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Abstract The formation of VO (A-center), VV and VO,
defects in irradiated Czochralski-grown silicon (Si) is of
technological importance. Recent theoretical studies have
examined the formation and charge states of the A-center
in detail. Here we use density functional theory employing
hybrid functionals to analyze the formation of VV and VO,
defects. The formation energy as a function of the Fermi
energy is calculated for all possible charge states. For the
VV and VO, defects double negatively charged and neutral
states dominate, respectively.

1 Introduction

Si is not only a key material for a range of nanoelectronic,
photovoltaic, and sensor devices but also a model system
for developing understanding of point defects and defect
processes in other semiconductors. In particular, under-
standing of many defect processes, which can dominate the
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material and devices properties on the nanoscale, is limited
[1-5]. The A-center is the archetypal O-related defect in
Czochralski-grown Si (Cz-Si), having been characterized
with numerous experimental techniques over the past
50 years. In Cz-Si an important impurity is O as it is
introduced in high concentrations during the crystal
growth. These O interstitials associate with vacancies
(V) to form VO pairs [6, 7]. As A-centers are both elec-
trically and optically active, it is technologically important
to limit their formation. For example, A-centers can
influence Si-based imaging and spectroscopy sensors
(complementary metal-oxide—semiconductor sensors and
charge-coupled device sensors) in space. The radiation in
space in fact enhances the formation of A-centers, because
high-energy particles (such as electrons, protons, neutrons,
ions, and y-rays) cause lattice displacements giving rise to
a supersaturation of vacancies. The vacancies in turn dif-
fuse through the lattice binding with O to yield A-centers,
which are effective traps with deleterious impact on the
device performance. In previous studies defect engineering
strategies have been proposed including the introduction of
large isovalent impurities [8]. From a theoretical point of
view, recent state-of-the-art hybrid density functional the-
ory (DFT) studies by Wang et al. [9, 10] have determined
binding, formation and electronic structure details of VO
defects in Si.

Divacancies are among the most prominent defects in
irradiated Si and active recombination centers [11, 12] with
a large influence on the carrier lifetime (an important
parameter for the ideal operation of devices). The VV defect
is formed in the course of irradiation either directly by the
simultaneous displacement of two Si atoms at adjacent lat-
tice sites or by the agglomeration of two single vacancies. It
is the most prominent intrinsic defect in Si, since it is stable
at room temperature in contrast to the monovacancy, which
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is very mobile even at relatively low temperatures. Tech-
nological importance of oxygen-vacancy defects also results
from the thermal evolution of larger V,,0, clusters. VO, is
the main defect formed upon annealing of A-centers at
temperatures of 300—400 °C. It has been proposed [13] that
VO, plays an important role in O precipitation processes in
irradiated Si, acting as nucleation species. It is formed by
interaction of the migrating VO pair with an interstitial O
atom. The aim of the present study is to employ hybrid DFT
to investigate the formation energies of the VV and VO,
defects for all reasonable charge states. The results are dis-
cussed in view of recent experimental evidence.

2 Methodology

All calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) [14] with pseudopotentials
generated by the projector augmented wave method [15]. A
2 x 2 x 2 supercell containing 64 Si atoms is used with a
3 x 3 x 3 k-point mesh within the Monkhorst—Pack
scheme [16] and the cutoff energy for the plane waves is
set to 400 eV. The lattice constant of Si is optimized by the
PBEsol [17] functional, giving results very close to those
obtained by screened hybrid functional calculations [18-
20]. A Gaussian smearing with a width of 0.05 eV is used.
For each charged defect the lattice constant is kept at the
value of pristine Si and the atomic positions are relaxed
until the forces on all atoms amount to <0.01 eV/A. The
optimized structures are then used in Heyd—Scuseria—Ern-
zerhof calculations with Perdew—Burke-Ernzerhof local
term and a screening parameter of p = 0.206 A~'. The
correction approach by Freysoldt et al. [21, 22] for finite
size supercell calculations is employed.
The formation energy of a defect is defined by [23].

AHp (. tty) = Epg — En + Znapy, +q i, (1)

where Ep, is the total energy of the defective cell with
charge ¢ and Ep is the total energy of the perfect cell.
Moreover, n, represents the numbers of atoms introduced
or removed from the defective cell and p, their chemical
potentials. The Fermi energy is denoted as p, and is
measured from the valence band maximum (VBM), with
values in the band gap (Evgm < fte < Evem + Egqp)- The
chemical potential of O is calculated using quartz SiO,.
While experiment can provide information on the thermal
stability and formation of defect clusters, DFT can act
synergistically by providing the binding energies.

Eb = Edeféct cluster — Z‘Eisolaled defects - (2)

Negative binding energies imply that a cluster is energet-
ically favorable with respect to its components.

3 Results and discussion

Formation energies obtained for the VV defect show that
the —2 charge state is favorable in almost the entire Fermi
energy range, see Fig. 1 (left column). For very low Fermi
energies the neutral and negatively charged states are
competitive, whereas positively charges states have no
significance. From an experimental point of view the VV
defect appears in four charge states (41, 0, —1, and —2)
[24] and introduces [25-27] in the band gap three deep
energy levels: a donor level at about E,—0.19 eV, related
to the transition (4/0), and two acceptor levels at about
E.—0.42 and E.—0.23 eV, related to the transitions (—/0)
and (——/—), respectively. Infrared spectroscopy revealed
[28-32] three major peaks at 3.9, 3.6 and 1.8 pum related to
the VV defect. The 3.9 um peak is attributed to electronic
excitation between the valence band and states of the VV
defect of charge —2, the 1.8 um peak to an internal tran-
sition within the neutral VV defect, and the 3.6 um peak to
the VV defect of charge —1. This reflects consistency
between the present hybrid DFT results and the experi-
mental situation regarding the formation of the 0, —1, and
—2 charge states of the VV defect.

For the VO, defect the charge neutral state is preferred
for the whole Fermi energy range, see Fig. 1 (left column).
This is consistent with the structure and the experimental
evidence associated with VO,. In particular, the VO, defect
comprises two O atoms (equivalent within its structure)
that bridge all four dangling bonds of the Si vacancy and
therefore is electrically inactive. There is no experimental
evidence for electronic levels in the band gap of Si asso-
ciated with the VO, defect. For completeness, there is
experimental evidence [33, 34] of another defect configu-
ration in which only one O atom occupies the vacancy site,
whereas the second O atom is in a back bond position. An
acceptor level at E.—0.05 eV was assigned to this case.

Total DOSs of pristine Si and the two defects are shown
in the right column of Fig. 1. For the VV defect the filled
area indicates six electrons, as required to saturate the six
dangling electrons of the two vacancies. The two unpaired
electrons correspond to the sharp peak seen in the figure
just below the Fermi energy. The calculated formation
energies indicate that the VV defect would like to accept
two electrons to saturate the two unpaired electrons rather
than to donate them. In the VO, defect all dangling bonds
are saturated by O interstitials so that this defect neither
prefers to accept nor to donate electrons.

Table 1 reports the calculated binding energies from
Eq. (2). In previous hybrid DFT work [9] it was found that
the VO defect has a binding energy of —2.21 eV, which is
the energy of the association of the V to the interstitial O.
The association of two V to form a VV defect results in a
binding energy of —2.52 eV. For the VO defect to trap an
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Table 1 DFT derived binding energies (eV) of the VO, VV and VO, Acknowledgments Research reported in this publication was sup-

defects in Si

Reaction Binding energy
V+0 - VO —2.21%
V4V VY —2.52
VO + 0 - VO, —1.83

4 Reference [10]

interstitial O atom the binding energy is —1.83 eV. The
calculated high binding energies are reflected by the
experimental result that the defects form in considerable
concentrations in Si. Indeed, the main species identified by
Fourier transform infrared spectroscopy up to 450 °C are
VO, VV, and VO, [35, 36].

4 Summary

Using hybrid DFT, we have calculated the DOS, formation
energies and binding energies of the VV and VO, defects in
Si. We have demonstrated consistency between the
numerical results and the experimentally determined
charge states of both defects. The calculations suggest that
the neutral VO, defect will be prevalent for any Fermi
energy, whereas the —2 charged VV defect will be ener-
getically favorable for most values of the Fermi energy (at
low Fermi energy the neutral and —1 charged VV defects
are competitive). The binding energies for two V to form a
VV defect and for the VO defect to trap an interstitial O
atom amount to —2.52 and —1.83 eV, respectively.

@ Springer

ported by the King Abdullah University of Science and Technology
(KAUST).

References

1. S. Takeuchi, Y. Shimura, O. Nakatsuka, S. Zaima, M. Ogawa, A.
Sakai, Appl. Phys. Lett. 92, 231916 (2008)

2. G. Impellizzeri, S. Boninelli, F. Priolo, E. Napolitani, C. Spinella,
A. Chroneos, H. Bracht, J. Appl. Phys. 109, 113527 (2011)

3. E. Kamiyama, K. Sueoka, J. Vanhellemont, J. Appl. Phys. 111,
083507 (2012)

4. H. Tahini, A. Chroneos, R.W. Grimes, U. Schwingenschlogl, A.
Dimoulas, J. Phys.: Condens. Mat. 24, 195802 (2012)

5. C. Gao, X. Ma, J. Zhao, D. Yang, J. Appl. Phys. 113, 093511
(2013)

6. E.N. Sgourou, D. Timerkaeva, C.A. Londos, D. Aliprantis, A.
Chroneous, D. Caliste, P. Pochet, J. Appl. Phys. 113, 113506
(2013)

7. G. Davies, R.C. Newman, in Handbook of Semiconductors, vol.
3, ed. by S. Mahajan (Elsevier, Amsterdam, 1994), p. 1557

8. A. Chroneos, C.A. Londos, E.N. Sgourou, P. Pochet, Appl. Phys.
Lett. 99, 241901 (2011)

9. H. Wang, A. Chroneos, C.A. Londos, E.N. Sgourou, U.
Schwingenschlogl, Appl. Phys. Lett. 103, 052101 (2013)

10. H. Wang, A. Chroneos, C.A. Londos, E.N. Sgourou, U.
Schwingenschlogl, Phys. Chem. Phys. 16, 8487 (2014)

11. S.D. Brotherton, P. Bradley, J. Appl. Phys. 53, 5720 (1982)

12. A. Hallen, N. Keskitalo, F. Masszi, V. Nagl, J. Appl. Phys.
3906 (1996)

13. V.V. Voronkov, R. Falster, J. Electrochem. Soc. 149, G167
(2002)

14. G. Kresse, D. Joubert, Phys. Rev. B 59, 1758 (1999)

15. P.E. Blochl, Phys. Rev. B 50, 17953 (1994)

16. H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13, 5188 (1972)

79,



J Mater Sci: Mater Electron (2015) 26:1568-1571

1571

17.

18.
19.
20.
21.
22.
23.
24.

25.
26.

J.P. Perdew, A. Ruzsinszky, G.I. Csonka, O.A. Vydrov, G.E.
Scuseria, L.A. Constantin, X. Zhou, K. Burke, Phys. Rev. Lett.
100, 136406 (2008)

J. Heyd, G.E. Scuseria, M. Ernzerhof, J. Chem. Phys. 118, 8207
(2003)

L. Schimka, J. Harl, G. Kresse, J. Chem. Phys. 134, 024116
(2011)

T.M. Henderson, J. Paier, G.E. Scuseria, Phys. Status Solidi B
248, 767 (2011)

C. Freysoldt, J. Neugebauer, C.G. van de Walle, Phys. Rev. Lett.
102, 016402 (2009)

C. Freysoldt, J. Neugebauer, C.G. van de Walle, Phys. Status
Solidi B 248, 1067 (2011)

S. Lany, A. Zunger, Phys. Rev. B 78, 235104 (2008)

Y.H. Lee, J.W. Corbett, Phys. Rev. B 13, 2653 (1976)

G.D. Watkins, J.W. Corbett, Phys. Rev. 138, A543 (1965)

L. C. Kimerling, Radiation Effects in Semiconductors 1976 (Inst.
Phys. Conf. Series 31) ed. by N. B. Urli, J. W. Corbett (Bristol,
Institute of Physics Publishing, 1977) p. 221

27.
28.
29.
30.
31.
32.
33.

34.

35.

36.

B.G. Svensson, B. Mohadjeri, A. Hallen, J.H. Svensson, J.W.
Corbett, Phys. Rev. B 43, 2292 (1991)

L.J. Cheng, J.C. Corelli, J.W. Corbett, G.D. Watkins, Phys. Rev.
152, B761 (1966)

J.H. Svensson, B.G. Svensson, B. Monemar, Phys. Rev. B 38,
4192 (1988)

F. Carton-Merlet, B. Pajot, D.T. Don, C. Porte, C. Clertjaaud,
P.M. Mooney, J. Phys. C 15, 2239 (1982)

R.C. Young, J.C. Corelli, Phys. Rev. B §, 1455 (1972)

L.J. Cheng, P. Vajda, Phys. Rev. 186, B§16 (1969)

J.L. Lindstrom, L.I. Murin, B.G. Svensson, V.P. Markevich, T.
Hallberg, Phys. B 340-342, 509 (2003)

L.I. Murin, J.L. Lindstrom, V.P. Markevich, I.LF. Medvedeva,
V.J.B. Torres, J. Coutinho, R. Jones, P.R. Briddon, Solid State
Phenom. 108-109, 223 (2005)

A. Chroneos, C.A. Londos, E.N. Sgourou, J. Appl. Phys. 110,
093507 (2011)

C.A. Londos, L.G. Fytros, G. Georgiou, Defect Diffus Forum
171-172, 1 (1999)

@ Springer



	VV and VO2 defects in silicon studied with hybrid density functional theory
	Abstract
	Introduction
	Methodology
	Results and discussion
	Summary
	Acknowledgments
	References


