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ABSTRACT

While nitrogen doping has been investigated extensively in silicon, there is only limited information on its interaction with vacancies in
germanium, despite most point defect processes in germanium being vacancy controlled. Thus, spin polarized density functional theory
calculations are used to examine the association of nitrogen with lattice vacancies in germanium and for comparison in silicon. The results
demonstrate significant charge transfer to nitrogen from the nearest neighbor Ge and strong N-Ge bond formation. The presence of vacancies
results in a change in nitrogen coordination (from tetrahedral to trigonal planar) though the total charge transfer to N is maintained. A variety
of nitrogen vacancy clusters are considered, all of which demonstrated strong binding energies. Substitutional nitrogen remains an effective
trap for vacancies even if it has already trapped one vacancy.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0080958

I. INTRODUCTION

The advent of high-k dielectrics has enabled better use of
materials, such as Ge and silicon-germanium (Si;—xGey), for micro-
electronics devices.'” However, while Ge is isostructural with Si,
there exist important differences between the two materials.”” These
differences are reflected in the defect processes, which in turn impact
the design and performance of devices.””*

The presence of nitrogen (N) in Si has been examined previ-
ously as it can lock dislocations and thereby increase the mechanical
strength of wafers.” Good mechanical properties are important
when Si wafers are used for ultra-large-scale integration technologies
as they must undergo numerous processing steps without break-
ing. Additionally, N in Si reduces voids and microdefects, such as
A-swirls and D-defects, during crystal growth via the float-zone
method,'”"" and it suppresses the negative effect of metal contam-
inants.!” Nitrogen-vacancy (NV) defect centers in Si, Ge, Sn, and
Pb have potential application in current technologies, including
sensors, bio-imaging, and thermometery at nanoscale.”””

In Si, N atoms will readily interact with vacancies limiting the
formation of the vacancy-oxygen defect (VO or A-center).'® Nev-
ertheless, under equilibrium conditions, the interaction of N with
vacancies will not be significant as the concentration of vacancies
is very low."” Nitrogen-vacancy defects do become relevant under

non-equilibrium conditions (such as irradiation) where there can
be a supersaturation of vacancies. In Ge, the situation is different as
the vacancy is the dominant intrinsic point defect that facilitates the
diffusion of most technologically important dopants.”’** Although
N is a group V element, it is not an appropriate n-type dopant.
However, while previous density functional theory (DFT) work has
shown that N can interact with vacancies to form strongly bound
NV, defects in Ge,”"”" there has been no thorough investigation
of the electronic properties of these defects.

In this study, we employ density functional theory (DFT)
calculations to identify minimum energy nitrogen-vacancy config-
urations and associated charge transfer in Ge and to enable direct
comparison to Si.

Il. COMPUTATIONAL METHODS

The plane wave DFT code VASP (Vienna Ab Initio Simula-
tion Package)’® was used to perform all calculations. This code uses
projected augmented wave (PAW) pseudopotentials’” to solve stan-
dard Kohn-Sham equations. A plane wave basis set with a cut-off
of 500 eV was used in all calculations. Bulk and doped structures
were modeled using 8 x 8 x 8 and a 4 x 4 x 4 Monkhorst-Pack*
k-point meshes, respectively. A supercell containing 250 atoms was
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employed to model doped configurations. The exchange—correlation
energy term was described using the generalized gradient approx-
imation (GGA) as modeled by Perdew, Burke, and Ernzerhof
(PBE).”” The conjugate gradient algorithm’ was used to optimize
both bulk and defect structures. In all relaxed configurations, forces
on the atoms were less than 0.001 eV/A. The effective charges on the
atoms closer to the defect configurations were calculated using the
Bader charge analysis.”! We used the orbital dependent Coulomb
potential (Hubbard U) and the exchange parameter J, as described
by Dudarev et al.,”” to describe the behavior of the localized p
states of Ge, with values of U = 0 eV and J = 3.33 eV as reported
previously.”’ Short range dispersive attractive forces were modeled
using the zero damping DFT + D3 scheme as implemented by
Grimme ef al.**

lll. RESULTS AND DISCUSSION
A. Structural modeling of Ge, Si, SizN,, and GezN,

The starting point of this study was to demonstrate a good cor-
relation between the predicted and experimentally determined crys-
tal structures of cubic Si and Ge (space group Fd3m,No :227),""
cohesive energies,” " bandgap,””"" and bulk modulus™"" values
by performing full geometry optimization calculations using the
basis sets and pseudopotentials described earlier (see Table I).
In Table II, we provide the calculated and experimental lattice
parameters of & (and f)-SizNy " and « (and B)-Ge;N,."""” Total
energies of & and  forms were calculated. The lowest energy struc-
ture was calculated for the a form for both Si3sNy and GesNy
although the energy difference is very small.

Cohesive energies of Si and Ge were calculated using the
following equation:
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FIG. 1. DOS plots of bulk (a) Si and (b) Ge. The vertical black dotted lines
correspond to the Fermi energy level.

Econ(X = Sior Ge) = ER™ — ER™,

(1)
where E5**d and E{“* are the total energies of an isolated gas phase
X atom and the X atom in the bulk, respectively.

The calculated density of states (DOS) plots of bulk Si and Ge
are shown in Figs. 1(a) and 1(b) with semiconducting bandgaps of
0.60 and 0.70 eV, respectively. While the predicted bandgap calcu-
lated for Si is smaller than the experimental value of 1.17 eV,” it
is in good agreement with typical values (0.60, 0.61, and 0.71 eV)
obtained from other DFT calculations.”"” The bandgap calculated
for Ge is in excellent agreement with the experimental values.*’ In
a previous simulation study,*® we have shown that the absence of a
U-J parameter would yield a much smaller bandgap value than the
experimental value. In the optimized structure of N, molecule, the
N-N bond distance is 1.11 A, agreeing well with an experimental
value of 1.09 A.*

TABLE I. Calculated lattice parameters, cohesive energies, and bandgaps for Si and Ge. The corresponding experimental
values are also provided. The values reported in the parentheses are for calculations without U parameter in bulk Ge.

This study Experiment This study Experiment
Parameter Si Ge
a=b=c(A) 5.45 5.43% 5.59 (5.76) 5.66°
Econ (eV/atom) 4.73 4.637 3.70 (3.86) 3.85%
Egap (€V) 0.60 1.17% 0.70 (0.00) 0.74%0
Bo (Mbar) 0.87 0.99°7 0.84 (0.58) 0.75"!

TABLE I1. Calculated lattice parameters of bulk SisN4 and GezN,4 structures together with their corresponding experimental values. The relative energies per formula unit (f.u)

calculated are also provided.

This study Experiment*

This study Experiment®

This study Experiment** This study Experiment*

Parameter a-SizNy B-SizNy a-GesNy B-GesNy
a=b(A) 7.806 7.765 7.654 7.595 8.321 8.202 8.153 8.203
[ (A) 5.660 5.628 2.928 2.902 6.023 5.941 3.128 3.077
Relative energy/f.u (eV) 0.00 +0.04 0.00 +0.03
AIP Advances 12, 045110 (2022); doi: 10.1063/5.0080958 12, 045110-2
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B. N-doped Ge and Si between Si and N (1.33). The charge density maps show the bond-
ing interaction between N and Si (or Ge) [see Figs. 2(e) and 2(f)].
The electron density plots localized around the N atom in Si and
Ge are shown in Figs. 3(a) and 3(b), respectively. The presence of

Figures 2(a) and 2(b) show the structures of a single substitu-
tional N atom in Si and Ge, respectively. In the relaxed configura-
tions, the four nearest neighbor atoms are symmetrically attracted . ;
by the N atom, thereby retaining a tetragonal coordination with three electrons on N makes these dop.ed conﬁguratlons metalhlc [see
the nearest neighbor atoms. In the NSiy tetrahedral unit, the N-Si Figs. 3(c) and 3(d)]. The.: states associated Wlt_h the N appear in the
bond lengths are shorter by 0.33 A than the Si-Si bond lengths [see valence bands agd Fermi energy levels according to the atomic DOS
Fig. 2(c)]. The strong bonding between the N and the Si atoms is plots of N [see Figs. 3(¢) and 3(O)]. )
evidenced by the Bader charges on the N and adjacent Si atoms: the The §ubst1tut10n energies for a smgle. Natom to rePlace a sn}gle
N atom gains 3.30 electrons from the nearest neighbor Si atoms [see M (M = Si or Ge) atom were calculated using the following equation:
Fig. 2(c)]. This is due to the higher electronegativity of N (3.07) than
Si (1.74).°° The ~3 positive charges are practically equally distributed
on the four nearest neighbor Si atoms [see Fig. 2(c)].

In the case of Ge, the N-Ge bond distances are 0.28 A
shorter than the Ge-Ge bond distance [see Fig. 2(d)]. The shorter where E(ngsi_supercell) 18 the total energy of a single N atom substitu-
N-Ge bond distance is again due to the electronegativity difference tionally doped in the supercell of M, E(ypqupercetty i the total energy
between the N (3.07) and the Ge (2.02)"" reflected in the —3.03 Bader
charge on the N, slightly lower than that found on the N in the Si.
The smaller Bader charge on N in Ge than N in Si is due to the
smaller electronegativity difference (1.05) between N and Ge than

1
Egub = E(N:M_supercell) + E(M) - E(M:supercell) - EE(NZ)’ (2)

(b)
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FIG. 2. Relaxed structures of (a) N-substituted Si and (b) N-substituted Ge. Tetra- Energy (eV) Energy (eV)
hedral units showing bond distances, bond angles, and the Bader charges in the
relaxed configurations of (c) N-substituted Si and (d) N-substituted Si. Charge den- FIG. 3. Band-decomposed charge density plots of the N in (a) N-doped Si and (b)
sity plots showing the bonding interaction between (e) the N and Si and (f) the N N-doped Ge. The corresponding total DOS plots (c) and (d) and atomic DOS plots
and Ge. of N (e and f) are also shown.
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TABLE IIl. Calculated formation energies of point defects and defect clusters in Si
and Ge.

Formation energy (eV)

Defect/defect cluster Si Ge
A\ 3.51 3.13
N 0.50 1.59
\'A% 5.18 4,92
NN -0.65 2.23
NV 1.40 1.53
N,V -3.62 -2.52
NV, —4.14 -3.13
N, V, —4.99 -3.75

of the defect free supercell of M, Eq) is the energy of a M atom in
its bulk, and E(N,) is the total energy of a N, molecule.

The calculated energies for the Si and Ge are 0.50 and 1.59 eV,
respectively (see Table III). This indicates that the substitution of
N in Si is a lower energy process than in Ge, a consequence of the
strength of Si-N bonds compared to Si-Si bonds than Ge-N bonds
are compared to Ge-Ge (see Fig. 2).

The energy to incorporate a single N atom on the pre-existing
Si (or Ge) vacancy defect was calculated according to the following
equation:

Emc = E(N:M_supercell) - EVM:supercell - %E(N2)> (3)
where Ev, supercell is the total energy of a supercell containing a
vacant M (M = Si or Ge) site. The incorporation energy onto a Vs; is
-3.01 eV consistent with it being energetically favorable for %NZ to
dissociate and occupy the Si vacancy if a vacancy is readily available.
This is because the pre-existing electrons in the defect lattice facil-
itate the incorporation of N via charge transfer. In the case of Ge,
the incorporation energy is —1.59 eV. The lower exoergic incorpora-
tion for Ge is due to the weaker bonding between the N and the Ge
compared to N and the Si.

C. NN and VV defect pairs

This report is concerned with the stability and electronic
structure of defects formed when substitutional N species bind to
vacancies. These heteronuclear clusters will be in competition with
homonuclear clusters formed when two N substitutional defects
form a NN cluster pair or two vacancies form a VV cluster.

Figure 4(a) shows the structure of the most stable arrangement
of two vacancies in Si. A similar configuration was also calculated for
Ge [see Fig. 4(c)]. In both cases, the vacancies are in nearest neighbor
positions. This is in good agreement with previous studies, which
also predict the preference for a nearest neighbor arrangement.’*
Following Eq. (2), the formation energies of a VV cluster in Si and
Ge are 5.18 and 4.92 eV, respectively (see Table III).

Figures 4(b) and 4(d) show the structures of the most stable
NN cluster in Si and Ge, respectively. Both N remain on Si (or Ge)
sites, which are in nearest neighbor positions. This agrees with a
previous DFT simulation.” Again, following Eq. (2), the energies
to form the NN di-substitution cluster in Si and Ge are —0.65 and

scitation.org/journal/adv
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FIG. 4. Most stable relaxed structures of (a) di-vacancy cluster (VV) and (b) NN
di-substituted cluster in Si. The corresponding structures [(c) and (d)] obtained for
Ge are also shown.

2.23 eV, respectively (see Table III). That means the solution of
14N, is exothermic. However, N, reacts with Si to form SizNj solid.
If this is taken as the reference state, the solution of SizNy into Si is
endothermic with a value of +2.99 V.

To determine the stability of the cluster with respect to isolated
species, the cluster binding energy is predicted. This is calculated via

EBinding(NN) = 2ESub(NN) - 2ESub(I\I): (4)

which implies that, if the binding energy is negative, the cluster is
stable.

The binding energy for the VV cluster in Si is —1.84 eV and
in Ge -1.34 eV. The binding energy for the NN cluster in Si is
—-1.65eV and in Ge —0.95 eV. Thus, all four binary clusters are stable
with respect to their isolated components.

D. NV defects

Next calculations were performed for a single substitutional
N atom in Si (or Ge) at sites adjacent to a pre-existing Si (or Ge)
vacancy. The relaxed structures are shown in Figs. 5(a) and 5(b). Dif-
ferent NV defect configurations were considered. Their structures
and relative energies are provided in the supplementary material.
The lowest energy configuration, in which N and vacancy are nearest
neighbors, was considered for further analysis.

The substitutional N atom in Si relaxes from perfect tetrahe-
dral symmetry to form a distorted trigonal planar structure with
three identical bond angles of 117.8° and three Si-N bond lengths
of 1.84 A. There is a significant reduction (by ~0.20 A) in the Si-N
bond distances compared to those calculated in the absence of the Si
vacancy [compare Figs. 2(c) and 5(c)]. The strong bonding between
the N and Si atoms is confirmed by the higher positive Bader charges
(~+1.00) on the Si atoms [Fig. 5(c)] than that calculated (~+0.76) in

AIP Advances 12, 045110 (2022); doi: 10.1063/5.0080958
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FIG. 5. Relaxed structures of a single N atom substitutionally doped on the (a)
Si site and (b) Ge site in the presence of a vacancy closer to the dopant. Bond
distances, bond angles, and the Bader charges closer to the dopant in the relaxed
configurations of (c) N-substituted Si and (d) N-substituted Si. Charge density plots
associated with the (€) Nsi—Vs; and (f) Nge—Vge pairs.

the absence of a Si vacancy [Fig. 2(c)]. That is, the N atom still gains
approximately three electrons to complete its 2p shell but now from
the three Si atoms to which it is bonded.

In the case of Ge, the Bader charge on the N in the NGes unit
is —2.85, slightly lower than that calculated on the N in the NSi;
unit, again reflecting the higher electronegativity of Ge than Si (but
still practically completing the N outer p shell). The N-Ge bond
distance is longer than the N-Si bond distance [see Figs. 5(c) and
5(d)]. This is primarily due to the larger atomic radius of Ge than
Si. The bond angles in the NGes unit are very close to those calcu-
lated in the NSi3 unit. The charge density plots show the interaction
between the N atom and the nearest neighbor atoms [see Figs. 5(e)
and 5(f)].

The local charge density around the N atom in the relaxed con-
figurations is shown in Figs. 6(a) and 6(b). The total DOS plots show
that the resultant structures are metallic [see Figs. 6(c) and 6(d)].
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FIG. 6. Band-decomposed charge density plot around the N atom in the (a) Ngi—Vs;
and (b) Nge—Vee clusters. The corresponding total DOS plots (c) and (d) and
atomic DOS plots of N (e) and (f) are also shown.

This can be partly due to the electrons arising from the vacancy in
the lattice. The atomic DOS plots calculated for N show that p-states
are strongly localized in the valence bands and the Fermi levels [see
Figs. 6(e) and 6(f)].

The vacancy formation energies were calculated in the absence
and presence of N doping. In the undoped Si and Ge lattices, the
vacancy formation energies are 3.51 and 3.13 eV, respectively (see
Table 111), agreeing well with previous calculations.””* Adjacent to
a pre-existing N substitutional atom, these values drop to 1.41 and
1.53 eV. Thus, N doping facilitates the formation of a Si vacancy by
2.10 eV and a Ge vacancy by 1.60 eV.

The cluster binding energies were calculated from isolated sub-
stitutional N and an isolated vacancy but also from NN and VV
di-clusters (which demands the dissociation of these clusters). From
isolated defects, the binding energies are of —2.10 and —1.60 eV
for the formation of Ng;-Vs; and Nge-Vge clusters, respectively,

AIP Advances 12, 045110 (2022); doi: 10.1063/5.0080958
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meaning that there is a strong driving force for cluster formation. E. N2V defects

F.rom di-cluster s,.the bindipg energies are re.duced to —0.37 €V in The next nitrogen vacancy combination considered consisted
Siand -0.43 eV in Ge. This means that while the VV defects are ¢ (15 substitutional N atoms adjacent to a single nearest neighbor
strongly bound, N will still preferentially associate with vacancies Si (or Ge) vacancy (i.e., Ni— Vs~ Nsi or Nge-Ve-Nae). The relaxed
in both Sl, an.d Ge. That 15 as.long as the concentration of nitro- structures are shown in Figs. 7(a) and 7(b), indicating that the N
gen substitutional defects is hlSher than .that of vacancies, it will - gubstitutional species form a bent configuration with the vacancy.
strongly depress .the concentration of the 1591ated vacancies or Vv We have considered other N,V defect configurations with higher
clusters by f(?rml.ng .the NV clusters (a‘nd vice versa, that is, if the total energy than that calculated for the configuration reported here
v concentration 1s higher than N substltutlonal,.u.v‘\nll suppress the (see the supplementary material). Each N atom forms a three coor-
concentr atlc'n} ofisolated N). Th1s qffer s the possibility that V or VV dinated structure with three nearest neighbor Si (or Ge) atoms. The
cluster mobility may be negatively impacted by the presence of sub- N-Si (or Ge) bond lengths and bond angles are almost the same as
stitutional N species and thus also the transport of dopants thatrely 1o values predicted for the Ngi—Vs; and Nge-Vae configurations
ona A4 or Vv mediajcecll mec.hanism,. though further work is needed [see Figs. 7(c) and 7(d)]. The Bader charge on each N atom in the
to identify a mechanistic basis for this. NSi3 unit is —3.11 again essentially taking a single electron from

each of the adjacent three Si atoms. In the case of Ge, a lower nega-

tive charge of —2.86 is predicted on the N atoms. The charge density
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3 4 5 6 7 8 9 1 2 3 4 5 6 7
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FIG. 7. Relaxed structures of two N atoms substitutionally doped on the (a) Si Energy (eV) Energy (eV)
and (b) Ge site in the presence of a nearest neighbor vacancy. Bond distances, ) )
bond angles, and Bader charges around the dopants in the (c) Ng—Vg-Ng; and (d) FIG. 8. Band-decomposed charge density plots around the N atoms in the (a)
Nae—Vae—Nae clusters. Charge density plots associated with the (e) Ngi—Vgi—Ngi Nsi-Vsi—Ns; and (b) Nge—Ve-Nce clusters. The corresponding total DOS plots (c)
and (f) Nge—Vge—Nage Clusters. and (d) and atomic DOS plots of N () and (f) are also shown.
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plots showing the interaction between the N atoms and the nearest
neighbor atoms are presented in Figs. 7(e) and 7(f).

The band-decomposed charge density plots around the N atom
indicate that the electrons are mainly localized on the N atoms,
and there is a dispersion of charges throughout the lattice [see
Figs. 8(a) and 8(b)]. The total DOS plot shows that the resultant
doped configuration (Nsi—Vsi—Nsi) maintains a narrow gap [see
Fig. 8(c)]. The p states of N are mainly localized in the valence
band [see Fig. 7(e)]. Conversely, a metallic character is noted for the
Nge-Vge-Nge configuration [see Figs. 8(d) and 8(f)].

The total binding energy to form the Ns;—Vs;i—NG; cluster from
isolated defects (2Ns; and V) is —3.62 eV, inferring a strong pref-
erence to form the cluster (see Table I1I). The binding energy for
the Nge—Vge—Nage cluster, while lower, —2.52 eV, is still substantial.
The (binding) energies to associate a second substitutional N with
Ns;—Vsi and Nge— Ve clusters to form Ns;j—Vs;—Ns; or Nge—Vge—Nge
clusters are 1.52 and 0.92 eV, respectively. These binding energies
indicate there is still a substantial driving force for the association of
a second N substitutional atom with the NV di-cluster.

FIG. 9. Relaxed structures of a single N atom substitutionally doped on the (a) Si
site and (b) Ge site in the presence of two vacancies closer to the dopant. Bader
charges closer to the dopant in the relaxed configurations of (c) N-substituted Si
and (d) N-substituted Ge. Charge density plots associated with the (e) Ngi—Vsi—Vs;
and (f) Nge—Vge—Vae pairs.

scitation.org/journal/adv

Considering the formation from VV and NN clusters, the total
binding energies drop to —1.07 eV in Siand —0.90 eV in Ge, still indi-
cating strong association. Following this, if we consider association
of a second N with an existing N-V cluster from the dissociation
of the Ng;—Ng; (or Nge-Nge) cluster, the energy is still exothermic
(0.69 and 0.19 eV in Si and Ge, respectively). Thus, if there are suf-
ficient nitrogen substitutional species, two N will bind to a vacancy.
This may further impact transport of dopants through the lattice if
it leads to a mechanism to further inhibit vacancy mobility.

F. NV, defects

The next cluster investigated consisted of two vacancies adja-
cent to a substitutional N. Different configurations were considered
(see the supplementary material), and the lowest energy configu-
ration is reported here. The relaxed structures show the formation
of a distorted planar configuration (NSiz and NGes) [see Figs. 9(a)
and 9(b)] as described for the single vacancy and double N clus-
ters above. The bond distances and angles in these planar structures
are almost identical with those found in the NV and N,V defects.
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FIG. 10. Band-decomposed charge density plots around the N atoms in the (a)
Nsi—Vsi—Vs; and (b) Nge—Vse—Vae Clusters. The corresponding total DOS plots (c)
and (d) and atomic DOS plots of N (e) and (f) are also shown.
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Again, almost complete N p-shells are predicted, the Bader charges
of —3.12 and -2.85 for NSi3 and NGes, respectively [see Figs. 9(c)
and 9(d)]. The charge density plots show the interaction between the
N substitutional species and the vacancies [see Figs. 9(¢) and 9(f)].

According to the band-decomposed charge density plots, the
electrons are mostly localized around the vacancies [see Figs. 10(a)
and 10(b)]. The resultant configurations exhibit metallic charac-
ter [Figs. 10(c) and 10(d)]. The Fermi energy levels have a small
contribution from the p states of N [Figs. 10(e) and 10(f)].

The predicted total binding energies to form the Ng;j-Vsi—Vs;
cluster from isolated defects (2 Vs; and Ng;) are —4.14 eV and, in
correspondence with previous results, a lower binding energy of
—3.13 eV for the Nge-Vge—Vge cluster. If we consider the formation
of the clusters from NN and VV clusters, the binding energies are
—-1.48 eV in Siand —1.31 eV in Ge, still indicating strong association.
The formation of these clusters was also considered from a vacancy
(Vsi or Vge) and a Ng;—Vs; (or Nge—Vge) cluster with favorable bind-
ing energies predicted of —2.02 eV for Ngi-Vsi—Vsi and —1.47 eV
for Nge—Vge—Vae. Interestingly, these values are almost the same as
the binding energies to form the pair Ng;—Vs; (or Nge—Ve) clusters:

FIG. 11. Relaxed configurations of (a) Ngi—Vgi—Vsi—Ns; and (b) Nge—Vge—Vge—Nge
cluster. Bader charges around the N atoms in (c) Ngi-Vgi—Vsi—Ng; and (d)
Nee—Vee—Vae—Nae Cluster. The corresponding charge density plots (e) and (f) are
also shown.

scitation.org/journal/adv

that is, the energy gained from association of the second vacancy is
almost the same as that for the first vacancy. If the second vacancy
is taken via the dissociation of a VV cluster, the association of the
second vacancy is still exothermic with an energy of 0.82 eV in Si
and 0.61 eV in Ge. These energies all indicate a greater association
of a V with a cluster containing a N than association of a second N
(compared to values in Sec. III D). That means a nitrogen substitu-
tional species remains an effective trap for a vacancy (including via
VV cluster dissociation) even if it has already trapped one vacancy.
Thus, the nitrogen substitutional species may impact the transport
of dopants through the lattice even if there are more vacancies than
nitrogen (though the mechanism needs to be identified).

G. N,V defects

Finally, structures were predicted resulting from two substitu-
tional N atoms in the presence of two Si (Ge) vacancies (i.e., four- or

DOS (arb.unit)

DOS (arb.unit)

T T T T T T T T T T

3 4 5 6 7 8 9 1 2 3 4 5 6 7
Energy (eV) Energy (eV)
(e) —s(sl) (f) —s (s
— s (s/d) —s(sly)
p (sly) p (s/u)
P \ —p(s/d) i ‘ —p(sid)
5 ‘ Al E \ ;
- A A - | v
] AV o AV
8 : g )
%) ()
(a] a
T T T T T T T T T T
3 4 5 6 7 8 9 1 2 8 4 5 6 7

Energy (eV) Energy (eV)

FIG. 12. Band-decomposed charge density plots around the N atoms in (a)
Nsi—Vsi—Vsi=Nsj and (b) Nge—Vge—Vge—Nge Cluster. The corresponding total DOS
plots (c) and (d) and atomic DOS plots (e) and (f) are also shown.
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TABLE V. Binding energies calculated for the formation of Ngi—Vgi—Vs—Ng; and
Nge—Vge—Vee—Nge Clusters.

Defect cluster formation process Binding energy (eV)
Nsi—Vsi + Ngi—Vsi = Nsi—Vsi—Vsi—Ns;i -0.79
Nsi—Vsi—Nsi + Vi = Ngi—Vsi—Vsi—Ns;i -1.37
Nsi—Vsi=Vsi + Nsi > Ngi—Vsi—Vsi—Ns; -0.85
2 Ns{ +2 VSi - NSi_VSi—VSi—NSi -4.99
Vsi—Vsi + Ngji—Nsi —Ngi—Vsi—Vsi—Ns;i -1.52
Nge-Vage + Nge—Vge = Nge—Vge—Vge—Nae -0.55
Nge—VGe—Nge + Vge = Nge—VGe—Vge—Nae -1.23
Nge-VGe—Vage + Nge = Nge—Vge—Vge—Nage —-0.62
2 Nge + 2 Vge = Nge—Vge-Vge—Nge -3.75
VGe—Vge + Nge—Nge = Nge—Vge—Vge—Nae -1.46

tetra-defect cluster). The relaxed structures are shown in Figs. 11(a)
and 11(b). Again, the Bader charge (-3.12) on each N was donated
equally by three Si atoms (~1.05¢ from each Si) [see Fig. 11(c)]. Two
adjacent distorted trigonal planar units (NSiz) are formed each with
similar structures predicted for other clusters. Shorter N-Si bonds
(1.84 A) confirm the strong bonding between N and Si. In the case
of Ge, the Bader charge on each N atom is —2.85 [see Fig. 11(d)]. The
cross-sectional charge density plots [Figs. 11(e) and 11(f)] show the
bonding interaction between the N and Si in the NSi3 unit and the N
and Ge in the NGe; unit.

The electron density around the N atoms in the relaxed struc-
tures are shown in Figs. 12(a) and 12(b). The total DOS plot shows
that the resultant structures are metallic [see Figs. 12(c) and 12(d)].
The atomic DOS plots of N are shown in Figs. 12(e) and 12(f). The
Fermi energy levels are mainly localized with p states of N.

The binding energies were predicted for the formation of
Nsi-Vsi-Vsi-Ns; and Nge-Vge-Vge-Nge clusters via different
routes (see Table IV): in all cases, they are exothermic, and the
energies for Si are universally greater than the energies for equiva-
lent processes in Ge. The formation of the tetra-cluster from four
isolated point defects is greater but not markedly greater than
twice the energy to form two di-clusters (in Si, —4.99 eV com-
pared to 4.20 eV). The energy to associate a N with a pre-existing
N-V-V tri-cluster while exothermic is also not particularly high
(0.85 eV for Si and 0.62 for Ge) whereas the energy to associate
a V with a pre-existing N-N-V tri cluster is 1.37 eV for Si and
1.26 eV for Ge. This suggests, again, that vacancies exhibit stronger
binding energies to form (small) clusters with N or nitrogen con-
taining clusters than N does to cluster that already contain a N
species. That is, the N substitutional species act to associate isolated
vacancies.

IV. CONCLUSIONS

The structures and energetics of various nitrogen-vacancy
defects in Ge have been predicted using atomic scale calculations
based on DFT corrected for dispersion interactions. Vacancies are
the dominant intrinsic defect in Ge. For comparison, the same cal-
culations are reported for Si, aspects of which have been reported in
previous studies.

ARTICLE scitation.org/journall/adv

We predict that N substitutional doping is accommodated by
the formation of strong N-Ge (Si) bonds. There is significant charge
transfer to the N from its nearest neighbors, which essentially com-
pletes its 2p shell. The presence of a vacancy leads to a change in
N coordination number, from initially tetrahedral to trigonal planar
(i.e., from 4 to 3), although the total charge transfer to the N atom
remains roughly the same (i.e., it still completes the 3p shell).

The aggregation of isolated defects to form dopant-vacancy
clusters, NV, NNV, NVV, and NNVV, is accompanied by strong
favorable (exoergic) binding energies. Even the association of a sec-
ond vacancy with a NV cluster is strongly favorable. Through this,
the presence of substitutional N in Ge may degrade the efficacy of
vacancy mediated processes responsible for the transport of dopants,
since the vacancy transport is dominant in Ge (whereas the inter-
stitial transport is more important in Si). The N doping process
introduces gap states leading to band-gap narrowing, which can play
a significant role in the performance of devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for different configurations of
NV, NV,, N,V, and N, V; defects in Si and Ge.
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