PV
than for the PVOi defect, we plot for the PV0 cluster the total DOS
and the partial DOSs of the P atom and of the three Si atoms

Fig. 4 (a) Total DOSs and (b) P 2s + 2p, Si 2s + 2p partial DOSs of atoms
surrounding the vacancy in Si with PV defect.
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electron is found to be well delocalized in the PV0 cluster.
Therefore, no spin polarization evolves in this case.
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Fig. 5 Charge density of (a) the (101) plane and (b) the (101)
plane in Si with PV
defect. Blue and red colors correspond to low and high charge density,
respectively.

around the V in Fig. 4. Integration of the total DOS from 5.3 eV
to the Fermi energy yields exactly one electron, almost equally
contributed by the three Si atoms, i.e., the electron is not
localized. Hence, the magnetic ordering in the PV cluster is
weak and introduction of spin polarization hardly lowers the
total energy. Since P gives only a very small contribution to the
defect states, the two dangling electrons should be delocalized
with low energy. The charge density maps depicted in Fig. 5 are
consistent with the DOS analysis. The (101) plane shows Si
chains and Si–Si bonds with high charge density. At the V the
charge densities of the two adjacent Si atoms are still slightly
connected. The distance between them amounts to 3.30 Å,
which is much smaller than the distance between two nextnearest neighbor Si atoms in a perfect chain (3.84 Å). The charge
01) plane shows the Si chains perpendicular to
density of the (1
the (101) plane. Le and right of the V, respectively, we observe a
Si and a P atom. This Si atom shows a connection of the charge
to the two Si in the (101) plane.
Finally, it is anticipated that the formation of the PVOi
defects will impact the diﬀusion of the VOi defects. In Si, the Acenter diﬀuses faster than the E-center and it is expected that
the formation of the very bound PVOi defects will retard the
diﬀusion of the A-center. There is no study discussing the
inuence of P on VOi diﬀusion, however, previous studies
established that the formation of highly bound clusters retard
the A-center and E-center diﬀusion in Si and Ge.24–28

IV

Summary

Electronic structure calculations have been employed to investigate the binding, ionization, and formation energies of PVOi
defects in comparison to PV defects in Si. The diﬀerence in the
stability between the two defects traces back to the interstitial
Oi, which increases the binding energy signicantly. The
calculations reveal that PVOi+1 dominates up to a Fermi energy
of 0.17 eV and PVOi1 above 0.69 eV. The state in between turns
out to be PVOi0 due to the spin polarization, whereas in a spin
degenerate calculation this state would not appear. Analysis of
the DOS demonstrates that the unoccupied defect state of
PVOi+1 and fully occupied defect state of PVOi1 are located
between the valence and conduction bands, with which they
merge in the case of PVOi0. The main part of the magnetic
moment obtained for PVOi0 results from the dangling bond of
the Si which is adjacent to the V. In addition, the dangling
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