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Vacancy defect complexes in silicon: Charges and spin order
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We investigate the interaction between charges and spin order of the defect complex V6 in silicon. The
first-principles calculations predict spin resolved band splitting incurred by a neutral V6 yet with no net spin.
Therefore, any shift of Fermi level can trigger the spin polarization. Both s and p states contribute local moments
in the positively charged V6. The ferromagnetic coupling is only obtained between a positively charged V6 and
a neutral one. In silicon after neutron irradiation, magnetism is achieved even at room temperature. The 3s*3 p*
hybrid states of V6 are probably responsible for the observed long-range magnetic order. Our results unravel
the role of charged V6 in inducing magnetism and will be useful in understanding and further manipulating the
intrinsic properties of defect complexes in silicon and other semiconductors.
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As is well known, the integrated circuit has profoundly
affected all aspects of human beings, which makes silicon a
shining superstar among materials. In the silicon-based inte-
grated circuits, high carrier concentrations (n, > 10%° cm™3)
are required to provide a sufficient conductance in both the
drain and source areas [1]. One essential step in state-of-the-art
technologies to realize this aim is usually achieved by doping
or by ion implantation. Thus, the lattice defects of various
kinds produced in this process are unavoidable. Among lattice
defects, defect complexes are particularly striking due to their
variability and complexity. First-principles calculations have
predicted that forming D3V or D4V (D: donor, V: vacancy)
defects is exothermic [2] while forming DV or D2V is en-
dothermic [3]. They have been investigated experimentally by
combining positron lifetime, electron momentum distribution
measurements [4], and atomic-scale imaging [5] to understand
their electrical deactivation. Their formation mechanism has
further been explored by kinetic migration processes [6]. Then,
the formation of DV or D2V in highly Sb-doped silicon
films has been studied by both theoretical calculations and
experimental characterizations [7]. The stability of dopant-pair
defects in boron- and phosphorus-doped silicon nanowires has
also been investigated [8]. V6 of hexagonal ring constituted
by six silicon single vacancies has been revealed to be
remarkably stable, electrically inactive, virtually invisible,
and barely distorted, which often appears in irradiated or
ion implanted silicon [9,10]. Donor pair (DP) of two donors
without vacancy [11] as well as donor-pair-vacancy-interstitial
complexes [12] in highly n-doped silicon has also been
proposed.

The structural and energetic information along with the
electrical deactivation of these complexes has been well
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clarified. However, further investigation is still needed to fully
understand the influence of such intrinsic complexes on the
fundamental properties of silicon, such as, the magnetism.
Understanding the properties in silicon due to these lattice
defects is not only of great importance in evaluating the effects
on the materials’ and devices’ performance, but the explo-
ration of their potential applications is also expected. Herein
we theoretically predict and then experimentally verify the
interaction between charges and spin order of the V6 in silicon.
We employ first-principles calculations and demonstrate that
the neutral V6 has no net spin while any shift of Fermi level can
conduce to the spin polarization due to band splitting. Around a
positively charged V6, both s and p states of nearest-neighbor
silicon atoms are involved donating most of the magnetic
moments. The coupling between two positively charged V6s
is antiferromagnetic (AFM) while the ferromagnetic (FM)
coupling is achieved when V6s are partially positively charged.
The predictions are experimentally verified in silicon after
neutron irradiation. Magnetism can still be obtained at room
temperature (RT). The V6 concentration derived from the
predicted local moment value and magnetization is consistent
with that obtained from the measurements. The 3s5*3 p* hybrid
states of slightly positively charged V6 are assigned to be
responsible for the observed magnetism.

In Fig. 1(a) we calculated the density of phonon states
(DOPS). It confirms the dynamic stability of V6, as all
its phonon branches acquire positive frequencies and no
imaginary modes can be observed [13]. It is well consistent
with previous results in which it has been proved to be both
energetically and dynamically favored [9,10]. Figure 1(b)
shows that several extra energy bands emerge in the band
gap due to V6 appearance. The energies between bands
are relatively small, which makes V6 a candidate in the
study of qubit [14]. Band splitting is found due to spin
polarization in the electronic structure, while the net spin is
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FIG. 1. The DOPS (a) and the band structure (b) of a 144-atom
silicon supercell with a neutral V6. The inset shows the structure of
V6. The majority spin shows in pink and the minority in blue.

nearly zero (0.007 up). It is implied that the spin states are
occasionally fully occupied. If the Fermi level is shifted, the
spin polarization could be revealed.

We alter the charge number of the supercell to check
this effect. The difference of energy between spin-polarized
states and spin-unpolarized ones, coined as spin-polarization
energy, is estimated to be 11 meV for positively charged V6.
The calculated spin-resolved density of states (DOS) [see
Fig. 2(a)] manifests that each V6T yields a magnetic moment
of ~0.56 pup. The spin polarization between the minority-spin
and majority-spin states induced by V6 incurs a 104 meV
splitting. The partial DOS shows that the local moments near
the Fermi level mainly originate from p states as shown in
Fig. 2(b). Different from the previous understanding [15,16],
some s states are also involved in the formation of the moments
around the bottom of the conduction band. This could be
understood as that the sp3 bonding orbitals almost remain
intact because the distortion brought by V6 is rather weak
[9,10].

Figure 3(a) displays the charge density isosurface for the
144-atom silicon supercell with a V6™, It indicates that the
magnetic moments are mostly brought by the nearest-neighbor
silicon atoms of V6. Similar calculated results have been
obtained in vacancy-including carbides [17] and nitrides [18].
However, in this case, the spin for half of the nearest-neighbor
silicon atoms (6 out of 12) is up and the rest is down.
Figures 3(b) and 3(c) provide a manifestation that the value of
up spin on each atom is larger than that of down spin, which
is similar to the ferrimagnetic order. This can be attributed to
the increase of the nearest-neighbor atoms and the influence to
the symmetry due to the complexity of V6. In the current area
of defect-induced magnetism, the behavior of V6™ is unique
and representative.
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FIG. 2. Total (a) and partial (b) spin-resolved DOS of a 144-atom
silicon supercell with a V6™.

Another supercell was built by putting two 144-atom
supercells side by side to investigate the coupling (FM or
AFM) between the local moments of V6. With the nearest-
neighbor Heisenberg model, the coupling strength can be
gained via the energy difference between the AFM and FM
phases Eapmar — Epv = 4J4, 8% and Eapme — Epv = 4J.57,
in which Egyv, Eapmapn, and Eapmce are the total energies of
FM, AFM in a-b plane and AFM along ¢ axis configurations,
respectively; J,; and J, are designated for the nearest-neighbor
exchange interaction in and out of a-b plane, while S is
assigned to represent the net spin originated from defects,
0.56 up per V6 in this case. A negative J indicates that the
coupling is AFM or otherwise FM. The magnetic configuration
of V6T sis checkerboard antiferromagnetism with J,;, of —14.6
meV and J, of 55.5 meV, respectively. We further consider the
situation of partially positively charged V6s. The equivalent
spin-polarization energy is largely increased from 11 to around
37 meV, which manifests the spin-polarized state stable above
RT. The exchange interactions J,, and J. are 238 and 224
meV, so partially charged V6 favors the FM ordering. The
previous works have indicated that the V6 defect is electrically
inactive [9,10]. No net spin emerges in the neutral V6, while
the charged ones are spin polarized but not easily obtained. If
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FIG. 3. (a) Spin resolved isosurface charge density plot in dark
green of a 144-atom silicon supercell with a V6T (isovalue is
0.01e/ A3), demonstrating both the localized and the extended states
due to the defect. (b) and (c) Isosurface charge density slices across
two vacancies in V6 and four of its nearest-neighbor silicon atoms on
(110) to show the up spin (b) and down spin (c) distribution. Legend is
in unit of e/ A3. Non-nearest neighbor, the first class nearest neighbor
and the second class nearest neighbor silicon atoms are shown in
yellow (Si), green (Sil), purple (Si2), and vacancy sites (Vg;) in gray,
respectively.

only partially charging is required, the expected magnetism is
possibly achieved.

Silicon after neutron irradiation (as illustrated in the left
inset of Fig. 4) provides a well-defined system to induce V6s
and verify the predictions from the first-principles calculations
[19]. After neutron irradiation, the crystal structure of the
irradiated silicon samples was characterized by using Raman
spectroscopy demonstrated in Fig. 4. The Raman spectra for
irradiated silicon with varying fluences are almost coincident
with that of the pristine one, indicating that the lattice is not
significantly damaged. More details in the right inset of Fig. 4,
in which the peak position (left axis) and full width at half
maximum (FWHM, right axis) as a function of the irradiation
fluence, yet cannot provide the evidence to prove the possible
damage induced by irradiation. The explanation may lay on the
relatively small scattering cross section of silicon to neutron,
which may lower the efficiency of neutrons to create defects
[20]. As Raman merely detects the signal from the surface,
another possibility is that defects only distribute in the bulk.
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FIG. 4. Raman spectra for the irradiated and pristine silicon. Left
inset: Schematic illustration of neutron irradiating silicon process.
Right inset: The peak position and FWHM dependence of neutron
irradiation fluence.

To probe the defect types and concentrations, positron
annihilation lifetime spectroscopy measurements on irradiated
silicon pieces were carried out. It is well accepted that it is a
useful nondestructive experimental technique to gain informa-
tion about the defects in solid state materials with ppm-level
detection sensitivity [21-23]. Herein a sandwiched structure
of the sample-source-sample in the form as ‘“as-irradiated
silicon wafer/*?Na source/as-irradiated silicon wafer” (the
initial maximum energy of positrons is about 0.54 MeV)
was utilized in a fast-slow coincidence ORTEC system with a
time resolution of ~195 ps. To minimize the influence of the
statistical error during the measurement of lifetimes, more than
two million counts were gathered for each spectrum. Owing to
the various annihilation sites, single lifetime spectrum can
be considered as a linear combination of the exponential
functions. Generally, as-measured lifetime spectra could be
fitted into three exponential functions, representing three types
of annihilation sites, respectively. Then, we deconvoluted and
fit the lifetime spectra by using the program (LT-9) according
to this rule [24]. After fitting, the ~2 ns long lifetime (t3)
corresponding to annihilations at sample surface or voids is
very small in its fraction and will be ignored in the following
analysis.

Two fitted positron lifetimes t; and 7, and a component
I, corresponding to the fraction of the longer lifetime (1)
as a function of the neutron irradiation fluence are shown in
Fig. 5. The lifetime 1) is 162 £ 8 ps, usually attributed to the
bulk, similar to that of the deformed silicon (~160 ps) [25].
The lifetime 71,, taking a value of 378 &£ 33 ps, independent of
irradiation fluence, is assigned to V6 [26]. Further information
about the relative concentration of the defects can be gained
from the component /,, which was found to be closely associ-
ated with the neutron irradiation fluence. So the concentration
of V6 increases with neutron fluence increasing.

In the pristine silicon sample, only the diamagnetic signal
was obtained, while in low magnetic field range a minor hys-
teresis loop could be observed in series of the irradiated silicon
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FIG. 5. Fitted results of 7; (pink square points), 7, (orange
pentagrams), and I, (green balls) as functions of irradiation fluence.
7, and 1, are found to be independent of fluence. I, is associated
positively with fluence. The dotted lines show the mean values of
7; as well as 7, while the correlation between I, and fluences of
irradiation.

samples [27]. After removing the diamagnetic background,
the distinct hysteresis loops with FM features of irradiated
silicon samples are revealed [Fig. 6(a)] and the saturation
magnetization reaches 6 x 107> emu/g in the sample with the
fluence of 5.72 x 10'7 n/cm?. (All transition metal impurities
cannot be detected by SIMS. The total concentration of
the detection limits is 9 x 10'* cm™3, corresponding to the
maximum saturation of 3.5 x 107%emu/g, if each impurity
carries a moment of 1 ug. Therefore, the magnetism does not
come from transition metals.) Even at 300 K, the saturation
magnetization still remains about 5 x 107 emu/g shown in
Fig. 6(b). Therefore, its transition temperature is above RT,
which entails that the transition temperature limit set to
the silicon-based diluted magnetic semiconductor will no
longer be followed in defect-induced magnetism [28]. The
absence of tiny parasitic or any secondary magnetic phase was
confirmed by a smooth and featureless M-T curve [27]. Weak
paramagnetism due to slight irradiation damage is revealed as
both curves rise along with temperature dropping. Besides, the
rise and fall of magnetization upon rising fluence is similar to
the cases in ion implanted and neutron irradiated SiC [29,30],
which again suggests that the existence of magnetization
maximum is a feature of defect-induced magnetism.

The density of the local moments involved in ferromag-
netism due to V6 is estimated to be 2.1 x 10'© 1B cm™3,
so the V6 concentration should be 3.7 x 10'9cm™ at the
fluence of 5.72 x 10'7 n/cm?. Referring to the previous result
[17], the concentration of divacancy in SiC reckons as 1.4 x
10" cm™3 at the fluence of 5.72 x 10'7 n/cm?. Considering
the neutron scattering cross section difference between silicon
(2 barns) and carbon (5 barns) [20], the V6 concentration
can thus be estimated to be ~4.0 x 10'® cm—3, which is well
consistent with that derived from the magnetic measurements
based on the calculations above. Besides, the positive charge
concentration with the level of 10'*cm™ is much less than
the defect density with the level of 10'®cm™3, so positively
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FIG. 6. (a) The magnetization as a function of magnetic field
without the diamagnetic background. It is performed within a 5 kOe
magnetic field at 5 K for irradiated and pristine silicon samples. (b)
The M-H signals with and without the diamagnetic contribution in low
magnetic field range for the sample with fluence of 5.72 x 10'7 n/cm?
at T = 300K.

charged V6s can happen to be side by side with neutral V6s or
even surrounded by them.

To further verify the magnetism in irradiated silicon and
investigate its origin, we carried out electron spin resonance
(ESR) and x-ray magnetic circular dichroism (XMCD) mea-
surements. Figure 7(a) demonstrates the ESR spectra for both
the pristine and 2.29 x 10'8 n/cm? irradiated silicon at 100 K.
In the pristine silicon, no ESR signal was detected while the
irradiated sample presented a clear resonance peak around
320 mT. Considering the diamagnetic background of silicon
[27], this ESR signal is assigned to the FM resonance, which
provides convincing evidence to support the ferromagnetism
in silicon induced by neutron irradiation. (It should be noted
that the capability of ESR to distinguish the type and the charge
state of the defects is impeded due to the FM coupling.) The
XMCD spectroscopy can establish a direct correlation between
the ferromagnetism and the electrons/orbitals from a specific
element [31,32]. As a robust element resolved technique,
its signals are mainly collected from the contribution of the
certain elements with partially occupied 3d or 4 f subshells.
Recently, in the study of dy magnetism, it is extended to
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FIG. 7. (a) The ESR spectra of the pristine and 2.29 x 10'® n/cm?
irradiated samples at 100 K. (b) and (c) The XAS and XMCD
spectra at the silicon K edge of the sample with the fluence of
2.29 x 10" n/cm? under a magnetic field of 5 kOe at 79 K.

include carbon or oxygen [15,16]. Figure 7(b) shows the
typical x-ray absorption spectrum (XAS) at the silicon K edge
of the 2.29 x 10" n/cm? sample at 79 K. The absorption
edge at 1841 eV is corresponding to 3p electrons located
near the conduction band minimum [33,34]. In the XMCD
spectrum [Fig. 7(c)], a broad peak appears on the right
of the conduction band minimum, where the bands could
include both s* and p* states. So the ferromagnetism in
irradiated silicon originates from spin-polarized electrons
with 3s*3p* hybrid states. They are probably located at
silicon atoms close to V6 sites according to the above
prediction.

When the experimental data is in contrast with the theoreti-
cal prediction, we have to face the complication in the realistic
situation. Due to the randomness during the process of V6 cre-
ation by the neutron irradiation, the ferromagnetism induced
by V6 is not homogeneously distributed but probably exists
in domains. The magnetization values obtained by dividing
the magnetic moment by the total mass do not correspond to
the expected intrinsic values. The built supercell is studied
only for obtaining the relationship between magnetism and
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defects, and the structure of two supercells side by side is
built to investigate the coupling, respectively. Both of them
shall not be considered to represent a realistic distribution of
defects.

We have so far investigated the magnetic properties of
partially positive charged V6. The negatively charge state
in silicon could be another option. Defect complexes may
induce ferromagnetism in doped semiconductors such as
Li-doped ZnO [35], V-doped SiC [36], Cu-doped SiC [37],
Al-doped TiO, [38], as well as proton irradiated ZnO [39],
SiC [40]. The control of the charge state plays a key role
in this kind of works. The charged defect complexes in
some wide band gap semiconductors like GaN [41] or SiC
[42,43] also provide more opportunities. The defect complexes
may induce ferromagnetism in two-dimensional materials like
MoS; as well [44—46]. Besides, considering the study of the
magnetism on the interface [47—49], it is worth investigating
the magnetism of the interface between silicon substrates and
the spontaneous/epitaxial oxide film.

In summary, we have theoretically predicted and then
experimentally verified the spin order of V6 in silicon.
First-principles calculations reveal dynamic stability of V6
and predict band splitting caused by spin polarization in the
electronic structure of a neutral V6 but it has no net spin.
It implies that any shift of its Fermi level can trigger the
spin polarization. For positively charged V6, both s and
p states of nearest-neighbor silicon atoms around it donate
most of magnetic moments as the distortion brought by V6 is
rather weak. The spin for half of the nearest-neighbor silicon
atoms is up and the rest is down, while their magnitudes
are different, similar to the ferrimagnetic order. The partially
positively charged V6s could have the spin polarization at RT
and obtain FM coupling. In irradiated silicon, magnetism is
achieved as predicted. Its transition temperature is above RT.
The saturation magnetization verifies the magnetic moments
obtained in the calculations. The 3s*3p* hybrid states of
slightly positively charged V6 are responsible for the observed
magnetism. Our results will be helpful to understand the unique
magnetic behavior of V6 affected by its charge due to its
complexity in silicon and thus enlighten the study of defect
complexes.
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