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Abstract: Defects and impurities play a fundamental role in semiconductors affecting their mechani-
cal, optical, and electronic properties. Nitrogen (N) impurities are almost always present in a silicon
(5i) lattice, either unintentionally, due to the growth and processing procedures, or intentionally, as
a result of implantation. Nitrogen forms complexes with intrinsic defects (i.e., vacancies and self-
interstitials) as well as with other impurities present in the Si lattice such as oxygen and carbon. It is,
therefore, necessary to investigate and understand nitrogen-related defects, especially their structures,
their energies, and their interaction with intrinsic point defects and impurities. The present review is
focused on nitrogen-related defects (for example Nj, Ns, NiNj, NjNs, NsNs); nitrogen-self-interstitial
and nitrogen-vacancy-related complexes (for example NsV, (N;N;)Si;, (NsNs)V); nitrogen—oxygen
defects (for example NO, NO,, N,O, N;O;); more extended clusters such as Via\N,On (m, n =1, 2);
and nitrogen—carbon defects (for example C;iN and C;NO). Both experimental and theoretical investi-
gations are considered as they provide complementary information.

Keywords: silicon; nitrogen; intrinsic defects

1. Introduction

Si has been a dominant material in the semiconductor industry for over six decades. It
has a wide range of applications in electronic, microelecronic, and optoelectronic fields and
especially for nanoelectronic, nuclear medicine, and sensor and photovoltaic devices [1-5].
Typically, Si-based devices are fabricated on single-crystal Czochralski Si wafers. Impor-
tantly, all semiconductors contain defects, mostly impurities and lattice defects, which are
introduced either during crystal growth and material processing or on purpose and by
design for certain applications. The performance of Si-based devices is directly related to
the properties of the defects present in the lattice. The technological necessity to improve
the quality of Si to sustain and enhance the device efficiency depends on the control of the
defects present in the lattice [6-8].

N is one of the fundamental impurities incorporated in the Si lattice and has attracted
a lot of attention in the last 50 years [9-14]. It is introduced in Si either during material
processing in a nitrogen atmosphere or through implantation [9]. There is intensive research
on the impact of N in Si, since it affects the properties of the material in many ways. It
has been found that N introduction into Si enhances the mechanical strength of the wafers,
thus obstructing the movement of dislocations during thermal treatments [11,15,16]. It also
enhances oxygen precipitation, which is important for internal gettering as it suppresses the
effect of deleterious metal contaminants [13,17]. It also suppresses self-interstitial diffusion
and controls the density and size of crystal-originated particles (COPs) [11-13,18], thus
improving dramatically the gate oxide integrality of semiconductor devices. It suppresses
void formations, which are essentially vacancy aggregates that degrade properties of the
devices [12,19]. This is directly correlated with the formation of nitrogen-vacancy pairs [20].
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N suppress interstitial- (A-swirl) and vacancy (D-voids)-related defects [12,21]. Generally,
diffusion and/or the aggregation process of Si self-interstitials and vacancies are affected
by N incorporation [22]. The N-suppression effect on the as-grown defects in Si is very
suitable for the fabrication of insulated gate bipolar transistors (IGBTs) which have attracted
considerable attention for their potential use in the electric vehicle industry [23]. There
is experimental evidence that N implantation in Si induces transient enhanced diffusion
of dopants [24]. N can suppress the effect of deleterious defects in Si, for instance of
substitutional Au impurities, by reducing their concentration [25]. It has been determined
that the pulling rate range of defect-free crystal is wider in N-doped Cz-Si, which is a key
issue in Si technology [26]. It has also been reported that N incorporation in Cz-Si has no
significant effect on the denuded zone of the crystal which can satisfy the requirements
of the microelectronic industry [27]. Importantly, N in Cz-Si reduces high-purity-argon
consumption during processing which in turn reduces the cost of Si crystal growth [13].

N incorporation in the Si lattice is, therefore, very important for the improvement of
the efficiency of Si-based devices for certain applications. One key issue is the ability of
N to form complexes with vacancies as well as with other impurities such as oxygen and
carbon. Density functional theory (DFT) calculations have shown that the formation of such
complexes is energetically favored [22,28,29]. The interaction of N with the above defects
can lead to complexes, some of which are electrically inactive [30], and others are active,
such as for instance shallow thermal donors [31]. Apparently, a better understanding of
the physical properties of these N-related complexes will improve the quality of Si wafers
and thus enhance the efficiency of the devices. Thus, these complexes have been studied
systematically both experimentally and theoretically. Experimentally, there have been a
variety of techniques employed to study defects in semiconductors and, especially in this
work, N-related defects in Si: a) those studying the electrical properties of defects [32-35]
use, for instance, the deep-level transient spectroscopy (DLTS) technique which basically
investigates the properties of deep levels in the forbidden gap of semiconductors; b) those
studying the magnetic properties of defects [32,36-38] use, for instance, the electron param-
agnetic resonance technique (EPR) spectroscopy which is used to identify the electronic
structure of defects and their charge states; and c) those studying the optical properties
of defects use, for instance, infrared spectroscopy (IR) which mainly investigates using
infrared absorption of the localized vibrational modes (LVMs) of the defects [39-43], as
well as photoluminescence (PL) where light separates charge carries within the band or im-
purity structure of a semiconductor, and whose later recombination produce characteristic
emissions [44—46].

Theoretically, a lot of works have been published employed DFT as well as semi-
empirical calculations to gain insight into the structure, binding energies, electronic and
vibrational properties, and the behavior of various nitrogen-related defects in Si [47-57].

In the present review, we focus on the most important nitrogen-related defects and
their properties in Si. We consider both the experimental and theoretical studies on these
technologically important nitrogen-related defects in Si.

2. Background Information of N-Related Defects in Si
2.1. Nitrogen Substitutional (Ns) and Interstitial (N;) Defects

In the substitutional configuration a Si atom is substituted with a N atom. N is a
Group V impurity. However, unlike the other elements of this group (phosphorous (P),
arsenic (As), antimony (Sb), and bismuth (Bi)), which possess on-site Tq symmetry, N is
trigonally distorted from the regular tetrahedral site preserving Cs, symmetry along the
<111> axis, as determined using EPR measurements. An EPR signal Si-SL5 was associated
with a N substitutional defect [9,36,38]. EPR studies have determined that the off-center
substitutional N is more stable than the on-center substitutional N [36,58-60]. Interestingly,
an argument for a metastable on-center configuration was put forward in order to explain
the hyperfine splitting observed in the EPR spectra with increased temperature, and a
symmetry breaking mechanism Ty — Cs, was proposed [32,60]. An infrared band at
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653 cm~! (at 300 K) was ascribed [61] to the N’s substitutional impurity. Additionally,
unlike the other members of the group that introduce shallow levels in the forbidden
gap, N behaves as a deep-level impurity. Indeed, DLTS measurements have found that
a single donor level at E. —0.31 eV and a single acceptor level at E. —0.08 eV should be
attributed [62] to the N'’s substitutional impurity. Furthermore, a single acceptor level at E.
—0.64 eV and a double acceptor level at E. —0.34 eV were also associated [33] with the N’s
substitutional impurity.

Recent DFT calculations by Kuganathan et al. [54] considered bonding between the N
(refer to Figure 1a) and the Si atoms by plotting a charge density map (refer to Figure 1c).
The strong N-Si bonds have, as expected, shorter N-Si bond lengths and negative Bader
charge on Ns in the NSiy tetrahedral unit (refer to Figure 1b) [54]. At this point, the
importance of the significantly higher electronegativity of N (3.04) as compared to Si (1.90)
should be stressed. It is the reason why, in the Bader charge analysis, the N atom gains
nearly three electrons from the nearest neighbor Si atoms (refer to Figure 1b) [54]. The
band-decomposed charge density plot for N (refer to Figure 1d) shows the electron density
more clearly [54]. In the DOS plots, the states appearing in the bandgap are primarily due
to the s electrons of Ns. Accordingly, the p-states of N are localized with the lattice as they
are in the valence band (refer to Figure le,f).

SiSi, si-si:2.36A @)
Si-Si-Si: 109.4°-109.5°

NSi,

?+0.73

72

+0.7 -
N-Si: 2.03 A (4) d

Si-N-Si: 109.2°-109.8°
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e
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E
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Figure 1. (a) The N in the Si lattice; (b) tetrahedral units comparing Bader charges, bond distances,
and angles; (c) charge density; (d) band-decomposed charge density plot for Ng; (e) total DOS, and
(f) atomic DOS plot of N [54].

For the N; location within the Si lattice, several sites have been investigated theoreti-
cally, for instance, investigating the split-interstitial site, the bond center site, the hexagonal
site, and the tetrahedral site (refer to Figure 2) [49-51,63]. The more stable configuration for
the neutral N; interstitial defect is a slightly distorted <001> split-interstitial site, where
the ideal C, symmetry has been lost through a slight displacement of the core Si atom
along a <110> axis [50]. In this configuration, the N;j has a similar formation energy as
the N; [63]. An EPR signal labeled Si-NL26 was tentatively associated [37] with a neutral
interstitial N. DFT calculations have reported [50] three LVMs of the N interstitial defect at
550, 773, and 885 cm 1. Additionally, it was found [63] that the defect possesses a donor
level at Ey +0.5 eV and an acceptor level at E; —0.2 eV in agreement with other previous
studies [51].
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(d)

Figure 2. A schematic representation of the defects with a single nitrogen atom. (a) The Si lattice,
(b) the Cyy, <001> nitrogen split-interstitial site, (c) the N; puckered bond-centered structure, and
(d) the NgV defect. Black and gray circles represent the N and Si atoms, whereas the vacancy is
indicated with a dashed circle [50].

2.2. The Nitrogen Di-Interstitial (N;N;) Defect

The Nj defect is mobile at around room temperature [50,63]. The diffusion of Nj in the
Si lattice can lead to its association with other defects and impurities to form defect clusters.
Among others, it can be readily trapped by another N; impurity and form the nitrogen
di-interstitial pair labeled as N;N;. It has been found that the N;N; pair, also labeled as
the N, defect, is the most dominant defect of N in Si [9,64-69]. Jones et al. [64] used DFT
calculations to predict that the pair consists of two neighboring <100> oriented N-5i split
interstitials, arranged in an antiparallel configuration, and with the N-Si bonds forming a
square lying on <011> (refer to Figure 3b). This configuration is the more stable one due to
chemical and geometrical reasons [22,64,65]. Indeed, since the N atom has three valence
orbitals, and the Si atom has four it is geometrically impossible to make perfect bonds
between them. One valence bond will be left over. Evidently, in order to have perfect bonds
two N atoms should form a pair in Si. The defect anneals out [64] at a temperature around
800 °C. Two IR active modes at 772.9 and 967.8 cm ! and two Raman active modes at 743.1
and 1070.0 cm~! were calculated and attributed to the N defect in agreement with the
experimentally [9,67] observed IR bands at 766 and 963 cm ™.

2.3. The N5V Defect

A Ny impurity can be readily associated with a vacancy to form the NgV com-
plex. In this structure, N; is at a nearest neighbor site, with respect to V in the Si lat-
tice [50,51,53,63,68,69]. The calculations of [50] predict that NgV possesses two deep levels,
one single acceptor at E. —0.7 eV, and one double acceptor at E. —0.5 eV. Also, an LVM band
at 663 cm~! was calculated [50] in association with the NgV complex and in agreement
with the experimental results [40]. The possibility was considered [63] that the defect is
linked with the SL6 EPR signal [36].

In the study by Potsidi et al. [54], DFT calculations were employed to study NgV
defects in Si, with the lowest energy structure schematically represented in Figure 4a.
This study confirms the formation of the NgV defects as it is calculated that N and V are
associate with a binding energy of —2.1 eV [54]. In the NV defect, the nitrogen atom
effectively forms a trigonal planar structure that is distorted but has identical N-5i bond
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lengths (1.84 A) and bond angles (117.8°) (refer to Figure 4) [54]. This structure forms
because of a nearest neighbor Si vacancy that alters the Si-N bond distances (~0.20 A) as
compared to the case of N [54]. The reason for this can be traced to the strong bonding
between N and Si atoms as realized using the DFT-derived positive Bader charge analysis
which shows a gain of nearly three electrons by the N atom [54]. In Figure 4c, the charge
density distribution around the N and the vacancy is shown, whereas Figure 4d reveals
the band-decomposed charge density [54]. Finally, the total DOS indicates that it is an
n-type doped material, with the states appearing within the bandgap that is predominately
associated with the nitrogen s and p electrons (refer to Figure 4ef).

(b) (©)

Figure 3. A schematic representation of the defects of two nitrogen atoms. (a) The Si lattice, (b) the
Con NijNj defect, (c) the Dyq split-interstitial N;N;g defect, (d) the Ns—bond-centered N; defect, (e) the
NN defect, and (f) the NsNgV defect. Black and gray circles represent the N and Si atoms, whereas
the vacancy is indicated by a dashed circle [50].
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Figure 4. (a) The NV in the Si lattice, (b) tetrahedral units comparing Bader charges, bond distances
and angles, (c) charge density, (d) band-decomposed charge density plot for the N, (e) total DOS,
and (f) atomic DOS plot of N [54].
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2.4. The N;N; Defect

N; impurity is also possible to associate with a Ng atom and to form a NjN; defect
(refer to Figure 3c,d) [50]. In essence, N;Ns is formed when the N;Nj defect is associated
with a single-lattice V via the mechanism N;Nj + V — N;jNGi. In the structure of the N;Nj
complex, a pair of the nitrogen atoms lie at the center of the vacancy making equivalent
bonds with all four Si neighbors [22,51,63,64], and calculations determine two IR active
bands at around 573.4 and 774.1 cm ™!, which are related to the N;Nj structure [63].

2.5. The NsNs Defect

The NN complex is formed when a divacancy of V; is trapped by a Ni -Ni defect
(Ni-Nj + Vo — (N; -N; -V3)) which is also labeled as NgN; (refer to Figure 3e) [50]. An-
other formation reaction that may be considered is (Ni -Ns + V. — (N N; -V)), that is
N, V; [50,63]. The structure has a D34 configuration. The defect was first suggested by
Stein [9]. Further investigations [6,70-72] gave additional information regarding a deep
level of E; —0.42 eV, and favored correlations of their signals with complexes between ni-
trogen pairs and vacancies. A photoluminescence (PL) line at a photon energy of 1.1223 eV
has been ascribed to a nitrogen complex in silicon. This line, which is identical to the A
line of the isoelectronic A, B, C PL system, has been studied in detail previously [39,73-75]
and has been tentatively correlated with the Ng -Ng complex [50]. It is important to note
that NV, readily interacts with O atoms leading to the formation of N,V,0, (n =1, 2)
complexes [53,76]. Theoretically, it has been shown that N,V has the ability to act prefer-
entially as a nucleation site for oxygen precipitation [28,52]. More specifically, the initially
formed N, V; complexes capture oxygen atoms to act as heterogeneous nuclei for oxygen
precipitates at high temperatures [14,77].

2.6. The N;N;Sij Defect

It is interesting at this point, for the sake of completion, to examine complexes
when self-interstitials are added to the N;Nj defect. The first member of the family is
the (N;N;)Sij complex, which is also label as (Nj)5i; (refer to Figure 5) [50]. This structure
can be thought of as a tri-self-interstitial structure [50,78] similar to that assigned to the
W-photoluminescence center [79], where two of the self-interstitials were displaced by nitro-
gen atoms. A number of LVMs were calculated [50] (566.3, 570.4, 574.8, 810.4, 834.8, 936.2,
947.6 cm™1). Experimentally, two bands at 930 and 953 cm ! have been associated [45,79]
with N;N;Sij. The values of these bands compare well with the latter two theoretical val-
ues [50] at 936.2 and 747 cm ™. It was predicted that the structure does not possess an
acceptor level, but possess a single-donor level at around E, +0.2 eV. Theoretical results [50]
show that N pairs act as shallow traps for self-interstitials. Furthermore, since nitrogen
affects [12,18,21] the diffusion of self-interstitials in Si, any experimental information about
the N;jN;Si; complex will deepen the understanding of the role of self-interstitials in various
processes in the material.

(a)

L111>

Figure 5. A schematic representation of (a) the Si lattice and (b) the N;N;Sij defect. Black and gray
circles represent the N and Si atoms, respectively [50].
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2.7. The NsNgV Defect

It is important also to examine complexes where vacancies are added to the NgNj
defect. The first member of this family is the NsNsV complex (refer to Figure 3f). The struc-
ture was previously studied by considering [50] that both N atoms border a vacancy. The
defect possesses Cp, symmetry and relaxes so that each of the N atoms are approximately
coplanar with the three Si neighbors. The LVMs of the defect were calculated at 672, 664.9,
664.8, 662.9, and 669.1 cm 1. These values are similar to those of the NV defects due to
the fact that the N atoms in the two structures exist in similar environments [50]. Notably,
the reaction NsNg +V — NNV has been suggested [18] to be the dominant reaction for
vacancy suppression in FZ-Si. Calculations [50] show that the structure possesses a deep
acceptor around E; —0.42 eV, but further verification is needed from experimental results.

2.8. The NO Defect

N-O complexes form [14] unavoidably in CZ-Si doped with nitrogen. Theoretical
calculations with the AIMPRO local density functional theory [80] found that in the neutral
ground state configuration the oxygen atom is over-coordinated, that is three-fold coor-
dinated (refer to Figure 6). In this geometry, the O and the N atoms form a square with
two common silicon bonding neighbors [29,81,82]. Interestingly, in a previous study, a
slightly different structure was proposed [31], where the O atom was coordinated two-fold
and located in a bond-centered location. Three LVMs at 1001, 801, and 722 cm ! were
predicted to be related to the N-O defect [14]. Shallow thermal donors related to N-Oy
(x =1 — 8) defects provide peaks [83-86] in the IR spectrum in the range ~ 190-300 cm !
corresponding to transitions 1s-2pg, 1s-2p+ and 1s-3p+.The respective values of these
transitions [14] for N-O (x = 1) are 190.8, 233.8, and 260.1 cm~!. Additionally, a shallow
donor level at E(0/+) = E. —0.06 eV has been linked [82] with the N-O complex.

y
afl h:a-b"" i
/ O
\\‘\QQ“Q:K .lré;". |'::‘ % K
N ¥ ‘
¢
.
£ *‘

Figure 6. A schematic representation of the NO defect. Si atoms are indicted with dark shaded
circles, N with the light shaded circle, and O the empty circle. The spots represent the initial lattice
positions [14].

2.9. The NO; Defect

The NO, complex has been studied theoretically, in detail, in the literature, considering
two possible nearest neighbor sites for the second oxygen atom of the structure. In the
first case, the two O atoms of NO, are situated on either side of the N atom, forming an
O-N-O configuration (refer to Figure 7) [31] with a Cp, symmetry; although, in the second
case, the two O atoms are coordinated two-fold, forming a N-O-O configuration with Cyp,
symmetry [14,81]. Notably the energy of the O-N-O is higher than that of N-O-O by about
0.2 eV [13,81]. Comparing these values with the experimentally [87] detected bands, it was
suggested [81] that the bands at 855, 973, and 1002 cm ™! correspond to modes related to
the NO, complex. Additionally, two other bands at 810 and 1018 cm ! which have similar
annealing behavior to the above three bands were also tentatively attributed [87] to the
NO, defect. Notably, the assignment of the two latter bands has been put into question,
and in particular, they have been linked [14] to the N,O, defect.
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N
\ 1.69
&

Figure 7. A schematic representation of the NO, defect [31].

2.10. The N, O Defect

In the N, O structure, an O atom is trapped by a N, pair [88-95]. In this configuration,
since the 5i-Si bonds next to the (NN) ring are elongated, they can easily accommodate
an interstitial oxygen atom forming a (NN)O structure (Figure 1 in [95]). The trapping
of an O atom has been attributed [14] to the strain field surrounding the N, pair. In
an alternative configuration, an additional N atom is attached in a NO defect, forming
a N(NO) structure [29]. The (NN)O configuration is more stable in the neutral charge
state whereas the N(NO) configuration is more stable in the positive charge state [29,30].
The experimentally determined LVMs in the middle IR at 801, 996, and 1026 cm~! were
attributed [9,43,88-91] to the N,O defect. Additionally, peaks in the far IR range at 240,
242, and 249 cm ! have been detected [90] and linked to electronic excitations of the N,O
defect. Notably, shallow donor levels that originated from such N-O complexes have been
previously reported [92-95].

2.11. The NyO; Defect

The N,O, complex is formed when a N,O structure traps an interstitial oxygen
atom [14]. Two likely configurations have been discussed (refer to Figure 2 in [95]) de-
pending on the position of the second O atom attached to the N,O defect. In the first case,
the second O atom is situated at a bond center site next to the N-pair, labeled as (ONNO);
although, in the second case, the second oxygen atom is situated at a neighboring interstitial
site next to the first oxygen atom, labeled as (NNOO). A number of LVMs were calculated
for the N»,O, complex [95]. For two of them at 1003 and 813 cm L, it was suggested that
they could be identified [95] with the experimentally detected lines at 1018 and 810 cm™ 1.
The two bands have been detected [87,89,96] previously and are correlated [87,96] with the
NO; defect. However, preliminary research [95] has concluded that between the NO, and
the N,O, defects the latter is most possibly linked with the two bands, although further
wok is required to verify this assignment. We notice that NNOy (x > 1) particles have been
found [97] to serve as nuclei for oxygen precipitates, although other works have reported
that only NO; species can act [93] as nuclei for oxygen precipitates. Due to the significance
of oxygen precipitates for silicon-based industries, any information about nitrogen-oxygen
defects is valuable.

2.12. The V;yuN,O,, (m, n = 1, 2) Defect

It has been found that it is energetically unfavorable for the N,V; defect to trap
further vacancies [77,98]. However, oxygen atoms can be readily captured by the N>V,
defect to form larger structures [14,52,53,76,99] generally labeled as N,V,0, (n =1, 2)
complexes, which can act as nuclei for oxygen precipitates, but also enhance the formation
of oxygen precipitates [14,28,53,100,101]. The structures of the VN,O, V,N,O (refer to
Figure 8), VN,O,, and V,N,O, complexeshave been studied in the literature, and a number
of LVMs have been correlated [14,52,56] with these structures. Certain correlations between
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theoretically calculated LVMs and experimentally detected infrared lines have been made.
For instance, the LVMs at 729 cm ™! of V,N,0; and the 731 em™! of V,N,0 might be
assigned [14,52] to the FTIR line at 739 cm !, which was observed experimentally [43] in
nitrogen and oxygen implanted silicon. Additionally, the LVMs at 810 cm ! of V,N,0, and
819 cm ! of the V,N,0 matches with the FTIR measured lines at 806 cm ! and 815 cm !
absorption lines for N-O defects [52]. Apparently, more experimental work is necessary in
order for definite assignments of certain IR bands with corresponding N,V,0, (n=1, 2)
complexes to be established.

OSi oN o(Q ()Vacancy

Figure 8. A schematic representation of the N, V,0; defect [56].

2.13. The CN and CNO Defects

The so-called “impurity engineering” technique is a very promising strategy to im-
prove the quality of a material through the introduction of harmless impurities in the crystal
lattice [14]. N and C are electrically neutral impurities in Si, and their presence in the lattice
can improve the intrinsic gettering ability of Si; they can eliminate void defects; enhance the
mechanical strength of the material; significantly affect the oxygen precipitation process; as
well as reduce the size of microdefects and control their growth [14,102-104]. It deserves
to be noted that optical absorption and electron spin resonance (ESR) measurements have
concluded that C suppresses the formation of N-O complexes [105]. Apparently, the interac-
tion between N and C is important in this framework, since the formation of corresponding
complexes may affect the electrical and optical properties of Si. Therefore, for technological
purposes any relative information about N and C-related defects is necessary for control-
ling Si wafers containing these impurities. Regarding the N-C pairs, systematical studies
have been reported, employing the photoluminescence (PL) spectroscopy by Dormen
et al. [106-109]. A number of PI no-phonon transitions in the spectra of C and N implanted
Si have been reported: Nj = 745.6 meV, N, = 758.0 meV, N3 = 761.5 meV, Ny = 757.4 meV,
and N5 = 772.4 meV, each one with different formation temperatures. The model concluded
that the N-C center involves a N atom distorted out of the substitutional lattice site along
the <111> axis in an almost planar Si3sN configuration and a C; atom, which is inserted into
the N-5i bond along the <111> axis, popped out from the bond-centered position in one of
the three equivalent <100> planes [106-110].

Regarding the C-N-O defect, the so-far-reported experimental results are poor. Two
IR lines labeled NX; and NX; have been reported [90]. An IR line at 588 cm ! labelled as
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the X line of the CO complex supports the conclusion that the NX; and NX; bands may
be due to a CO complex which is disturbed by a N atom in the vicinity. However, further
experimental and theoretical verification is necessary.

The structures N-C and N-C-O have been recently investigated using DFT calcula-
tions [57]. The DFT results by Kuganathan et al. [57] showed that in the relaxed structure
of the C;N defect, nitrogen is in a distorted trigonal planar configuration with the nearest
neighbor silicon atoms (refer to Figure 9a). The Si-N bond distances are 1.74-1.80 A and
are shorter as compared to the Si-Si bond distance (2.37 A) in the undoped Si lattice [57].
The key is the higher electronegativity of N as compared to Si, which also impacts the
Bader charges [57]. In particular, N has accumulated a high negative Bader charge (-3.21)
with the nearest neighbor Si atoms having a positive Bader charge (refer to Figure 9b) [57].
Considering the C; is tetrahedrally coordinated and has four nearest neighbor Si atoms [57].
The shorter Si-C bond distances (1.92-2.02 A) as compared to the Si-Si bond distance and
the negative Bader charge on the C atom reflect the electronegativity difference between
the C and Si atoms (refer to Figure 9c) [57].

(@) & LA _-\‘;;‘}A._. z’ (o) Y giH-00
<42 ,
G +§.I 4
Si.

+1:04

Figure 9. The C;N defect. (a) The DFT relaxed structure of C; in the presence of N-doped Si, (b) the
Bader charges on C, N and its nearest neighbor Si atoms, and (c) the charge density plot representing
the electron distribution around the C and N atoms [57].

The C;NO; defect can form by adding an O; in the C;N defect in Si (refer to Figure 10a) [57].
The introduction of O; induces relatively small changes in the Bader charges, bond distances,
and angles (refer to Figure 10b,c) [57]. As oxygen is more electronegative, it accumulates a
Bader charge of -2.09 [57].

To aid the reader, Table 1 summarizes the properties of the most important nitrogen-
containing defects in Si. These defects are also important in related materials such as Ge
and group IV alloys [111,112], which are becoming increasing important in nanoelectronic
devices. As such advanced computational and thermodynamic techniques will be required
to investigate the intricacies of nitrogen-related defects in semiconductor alloys [113-116].
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Figure 10. (a) The DFT relaxed structure of C;NO; defect in Si, (b) the Bader charges on C, N, O, and
their nearest neighbor Si atoms, and (c) the charge density plot representing the electron distribution
around the C, N, and O atoms [57].

Table 1. Summary of the properties of the most significant nitrogen-related defects considered.

Defect LVM/cm—1 Levels/eV Refs.
Ns 653 E.—0.08, E.—0.31, E.—0.64 [33,61,62]
Nj 550, 773, 885 Ey+0.5, E.—0.2 [50,51,63]

NiN; 766, 963 [9,67]
N,V 663 E.—0.5,E.—0.7 [50,54]
N;N; 573.4,774.1 [63]

NsNg E.—0.42 [6,70-72]

N;N;Sip 930, 953 Ey+0.2 [39,50,79]
NO 722,801, 1001 E.—0.06 [14]

NO, 855, 973, 1002 [81,87]
N>,O 801, 996, 1026 [9,43,88-91]

3. Conclusions

In the present review, we aim to offer a comprehensive survey of nitrogen-related
defects in Si. We considered both experimental and theoretical studies in order to gain
a better understanding of these defects and their impact on the properties of Si. N is
always present in Si, and understanding it is of fundamental importance, as the Si-related
devices have reduced dimensions. In particular, it is expected that a better understanding
of dopant—defect interactions involving nitrogen and/or oxygen and/or carbon and/or
intrinsic defects will guide scientists/engineers to further improve the optical, electrical,
and electronic properties of Si.
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