Chemical Interpretation of Charged Point Defects in Semi-

conductors: A Case Study of Mg,Si

Michael Y. Toriyama,** Madison K. Brod,” and G. Jeffrey Snyder

The number of excess charge carriers generated by a point defect, defined by the “charge state” of a
defect, is oftentimes an important quantity used to engineer the electronic properties of semiconductors.
Here, we develop a molecular orbital theory-based framework for interpreting the charge state(s) of a
point defect, which is based on local chemical interactions between the defect and the atoms surrounding
the defect site. We demonstrate how the framework can be applied to native defects in Mg,Si, such
as interstitials, vacancies, and antisite defects, by utilizing symmetry principles and Density Functional
Theory calculations. We anticipate that such an interpretive framework will guide efforts to engineer
electronic and optical properties of semiconductors through manipulation of intrinsic and extrinsic defects.

1 Introduction

Point defects are used to control a variety of electronic and optical
properties of materials, in which the concept of a charge state
of a defect is oftentimes useful. The charge state of a defect is
the relative charge that is localized at the defect site. Analogous
to Kroger-Vink notation, * we say that the defect has a negative
charge state when additional electrons are localized at the defect
site (i.e., an acceptor), a positive charge state when electrons are
delocalized from the defect site (i.e., a donor), and a neutral 0
charge state otherwise. In phosphorus-doped silicon for example,
it is typically understood that a P dopant (5 valence e™) donates
an electron to the electron reservoir when substituting for Si (4
valence e™). Since an electron delocalizes from the P dopant in
this scenario, we label the defect with a 41 charge state, denoted
by a superscript as Pg;'.

Although the charge state of Pg; could be understood simply
from valence electron counting, this is not true in general since
the placement of the excess charge (either near the defect site or
in the electron reservoir) depends on the energy of the electron
reservoir (i.e., the Fermi level Eg).“ In fact, a point defect may
possess multiple charge states depending on the position of Eg. A
famous example of this is the oxygen vacancy (Vp) in ZnO, where
computational studies”~" and EPR experiments ** have asserted
that the charge state is neutral (i.e., V%) when Ef is near the
conduction band minimum, and the charge state is +2 (i.e. ng)
when Ef is near the valence band maximum.

The charge state(s) of a point defect can be understood from
the exchanging of electrons between the defective region and an
electron reservoir. >*~ For a hypothetical II-VI compound AB as
illustrated in Figure 1, the creation of a B vacancy (Vg) for exam-
ple leaves 2 electrons remaining, since B has 6 valence electrons.
The charge state of Vg is determined by whether the remaining
2 electrons are released to the electron reservoir, which we can
understand using a Le Chatelier’s Principle-like argument. If Ep is
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Fig. 1 lllustrations of the 0 and +2 charge states of the anion vacancy
(V) in a hypothetical 1I-VI compound AB. The charge state is
determined by whether electrons are exchanged between AB and the
electron reservoir (i.e., the surrounding material). (a) If the Fermi level
(ER) is near the conduction band, then the electron reservoir will be
more densely populated with electrons. As a result, the 2 electrons will
likely remain localized at the vacancy site, forming the vg charged
defect. (b) If Er is closer to the valence band, then the electron reservoir
will be less densely populated, and the 2 electrons will likely delocalize
from the vacancy site and join the electron reservoir. This will
consequently form the V]Jg2 charged defect. The Er-dependent behavior
of the electrons can also be described using molecular orbitals. If Er is
near the conduction band and the 2 electrons are localized at the
vacancy site as in (a), then this can be interpreted as the filling of a
2-electron molecular orbital state that exists below Er in energy, denoted
“MO”. If Er is near the valence band and the 2 electrons are delocalized
from the vacancy site as in (b), then this can be interpreted as depleting
the 2-electron MO state.

close to the conduction band (Figure 1a), then the 2 electrons will
likely remain localized at the defect site (V%) due to the heavily
populated electron reservoir, similar to how a chemical reaction
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is less likely to proceed with increasing product concentration by
Le Chatelier’s Principle. Similarly, if the electron reservoir is less
populated with electrons when Eg is close to the valence band,
then the remaining 2 electrons will likely delocalize from the va-
cancy site (Figure 1b).

The charge state of a defect can also be understood using the
same ideas of chemical bonding and molecular orbital theory that
are widely recognized in molecules, as if the charged defect is an
atom in a molecule with an associated formal charge. In AB, by
removing a B atom from the crystal structure, the surrounding
atoms interact and form new molecular orbital states. If Eg is
near the conduction band and the 2 electrons remain localized
at the defect site, then this can be understood as the filling of
a 2-electron molecular orbital state that exists below Eg (Figure
1a). On the other hand, if EF is close to the valence band and the
2 electrons are delocalized from the defect site, than this can be
interpreted as an unfilled molecular orbital state that exists above
Er (Figure 1b).

The consistency between the Le Chatelier’s Principle-like per-
spective and the molecular orbital theory interpretation of
charged point defects highlights the simple chemical framework
from which we can explain the electronic structures of defects in
materials. However, it is not always obvious how such defect-
induced molecular orbital states are created, nor where in the
electronic structure they form. Here, we use symmetry princi-
ples and Density Functional Theory (DFT) calculations to guide
a chemical interpretation of charged point defects in materials.
We derive chemical interpretations of each native defect in Mg, Si
to demonstrate the simple framework from which we can explain
the charge states of point defects. We anticipate that the frame-
work will provide a valuable chemical intuition for defect-induced
electronic states that critically affect properties of semiconductor
devices, such as photoluminescence, generation/recombination,
and electrical transport.

2 Molecular Orbital Diagrams of Point De-
fects in Mg, Si

2.1 Crystallography

The charge states of native defects in Mg;Si can be understood
from interactions between the defect atom and the host atoms.
Just as in molecules, nearest-neighbor interactions often describe
the dominant chemical interactions that lead to molecular orbital
states. Accordingly, one must understand the symmetries of each
site for which a point defect may reside, and we therefore begin
with a discussion of the crystal structure of Mg, Si.

Mg,Si crystallizes in the antifluorite structure (Space Group
#225, Fm3m) as shown in Figure 2. Mg occupies all of the tetra-
hedral sites of the face-centered cubic Si sublattice. Consequently,
defects that occupy the Mg site will be tetrahedrally coordinated
to 4 neighboring Si atoms (Figure 2b). On the other hand, de-
fects that reside on the Si site will be cubically coordinated '° to 8
neighboring Mg atoms (Figure 2c). We also consider an intersti-
tial site that is also cubically coordinated to 8 Mg atoms (Figure
2d).
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Fig. 2 Antifluorite crystal structure of Mg, Si (a). Si forms a
face-centered cubic sublattice, and Mg fills the tetrahedral sites of the Si
sublattice. Accordingly, Mg is tetrahedrally-coordinated by 4 neighboring
Si atoms (b), and Si is cubically-coordinated by 8 neighboring Mg atoms
(c). The interstitial site considered in this study is also
cubically-coordinated by 8 Mg atoms (d).

2.2 Defects Occupying the Interstitial Site
As shown in Figure 2d, a point defect that occupies the interstitial
site is cubically coordinated to 8 Mg atoms (Mgg for brevity). As
a result, we would expect the atomic orbitals of the interstitial
atom to interact primarily with the molecular orbitals of the Mgg
complex, and we therefore begin by drawing the Mgg molecular
orbitals as one would expect from symmetry. The Mgg molecular
orbitals near the conduction band edge are primarily constructed
from the s-orbitals of the 8 Mg atoms. As shown in Figure 3, the
Mgg states are split by symmetry into a singlet a;, state, triplet
tyy states, triplet ty, states, and a singlet ay, state, labeled accord-
ing to the Oy, point group of the Mgy complex. '*'® The molecu-
lar orbitals of the Mgg complex are determined using symmetry-
adapted linear combinations of atomic orbitals. '©

Certain interactions between the interstitial atom and the Mgg
states are allowed by symmetry. For example, we notice in Figure
3a that the singlet a4 state is composed of Mg-s orbitals that are
all in phase, indicating that the a;, state is spherically-symmetric.
Accordingly, the aj, state can only interact with orbitals of an
interstitial atom that are also spherically-symmetric, e.g., an s-
orbital. The triplet ty, states all share a feature where the Mg-s
orbitals are in phase on the sides of the Mgg cube, but out of phase
between opposing faces. The t;, states therefore only interact
with the p-orbitals of an interstitial atom.

This initial symmetry analysis of the molecular orbitals of the
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Fig. 3 Molecular orbitals of the Mgg complex. The molecular orbitals
are composed of Mg-s atomic orbitals, located at the corners of the
cubic complex, that split into two singlet states (a;, and ay,) and two
sets of triplet states (t;, and ty,) (a). The color of the s-orbital represents
the phase. The molecular orbital energies are in the conduction band of
Mg, Si (b), since the conduction band is mainly Mg-s character.

Mgg Molecular Orbitals

Mgs complex guides our understanding of the allowed chemi-
cal interactions between an interstitial defect atom and the host
atoms near the interstitial site (Figure 4). For example, the s-
orbital of the Mg interstitial (Mg;) interacts with the a;, state of
the Mgg complex and forms bonding and antibonding states (la-
beled a;, and a’fg respectively in Figure 4b), just as in molecules
when two atoms form a bond. Similarly, the p-orbitals of Mg; in-
teract with the triplet t;, states of Mgg, forming the bonding t;,
and antibonding t, states. The ty, and a, states of Mgg however
do not interact with any atomic orbital of Mg; due to symmetry
restrictions. A similar analysis can be carried out for the Si inter-
stitial (Si;), where the s- and p-orbitals of Si; interact with the a;,
and ty, states of Mgg, respectively (Figure 4e). However, since
the energies of the Si atomic orbitals are lower than those of Mg,
we would expect the molecular orbital energies of Si; to be lower
than those of Mg;.

The molecular orbitals resulting from interactions between an
interstitial defect atom and the surrounding Mgg complex are
shown in Figure 5. The bonding a;, state exhibits an in-phase
interaction between the s-orbital of the defect atom and the aj,
state of the Mgg complex, whereas the antibonding a’l‘g state con-
sists of an out-of-phase interaction. Similarly, the bonding ty,
state is composed of in-phase interactions between the p-orbitals
of the interstitial defect atom and the t;, state of the Mgg com-
plex, whereas the antibonding tj, state exhibits out-of-phase in-
teractions between the p-orbitals and the t;, state of Mgg. As the
ty, and ay, states of the Mgg complex do not interact with the
s- and p-orbitals of the interstitial defect atom, we do not expect
any orbital contribution from the defect atom to those states.
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Fig. 4 Molecular orbital diagrams of the Mg interstitial (Mgi”), and the
Si interstitial (Sii”), both of which are 2 electron donors. For Mg;, the
spherically-symmetric a;, state of the Mgg complex (a) hybridizes with
the s-orbital of the interstitial atom (c), forming the bonding a;, and
antibonding aj, states (b). The +2 charge state of Mg; suggests that the
bonding a;, state is located in the conduction band (b), such that the
state is depopulated by 2 electrons when Ef is in the band gap.
Similarly, for Si;, the a;, state of the Mgg complex (d) hybridizes with the
s-orbital of Si (f) to form the bonding a;, and antibonding aj, states (e),
and the t;, states of Mgs (d) interact with the p-orbitals of Si (f) to form
the bonding t;, and antibonding tj, states (e). If the bonding t;, state
exists in the conduction band and the bonding a;, state resides in the
valence band, then Si; has a +2 charge state due to the removal of 2
electrons from the bonding t;, state when Er is in the band gap.

While the molecular orbital energies of Mg; and Si; in relation
to the conduction and valence bands of Mg, Si (Figures 4b, 4e) are
certainly unclear from this analysis, symmetry provides valuable
insight towards the degeneracies of the molecular orbitals and
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Mgg Complex A or Ag; Defect Atom (A)

Fig. 5 The molecular orbitals resulting from interactions between the
Mgs complex and the s- and p-orbitals of a defect atom A occupying
either an interstitial site (A;) or an Si site (As;) in Mg, Si. The shading of
each s- and p-orbital represents the relative phase of the orbital.

the possible charge states of the defects. For Mg?, the bonding
aj state is filled with 2 electrons, due to the 2 valence electrons
introduced by the interstitial Mg atom. As we will see in Section
3.2, DFT calculations indicate that Mg; has a +2 charge state
when Ef is in the band gap. This suggests that the bonding aj,
state is located in the conduction band (Figure 4b) such that the
2 electrons are delocalized from the Mg; defect when Eg is in
the band gap. For Si?, the bonding a;, and tj, states are both
filled with 2 electrons each, as the interstitial Si atom introduces
four valence electrons. DFT calculations indicate that Si; has a +2
charge state when Ef is in the band gap (Section 3.2). A chemical
interpretation consistent with this observation is that the bonding
a|, state is located in the valence band while the bonding t;, state
is in the conduction band, such that the Si;r2 charged defect forms
from the delocalization of 2 electrons from the t;, state (Figure
4e).

2.3 Defects Occupying the Si Site

A defect that occupies the Si site in Mg, Si is cubically coordinated
to 8 Mg atoms (Figure 2c), similar to the interstitial case. As
a result, the defect will interact with the same Mgg molecular
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Fig. 6 Molecular orbital diagram of the Si vacancy (V;iz), whichis a 2
electron donor. The energies of the Mgg molecular orbitals surrounding
a Si vacancy (b), which are the molecular orbitals of Vg;, are lower than
those surrounding an empty interstitial site (a), due to electrostatic
corrections arising from the attractive Madelung potential of an anionic
vacancy site.

orbitals that we consider for the interstitial site.

We begin with a discussion of the Si vacancy (Vg;), since the
electronic structure of this defect can be understood solely from
the Mgg molecular orbitals. While the molecular orbitals them-
selves are the same as those surrounding the interstitial site
(Figure 3a), their energies will be lower due to the attractive
Madelung potential of the anionic vacancy site '’ (Figure 6). Ad-
ditionally, while the molecular orbitals of the Mgg complex sur-
rounding the interstitial site are unfilled, the molecular orbitals
surrounding the vacant Si site are filled with 4 electrons, which
fill the bottom singlet a;, state with 2 electrons and the triplet t,
states with 2 electrons. DFT calculations suggest that the charge
state of Vg; is primarily +2 when Ef is in the band gap (Section
3.2). A consistent molecular orbital theory-based interpretation
of V;iz is that the a;, state is located in the valence band and the
ty, States are located in the conduction band, which results in the
depopulation of the t;, states by 2 electrons when Ef is in the
band gap (Figure 6b). Note that this description is also consis-
tent with the lowering of the molecular orbital energies by the
Madelung potential.

The atomic orbitals of the Mg on Si antisite defect (Mgs;) in-
teract with the Mgg molecular orbitals surrounding the Si site,
for which the energies are the same as those for Vg; (Figures 6b,
7a). Since a Mg atom occupies a Si site in Mgg;, the atomic or-
bital energies of the Mg atom will be shifted downwards due to
the Madelung potential, which is attractive for electrons at an an-
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Fig. 7 Molecular orbital diagram for the Mg on Si antisite defect (Mgs;). The molecular orbitals of the Mgs complex surrounding a vacant Si site
(Figure 6b) (a) will interact with the atomic orbitals of the Mg atom occupying the Si site (c). The atomic orbitals of Mg are pushed down in energy by
the electrostatic Madelung potential, since the Mg atom is occupying an anionic Si site which is attractive for electrons. Interactions between the
molecular orbitals of Mgs and the atomic orbitals of the Mg atom results in a partially-filled set of bonding t;, states for the Mg, defect (b). The density
of states of Mg, Si, with a Mgg; defect included, exhibits a set of peaks which is partially Mgs;-p character (d). These peaks correspond to the bonding
t;y states, since the peaks can hold up to 6 electrons total as they are completely filled when 2 electrons are added to the system (Mgsjz) and empty
when 4 electrons are taken away (Mgsﬁ“). The charge density distribution, which is calculated from states within the highlighted energy window for
Mg2;, shows that the bonding t,, states are localized at the Mgs; defect site (e).
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ion site (Figure 7c). ’ The s- and p-orbitals of the Mg atom will
interact with the a;, and t, states of Mgg, respectively, forming
the same molecular orbitals as those for an interstitial defect (Fig-
ure 5). Since there are 4 electrons from the Mgg complex and 2
valence electrons from the Mg atom, there are 6 electrons that
fill the molecular orbitals of Mg(s)i, which results in partially-filled
bonding t;, states (Figure 7b).

The charge state of Mgg; ranges from +4 when EF is near the
valence band to -2 when Ef is near the conduction band (Sec-
tion 3.2). This suggests that the partially-filled bonding t;, states
are located in the band gap of Mg,Si, so that the states are de-
prived of 4 electrons when EF is close to the valence band edge
and supplied with 2 electrons when Eg is near the conduction
band edge. As evidenced by the DFT-calculated partial density
of states (Figure 7d), peaks that are primarily composed of p-
orbitals of the Mgg; defect atom exist in the electronic structure.
These peaks correspond to the bonding t;, states; the peaks are
completely filled when 2 additional electrons are added (Mggiz)
and empty when 4 electrons are taken away (Mg;.“), indicating
that the peaks can hold up to 6 electrons just like the bonding t;,
states. The charge density distributions of the bonding t;, states
(Figure 7e) are mostly localized to the Mgg; defect atom as op-
posed to being spread over the host atoms, indicating that the
bonding t;, states do not mix with the conduction/valence band
states and are therefore localized states in the band gap.

2.4 Defects Occupying the Mg Site

Defects that occupy the Mg site in Mg,Si are tetrahedrally coor-
dinated to 4 Si atoms (Figure 2b), which we refer to collectively
as the “Siy complex” for brevity. The electronic structure of the
Mg vacancy (Vig) can be understood from the molecular orbitals
of the Siy complex. The energies of the molecular orbitals con-
structed from the Si-p states are split into a singlet a; state, two
sets of triplet t, states, doublet e states, and triplet t; states (Fig-
ure 8). The molecular orbitals are determined using symmetry-
adapted linear combinations of atomic orbitals '® and labeled by
symmetry according to the Ty point group of the Siy complex
(derivation shown in the Supplementary Information). **

Normally in the Mg, Si solid, there are two Mg cations that do-
nate 2 valence electrons each to one Si anion, so that each ion
has a closed shell electron configuration. The Siy molecular or-
bitals are similarly filled by valence electrons from 8 Mg atoms in
a perfect, undefected crystal. However, by removing a Mg atom
to create the Vi, defect, the number of electrons filling the Siy
states changes. In total there are (2 p-orbital valence electrons
per Si) x (4 Si atoms) + (2 s-orbital valence electrons per Mg) x
(7 Mg atoms) = 22 electrons that fill the Siy states, which would
leave the high-energy t, states deficient of 2 electrons. When Eg
is in the band gap, Vv, has a -2 charge state (Section 3.2). It is
therefore reasonable to interpret the -2 charge state as a filling of
the t, states by 2 additional electrons from the electron reservoir,
forming the Vl\_,é charged defect (Figure 8b).

The Si on Mg antisite defect (Siy) interacts primarily with
Siy4 as it occupies the Mg site, and we can therefore understand
the electronic structure of the defect through interactions be-

6| 1-10

1SS
TS
T
A
T

Si, Molecular Orbitals Vi3

g

(@) (b)

Fig. 8 Molecular orbital diagram of the Mg vacancy (Vy; ) whichis a 2
electron acceptor. The molecular orbitals of the Siy complex surrounding
a Mg site are composed of p-orbitals of the 4 Si atoms. The p-orbitals
hybridize and split into an s-like a; state, two sets of p-like t, triplets, an e
doublet, and a t; triplet (a). The shading represents the relative phases
of the orbitals. The molecular orbital energies are in the valence band of
Mg, Si (b). There are 22 electrons total when Vy, is created, which fill
the molecular orbitals up to the t; state and partially fills the top t, state
with 4 electrons. The -2 charge state of Vi, suggests that the t, states
exist in the valence band, so that 2 additional electrons completely fill
the t, states when Eg is in the band gap. Rotating depictions of the Siy
molecular orbitals are available as GlIFs in a public repository.

tween the atomic orbitals of the Si defect atom and the molec-
ular orbitals of Siy (Figure 9). Analogous to the Mgg; defect, the
Madelung potential raises the atomic orbital energies of the Si
atom (Figure 9c¢), since a cation site is repulsive for electrons.

By symmetry, the s-orbital of the Si defect atom will only interact
with the spherically-symmetric a; state of Siy, and the p-orbitals
of the Si defect atom will only interact with the t;, states of Siy.
The 26 total electrons from Siy (22 electrons) and the Si defect
atom (4 electrons) will completely fill the molecular orbitals of
Simg up to and including the antibonding aj state (Figure 9b).

It turns out that the aj state is a localized state residing in the
band gap of Mg,Si. DFT calculations indicate that the charge
state of Siy, is +2 when Ep is near the valence band and 0 when
Er is near the conduction band (Section 3.2). A chemical ex-
planation for this charge state transition is that the antibonding
aj state is in the band gap, such that the charge state is neutral
when Er is above the aj state (as in Figure 9b) and 2 electrons
are depopulated from the aj state when Ef is near the valence
band edge. The partial density of states of Siyj, in Mg, Si corrobo-
rates this interpretation, where a 2 electron state that is predomi-
nantly s-character is filled in Sil(\),lg and empty in Si;\zé (Figure 9d).
Moreover, the charge density of the aj state is primarily centered
around the Siyy, defect site (Figure 9¢) as opposed to being spread
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Fig. 9 Molecular orbital diagram of the Si on Mg antisite defect (Siy;,). The atomic orbitals of the Si atom (c) are raised in energy due to the
electrostatic Madelung potential from occupying the cationic Mg site, which is repulsive for electrons. The atomic orbitals of the Si atom will hybridize
with the molecular orbitals of the Si; complex (a) to form the molecular orbitals of the Siy;, defect (b); in particular, the spherically-symmetric a; state
of the Siy complex will interact with the s-orbital of the Si atom, forming the antibonding aj state in the band gap. The molecular orbital of the aj state
as expected from molecular orbital theory is drawn, where the shading of each orbital represents the relative phase. The partial density of states of
the Siy defect atom (d) exhibits a 2-electron state which is composed primarily of the s-orbital. The charge density of the states within the highlighted
portion (e) shows that the charge is localized at the Siy;, defect atom, and the nodal structure (i.e., absence of charge between Siy, and the
surrounding Si atoms) indicates antibonding character. Therefore, the 2-electron state in (d) corresponds to the antibonding aj state in (b).

over regions far from the defect, indicating that the aj state is a
localized state that does not mix with either the conduction nor
valence band states.

The nodal feature of the charge density, in which there is no
charge between the central Si defect atom and the surrounding
Siy complex (Figure 9e), indicates antibonding character consis-
tent with the description of the aj state. In fact, the charge den-
sity calculated using DFT agrees with our molecular orbital the-
ory analysis. As drawn in Figure 9b, we expect from molecular
orbital theory that the a} state consists of a spherical s-orbital at
the center of the tetrahedral complex that is out-of-phase with the
aj state of the Siy complex (Figure 8a). Since the orbitals (i.e.,
wave functions) are out-of-phase, we expect destructive interfer-
ence between the s-orbital and the a; state of Siy. As a result, the
wave function should be zero in the region between the defect
atom and the vertices of the Siy complex, in agreement with the
charge density profile shown in Figure 9e.

3 Connection to Defect Formation Energies

3.1 General Overview of Defect Formation Energies

The charge states of point defects are oftentimes understood from
the formation energies of defects, provided that the dependence
on Ep is addressed.” When the charged defect Vi 2 is formed in a
hypothetical II-VI semiconductor AB, exchanges between the crys-
tal and both an atomic reservoir and an electron reservoir take

place, summarized by the equation

(Perfect AB) — (AB with V§%) +B+2e™. (@))

Each term in this “defect reaction” is associated with an energy
from which the formation energy of Vi 2 is derived:

AHVJBrz = (Evgz + U + ZEF) — Eperfect )

where Evgz and Epefect are the energies of AB with and without

A 2, respectively, g is the atomic chemical potential of atom B,
and FEf is the electron chemical potential (i.e., the Fermi level).
Notice that the formation energy of ng depends on Ef, since 2
electrons leave the vacancy site as “reaction products”. This is not
true for the neutral charge V% defect, where no relative change
in the number of electrons occurs. Consequently, the formation
energy of V% is independent of Eg:

AHv% = (Evg +/le) — Eperfect 3)
where Eyy is the energy of AB with the VOB defect. In general,
the formation energy of any charged point defect (i.e., vacancies,
interstitials, antisites, and substitutionals) can be deduced from a
“defect reaction equation” and therefore has the general form:

AHpq = Eps — Eperfect — Y, ili + qEp €]

for a defect D with charge state g, where the sum runs over all
atomic species i involved in creating the point defect, and n; is
the number of atoms added (n; > 0) or removed (n; < 0) to create
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Fig. 10 The defect formation energy diagram of the B vacancy Vg in a
hypothetical 1I-VI compound AB (a). The slope of the formation energy
of the vacancy changes at £(+2/9) above the valence band maximum,
which corresponds to a transition between the vacancy releasing 2
electrons to the electron reservoir (ng) and the vacancy retaining the 2
electrons (V4). This change in behavior can correspondingly be
interpreted as populating or depopulating a molecular orbital at £(+2/9)
above the valence band maximum (b), where an unfilled molecular
orbital corresponds to V442 and a filled orbital corresponds to V9.

the defect.

The charge states of defects can be understood diagrammati-
cally by treating E as a variable, plotting the formation energies
of a defect in different charge states, and identifying the charge
state with the lowest formation energy at each Ep. As shown
schematically in Figure 10a, the formation energy of Vi 2 is lower
than that of V% when Ef is close to the valence band maximum
(note that the slope of the formation energy corresponds to the
charge state by Equation 4), indicating that Vi; 2 is more likely to
form than V% when AB is p-type. The opposite is true when Eg
is closer to the conduction band minimum, where the formation
energy of V§ is lower than that of Vj;%.

For illustrative purposes, we show that the formation energies
of V;2 and VY cross at Er = E(+2/9), signifying a transition in the
charge state of Vg. A chemical interpretation consistent with this
charge state transition is that a molecular orbital, which is in-
duced by the defect, exists with energy E(+2/9) above the valence
band maximum. The molecular orbital is unfilled when Ef is be-
low in energy (forming the V§2 charged defect) and filled when
Er is above in energy (creating the V% defect), as shown in Figure
10b. Note that this charge transition need not occur in the band
gap, as the molecular orbital(s) induced by the defect may appear
inside the bands instead.

3.2 Formation Energies of Defects in Mg,Si
The formation energies of all charged native defects of Mg,Si,
which are calculated using DFT, are shown in Figure 11, in agree-
ment with previous studies.*”>*” Some native defects have a sin-
gle charge state corresponding to having all filled or unfilled
molecular orbitals in the valence or conduction bands, while oth-
ers have multiple charge states corresponding to the existence of
a molecular orbital state in the band gap.

For Mg;, the +2 charge state corresponds to the depopulation
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Fig. 11 Formation energies of native defects in Mg, Si, shown for Si-rich
conditions. The defect formation energy is plotted against the Fermi
level Eg, referenced to the valence band maximum (Evgwm), and is plotted
from the valence band maximum to the conduction band minimum.

of the bonding a;, molecular orbital (Figure 4b), which exists in
the conduction band so that Mgi+2 forms when Ef is in the band
gap. The +2 charge state of Si; suggests that the fully-occupied
singlet bonding a;, state is in the valence band and the partially-
occupied triplet bonding t;, states are in the conduction band
(Figure 4e), such that the charge state can be interpreted as a
depopulation of the t;, states by 2 electrons.

The -2 charge state of Vyjy corresponds to the filling of the t;
state of the Si4 molecular orbitals with 2 additional electrons (Fig-
ure 8b), which exist in the valence band so that Vi,lzg forms when
Ep is in the band gap. Similarly, the mainly +2 charge state of
Vs; corresponds to the depopulation of the t;, states of the Mgg
complex (Figure 6b), which in the neutral charge state is filled
with 2 electrons.

Both antisite defects exhibit charge state transitions within the
band gap, which correspond to the existence of molecular orbitals



in the band gap. The transition from Si;\r/lzg near the valence band
maximum to Si?/[g near the conduction band minimum (i.e., a dif-
ference of 2 in the charge state) corresponds to populating the
2-electron antibonding aj state residing in the band gap (Figure
9b). If Er is above the aj state, then the state is filled and the
Simg antisite defect has a neutral charge state; on the other hand,
if Er is below the aj state, then the state is unfilled and the Si{,ﬁg
charged defect forms. The transition in the charge state of the
Mgg; antisite defect from +4 near the valence band maximum to
-2 near the conduction band minimum (i.e., a difference of 6 in
the charge state) is also explained by a filling of the 6-electron
bonding t;, states (Figure 7b). If Eg is below the t;, states, then
the states are completely empty and devoid of 4 electrons, cor-
responding to the Mggi4 charged defect; on the other hand, if Eg
is above the t;, states and near the conduction band minimum,
then the states are completely filled and has 2 additional elec-
trons, corresponding to the Mggi2 charged defect.

4 Discussion

The defect formation energy diagram (Figure 11) and bonding
symmetry are used to guide a chemical understanding of point
defects in Mg, Si. This interpretive chemical understanding of de-
fects allows us to understand which molecular orbitals are pop-
ulated/depopulated resulting in the charge state(s) of a defect.
While secondary effects such as next-nearest neighbor interac-
tions~* and lattice distortions " play a role, the present anal-
ysis suggests that local interactions between a defect atom and
the surrounding host atoms (or, in the case of the vacancies, in-
teractions amongst the host atoms surrounding the vacancy site)
provide a sufficient explanation for the defect charge states in
the defect formation energy diagram. It is worth noting how-
ever that the relative energy placement of the molecular orbital
with respect to the band edges is contingent on the accuracy of
the DFT-calculated defect formation energy diagram; for exam-
ple, had the charge state of Vg; been +4 instead of +2, we would
interpret the chemistry of the defect as involving the depopula-
tion of both the t;, states and the a;, state, which would imply
that the a|, state resides in the conduction band instead of the
valence band (Figure 6b).

Molecular orbitals have been used to quantitatively describe
defects in several specific examples“~“° including native defects
in silicon,“” the anion vacancy in binary II-VI compounds, “*
substitutional defects in III-V compounds, °* and recently in qubit
technologies. °*

Yet, the qualitative framework described here can be used more
generally to understand the charge states of defects and explain
chemical trends. This can be a valuable guide for applications in
which doping is essential for tuning the electrical properties of
materials, such as thermoelectrics °“~° and transparent conduct-
ing oxides. In fact, the present molecular orbital analyses for
Mg, Si can directly be applied to compounds with structures hav-
ing the same atomic positions, such as half-Heusler TiNiSn"*
and fluorite CeO,.

5 Conclusion

We discuss a chemical interpretation of the charge states of point
defects in materials. Notably, we use molecular orbital theory
and symmetry principles to guide our understanding of the charge
state(s) of a defect, as the framework qualitatively captures the
local defect-host interactions leading to molecular orbital states in
the electronic structure. The chemical interactions between the
defect atom and host atoms can be understood from symmetry
principles, as some interactions are forbidden. While the present
analysis neglects second-order effects such as lattice distortions
and next-nearest neighbor interactions, many of the charge states
appearing in the formation energies of native defects in Mg, Si are
understood qualitatively from the molecular orbital theory frame-
work.

Methods

All first-principles Density Functional Theory (DFT) calcula-
tions were performed used the Vienna ab-initio simulation pack-
age (VASP)""~"° using the projector-augmented wave (PAW)
method “/>*° and an energy cutoff of 500 V. The Mg and Si pseu-
dopotentials, which explicitly treat the 3s> and 3s23p? valence
electrons respectively, were used.

A 2x2x2 supercell of the 12-atom cubic structure (96 atoms to-
tal) of Mg,Si was generated to perform defect calculations. Ionic
relaxations were performed with a force convergence criterion
of 0.02 eV/A and a I'-centered *” k-point mesh density of 2x2x2
was used for all point defect calculations. A static calculation
using the tetrahedron method with Blochl corrections”” with an
increased k-point mesh density of 3x3x3 was performed on the
relaxed structures to produce accurate total energies and density
of states.

It is well known that the self-interaction error inherent to DFT
causes uncertainty in the absolute energies of the Kohn-Sham
states. >“>“" Since the single particle states are crucial for this
study when reconciling defect charge transitions and the density
of states, all point defect calculations employed the hybrid HSE06
functional.”*—~ We set the exact exchange mixing parameter to
0.37, which yielded an indirect band gap of 0.76 eV in agreement
with the experimentally measured band gap of 0.78 eV.”" The
defect formation energy AHp¢ of a defect D with charge state g is
calculated using the equation

AHp: = Epa — Eperfect — Y, nilki + 4Er + Ecorr &)

where the first four terms on the right hand side of the equation
are explained in the main text. The last term, Ecoy, accounts for
correction terms arising from finite-size effects. ~>> The chemical
potential, i; = p° + Ay, can be expressed as a deviation from the
reference elemental chemical potential. We set Aupn, = %AHMgZSi
and Aug; = 0 for the Si-rich defect formation energy diagram,
where AHyy,,s; is the formation enthalpy of Mg, Si.
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