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Nitrogen constitutes a significant defect in silicon (Si) as it can affect its mechanical properties. Substitutional
nitrogen defects can be created from interstitial nitrogen defects during cooling of the crystal. In turn, the
substitutional nitrogen atoms can form micro-defects in Si, most important of which are the interstitial oxygen
atoms since they have an impact on a device’s characteristics. In the present paper, we study the structure

of the defect clusters in Si consisting of substitutional nitrogen and interstitial oxygen atoms. We find that
the most stable structure is the one containing two interstitial oxygen atoms, while the presence of these
interstitials results to narrow-gap semiconductors.

1. Introduction

Numerous years of extensive research has been made on the de-
fect processes of group IV semiconductors [1-8]. For example, as
also commented in a recent review [9], Kube et al. [10] proposed
that the curvature in the Arrhenius plot on self-diffusion in Si (they
measure) is associated with two diffusion mechanisms (vacancies and
self-interstitials), but later Saltas et al. [11] explained that these ex-
perimental results can also be comprehended by a single diffusion
mechanism if the non-linear and harmonic behaviour of the isothermal
bulk modulus B is considered in the frame of the thermodynamical
model, termed ¢B2 model (where c is a constant and 2 the mean
volume per atom), in which the Gibbs self-diffusion activation energy
g% scales with B [12,13] since g%’ = ¢BSQ.

This extensive research continues to attract the interest of the
community, because of the aggressive scaling that led to devices with
characteristic dimension of a few nanometers and the inherent need to
understand the nature of defects under irradiation to improve devices
for medical and scientific reasons [14,15].

Nitrogen (N) defects, despite the fact that they exhibit low solu-
bility [16], have been proven to impact silicon’s mechanical proper-
ties [16,17]. There are numerous experimental and theoretical studies
regarding N-doped Si, with the majority of them focusing on the
interstitial defect N;.

Jones et al. [18] showed that, at room temperature, the dimeric N; -
N; is the one with the largest concentration. This species however, has
diffusivity values lower than 102 cm? /s [19], thus it is not as mobile
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as the single N; which has diffusivity values larger than 1.5x10™° cm? /s
[19]. In addition, the binding energy of N; - N; has been shown to be
close to 4eV [20,21].

The energy barrier for diffusion of the N; - N; has varied values
in literature, ranging from 1.45eV to 2.8eV [16,22,23]. The former
value, however, is suggested to be an after-effect of existing vacancies
or self-interstitials [16].

Furthermore, nitrogen-vacancy (NV) defects in silicon have been of
particular interest due to the fact that they can reduce the formation of
vacancy clusters during crystal-growth [24,25]. Goss et al. [26] showed
that a N; - N; - vacancy complex has a binding energy equal to 1.3eV
while the N;j - Nj - divacancy complex has a binding energy equal to
3.4eV [21].

While N; - N; defects are dominant at equilibrium, during cooling
down of the crystal they can trap up to three vacancies [26] and create
N; - N, N; - N, or (N - Ng)V, where now N stands for a substitutional
nitrogen. From these, N - Ny appears to be the most stable [26].

N; atoms are responsible for the formation of micro-defects in Si
[27]. These micro-defects in turn enhance oxygen (O) precipitation and
contract the crystal lattice, thus attracting interstitial atoms [27]. From
the latter, interstitial oxygen atoms, O;, are the most important [28]
since they can improve device characteristics if they are located in the
bulk of Si [28]. In addition, the presence of O in Si results in faster N
diffusion [29].
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Fig. 1. Zoomed in structures for the (a) N;, (b) N - N;, (¢) (Ny),0; and (d) (Ny),(0y), defects in bulk Si. Blue spheres: Si atoms. Brown spheres: Ny atoms. Red spheres: O; atoms.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In the present study, we investigate the lowest energy configuration
of the (Ny),0; and (Ny),(O;), defects using Density Functional Theory
(DFT), in order to gain insight into their structure and energetics.

2. Computational methods

The calculations were performed using the plane-wave DFT code
as implemented in the CASTEP package [30-34]. To account for the
exchange-correlation interactions, we used the generalized gradient
approximation (GGA) method and with ultrasoft pseudopotentials [35]
to describe the electron-ion interactions [36]. A 250-atoms supercell
was used for the bulk Si structure. The cut-off energy was 350eV and a
2 x 2 x 2 Monkhorst-Pack k-point grid was used [37]. The structures
were fully optimized using Broyden-Fletcher—Goldfarb-Shanno (BFGS)
geometry optimization method [34,38].

A number of 1000 calculations were executed for each defect until
the lowest energy structure was reached. Rather than setting up the
calculations by hand, we used the DIMS tool [39] to automate the
process of inserting the Ng and O; defects in bulk Si.

The figures in this paper were produced using the VESTA soft-
ware [40].

Finally, the binding energies whose minimization helps distinguish
between the stablest structure, were calculated using the following
formula [41]:

Eb = EDefechIuster - Z‘ElsolazredDefects (1)
Negative E, implies that a cluster is energetically favourable. Con-

sidering Eq. (1), we have for Ny - N;, (Ny),0;, and (Ny),(0y),, the

following equations for the binding energies respectively:

E,(NN,Siy_,) =

[E(NGNSiy_5) — E(Siy)] — [2ZE(NSiy_;) — 2E(Siy)] =

E(NGNSiy_s) — 2E(N,Siy_) + E(Siy) 2

where E(N,N Siy_,) is the energy of the N; - Ng defect in the N —2 Si

atoms supercell, E(NSiy_,) is the energy of the N defect in the N — 1

Si atoms supercell and E(Siy) is the energy of the N = 250 Si atoms

supercell.

E,(NgN,O;Sipy_») = [E(NgN;O;Siy_,) — E(Siy)] —

[2E(NSiy_;) —2E(Sin)] — [E(O;Siy) — E(Siy)] =

E(NN,O;Siy_,) — 2E(N,Siy_;) — E(O;Siy) + 2E(Siy) 3)

where E(N;N,O;Siy_,) is the energy of the (N;),0; defect cluster in

the N — 2 Si atoms supercell and E(O;Siy) is the energy of O; in the
N =250 Si atoms supercell.

E,(N;N,O;0;Sin_y) = [E(N;N,O,;0;Sin_5) — E(Siy)] —

[2E(N,Siy_;) — 2E(Siy)] = [2E(0,Siy) — 2E(Siy)] =
E(N,N,0,0;Siy_,) — 2E(N,Siy_;) — 2E(O;Siy) +
3E(Siy) 4

where E(N(N,O,0;Siy_,) is the energy of the (Ny),(0;), defect cluster
in the N — 2 Si atoms supercell.

3. Results & discussion

We used a step-by-step approach, by first calculating the minimum
energy structure of N and then the dimer N - Ng. Then, we added one,
and finally two O;. As mentioned in Section 2, we explored all possible
configurations by placing each O; in all possible sites in the supercell,
that is in a 10 X 10 x 10 grid in a 13.5 X 13.5x 13.5 A cube around N
- N; for the (Ni),0; cluster and around Ng - N - O; for the (N),(0y),
cluster.

The structures for the Ng, N - Ng, (Ni),0; and (Ny),(O;), defects are
shown in Fig. 1, zoomed in. In Fig. 1c and d in particular, we can see
how the existence of interstitial oxygen atoms leads to vacancies in the
Si lattice when compared to the cases with N, since some breakage in
the crystal lattice appears, leaving consecutive Si atoms unbonded.

Regarding a single N, it is found that it bonds with three silicon
atoms. A simplified version of its bonds with neighbouring Si atoms is
shown in Fig. 2. The bond lengths d,, d,, d; as shown in Fig. 2 are equal
to each other (1.86 108), and much smaller than the average Si-Si bond
(2.4 A). The angles Si - N; - Si are all equal to 117.64°.

In Fig. 3, we can see the simplified structure of the Ny - Ny defect
as well as the calculated bond lengths and angles between the atoms.
It is evident that the addition of a second N atom slightly decreases
the bond lengths between N and Si to 1.84 A on average, while the
angles Si - N - Si slightly increase to 118°. Each N atom is equidistant
to all its neighbouring Si atoms, like in the case of a single N atom. The
inter-silicon distances, however, i.e., the distances between consecutive
Si atoms, do not differ from the average Si - Si bond length ([2.3 —2.4]
A). Therefore, the existence of an extra substitutional nitrogen atom
does not seem to affect the bulk silicon bonds.

The simplified structure of the (N;),0; defect cluster and the calcu-
lated bond lengths and angles between the atoms can be seen in Fig. 4.
The insertion of an interstitial oxygen atom in the structure, appears
to distort the bonds between the second Ny atom (Ns2 in Fig. 4) and
its surrounding Si atoms, with a maximum decrease of 2.3% when it
comes to the Si atom closest to the O; atom (Si22 in Fig. 4). However,
the existence of the N atoms does not appear to affect the O; - Si bonds,
whose length remains equal to those referred in literature ([1.62 —1.64]
A) [42]. The same behaviour is observed for the inter-silicon bonds,
where the O; does not affect the respective bond lengths or angles.
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Si3
d1=1.860278

d2=1.860278
d3=1.860308

Angles:

Si1-Ns-Si2=117.6368°
Si1-Ns-Si3=117.6368°
Si2-Ns-Si3=117.6367°

Fig. 2. A simplified version of the N; defect in bulk Si where the calculated bond
lengths d1, d2, d3 are also noted.

d11=1.83629R d21=1.83693R 11=2.42289R
d12=1.83629R d22=1.83358R 12=2.37639&
d13=1.83570F d23=1.835358 13=2.422994

Angles:

Si11-Ns1-Si12=118.0448°
Si11-Ns1-Si13=117.9900°
Si12-Ns1-Si13=118.0679°

Si21-Ns2-Si22=118.0485°
Si21-Ns2-Si23=117.9785°
Si22-Ns2-Si23=118.1013°

Si3-Si4-Si13=110.6252°
Si23-Si3-Si4=110.6875°

Fig. 3. A simplified version of the Ny - Ny defect and the calculated bond lengths and
angles between the atoms.

Furthermore, the area around the second N atom (which is closest
to the O; atom) has changed drastically, as the orientation of this group
of atoms in space has changed significantly. In particular, the angles
between the N and its bonding Si atoms that previously were all equal
to 118° have decreased by 3% (the smallest one) and increased by 4.2%
(the largest one). Finally, the area around the first Ny atom (Nsl in
Fig. 4) remains unaffected by the addition of O; regarding both the bond
lengths and the angles between the atoms.
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d11=1.84648R d21=1.84623R 11=2.44828R d1=1.64767R
d12=1.839468 d22=1.79333R 12=2.34498R8 d2=1.61940R
d13=1.835928 d23=1.80766R

Angles:
Si11-Ns1-Si12=118.3519°

Si11-Ns1-Si13=118.6685°
Si12-Ns1-Si13=116.8472°

Si21-Ns2-Si22=117.3448°
Si21-Ns2-Si23=123.0221°
Si22-Ns2-Si23=114.6128°

Si4-0i-Si22=153.2459°
Si11-Si3-Si4=110.9490°
0i-Si22-Ns2=102.2329°
0i-Si4-Si3=98.7618°

Fig. 4. A simplified version of the (N;),0; defect cluster and the calculated bond lengths
and angles between the atoms.

Table 1

The binding energies for each defect considered.
Defect E, (eV)
N, - Ng 275
(N9, 0: -3.49
(N9, (0, —4.44

Finally, in Fig. 5, we can see the simplified structure of the (Ny),(O;),
defect cluster and the calculated bond lengths and angles. The presence
of the second O; atom does not further affect the bond lengths around
the first Ny atom (Nsl in Fig. 5). However, the orientation of that
particular sub-cluster changes, with the angles between N and the
bonding Si atoms differing up to 0.87% from the corresponding ones
in the (Nj),0; defect cluster case.

Regarding the sub-cluster around the second Ng atom (Ns2 in Fig. 5),
the bond lengths between N and the bonding Si atoms show a decrease
up to 2.3%. The angles between the aforementioned atoms also appear
to be significantly affected by the existence of a second O; atom. In
particular, they have a maximum decrease by 3.2%, while the largest
one has increased by 4.9%.

In addition, the second O; atom does not seem to affect the inter-
silicon bonds. However, the O; - Si bond lengths exhibit a decrease up
to 0.98% and an increase up to 0.8% from the minimum and maximum
values, respectively, referred in literature ([1.62 — 1.64] [o\). Finally, the
two O; atoms are connected through a Si atom, forming an angle of
104.46°.

In Table 1, we can see the binding energies for each defect. It is
evident that the most stable form is the full defect cluster (N),(Oy),.

In Fig. 6, we can see the calculated Density of States (DOS) for each
structure. For the N = 250-atom supercell of bulk Si (Fig. 6a), the
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d11=1.843798 d21=1.818758 11=2.444708 d1=1.60418R
d12=1.84360R d22=1.75265R 12=2.349328 d2=1.65301R
d13=1.846308 d23=1.81741R d3=1.60421R

d4=1.65299R

Angles:
Si11-Ns1-Si12=117.3239°

Si11-Ns1-Si13=119.0259°
Si12-Ns1-Si13=117.6315°

Si21-Ns2-5i22=113.6337°
Si21-Ns2-5i23=129.1044°
Si22-Ns2-Si23=112.9954°

Si4-Si3-Si13=109.0718°
Si22-0i2-Si4=151.0575°
Si5-0i1-Si22=152.3624°
0i1-Si22-0i2=104.4631°
0i1-Si22-Ns2=107.8556°
0i2-Si4-5i3=97.4343°
0i2-Si22-Ns2=107.3414°
Si3-Si13-Ns1=121.7943°

Fig. 5. A simplified version of the (N;),(O;), defect cluster and the calculated bond
lengths and angles between the atoms.

bandgap is calculated at « 0.6eV, indicating that bulk Si is a semicon-
ductor. This value is in agreement with previous studies [43,44] despite
the fact that it is almost half of the experimental one which is equal to
1.17 eV [45]. This underestimation is well documented in literature [46,
47] and it stems from the use of GGA functionals which contain non-
physical self-Coulomb repulsions [48]. In fact, Bagayoko [49] found
the bandgap underestimation to be from 30% to 50% using both GGA
and LDA (Local Density Approximation) functionals. According to the
above, the bandgap in Si can theoretically be as low as 0.585¢eV.

Regarding the two N atoms, the DOS plot (Fig. 6¢) shows that the
structure is a semiconductor with smaller bandgap than bulk Si and
equal to ~0.5eV. The semiconducting behaviour holds true with the
addition of first one and then two interstitial oxygen atoms.

4. Summary and concluding remarks

In the present paper, we studied the structure of defect clusters in Si
consisting of substitutional nitrogen and interstitial oxygen atoms. We
found that the existence of Ny atoms does not affect the bond lengths
between consecutive Si atoms.

The insertion of one O;, which has as favourable site the middle of
a Si - Si bond, resulted to a decrease in the bond length between Ny
and Si, however the O; - Si bonds remained unaffected by the existence
of N;. In addition, the second O; changed the orientation of the defect
cluster inside the bulk structure.

Physica B: Physics of Condensed Matter 643 (2022) 414184

DOS (electrons per eV)
)
o o
E

-5 0 5
200 d)
100
0
-5 0 5
200 g T
100
0
-5 0 5

Energy (eV)

Fig. 6. DOS of (a) N = 250-atom supercell of bulk Si, (b) the structure with a N, defect
in the N —1 Si atoms supercell, (c) the structure with 2 Ny defects in the N —2 Si atoms
supercell, (d) the structure with 2 Ny defects and an O; in the N —2 Si atoms supercell
and (e) the structure with 2 N defects and 2 O; in the N —2 Si atoms supercell. In all
cases, the Fermi energy is shifted at OeV.

The calculation of the binding energies revealed that the most stable
structure is that containing the (Ny),(O;), defect cluster. Finally, the
DOS analysis showed that while the bulk Si is semiconducting, the
structures with O; appear to be narrow-gap semiconductors.
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