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ABSTRACT

We present a systematic study of the electronic properties of dangling bonds (DBs) in a variety of semiconductors and examine the relation-
ship between DBs and the charge neutrality level (CNL) in the context of band alignments of semiconductors. We use first-principles
calculations based on density functional theory to assess the energetics of DBs in a set of diamond-structure group-IV and III–V or II–VI
zinc-blende-structure semiconductors, considering both cation and anion-derived states. We examine the charge-state transition levels of
DBs to assess whether they can serve as a CNL to align band structures, by comparing with offsets calculated from interface calculations.
Our results show that this approach for evaluating the CNL yields quantitative results for band offsets and provides useful insights. We
discuss the relation with alternative approaches for determination of CNLs based on branch-point energies or transition levels of interstitial
hydrogen.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0190043

I. INTRODUCTION:

Understanding the properties of dangling bonds (DBs) in
semiconductors is crucial for understanding interfaces, surfaces,
and point defects such as vacancies. Conceptually, DBs are
readily associated with sp3 hybrid orbitals in tetrahedrally
bonded semiconductors; in practice, however, explicit calcula-
tions for DBs are challenging because realistic DBs at surfaces
or interfaces can occur in an array of different configurations,
rendering it difficult to extract generic properties. In a point
defect such as a vacancy, DBs tend to interact strongly with
one another, making it difficult to extract information about
individual DBs. We overcome this obstacle by modeling an iso-
lated DB by creating a small void inside the material and
passivating all but one of the resulting DBs with hydrogen
(see Fig. 1).1

In the present work, we use this geometry to perform a sys-
tematic study of isolated DBs in group-IV, III–V, and II–VI semi-
conductors. The results allow us to investigate trends in the
electronic properties of the dangling bonds, such as the dependence
on lattice constant and atomic sizes of the host atoms. We specifi-
cally examine the relationship between DBs and band alignments.
It has been suggested that DB energies can be used to predict semi-
conductor band alignments.2–4 This has been explained by invok-
ing the concept of the charge neutrality level (CNL),4–9 which
represents an effective energy level where the bulk states change
from a predominantly valence-band-like or donor-like character to
conduction-band-like or acceptor-like character. The original
concept derives from virtual or metal-induced gap states in the
context of Schottky barriers and has had considerable success in
describing observed Fermi-level pinning in metal–semiconductor
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contacts.5,10 The CNL was subsequently invoked for establishing a
common reference level on which to align the unstrained or
“natural” band edges of semiconductors and insulators.4,6,7,9,11–17

Seminal work by Walukiewicz also made the connection with point
defects3,18,19 as well as with doping trends.19,20

These studies explored various quantities that can be used to
determine the CNL, for instance, the branch-point energy
(EBP),

5,9,10,12,14,16,21–23 the dielectric midgap energy (EDME),
15,24 or

the charge-state transition level associated with interstitial hydro-
gen, Hi (þ=").4,8 The connection between EBP, ionization poten-
tials (IPs), and interfacial band offsets was explored by Hinuma
et al.,16 who found that EBP-based alignments could predict calcu-
lated average interfacial offsets within ! 0:1 eV. The connection
between band alignments and DBs was explored within the tight-
binding theory by Tersoff and Harrison,6,7 and for a small number
of III–V compounds by Komsa and Pasquarello.25 In Ref. 17,
several individual formulations of the CNL such as the EBP, EDME
and Hi (þ=") were systematically evaluated in III–V and II–V
compounds and compared with the defect levels associated with
cation vacancies that result from the hybridization of anion-related
DBs. However, the link between cation and anion-derived DBs and
alternative definitions of the CNL remains unclear.

Here, we systematically explore the average energy of DB
charge-state transition levels and the connection to the CNL by
performing first-principles calculations of model DBs for a set of
group-IV, III–V, and II–VI semiconductors. We examine trends in
the electronic properties of the DBs and compare the results for the
DB-derived CNLs with band alignments previously obtained from
the explicit interface or natural band-offset calculations, as well as

from other CNL-based approaches. We find that the DB-derived
levels are in remarkable agreement with branch-point energies.
They also show the same trend as CNLs based on the transition
level of interstitial hydrogen, except for a systematic shift that we
can attribute to the fact that different charge states of the DB are
being probed.

II. COMPUTATIONAL APPROACH

A. Modeling a dangling bond

In our calculations, we utilize a geometry that enables us to
study isolated DBs in a variety of semiconductors. Figure 1 illus-
trates this geometry for a cation DB in a zinc-blende-structure
compound such as a III–V material. The DB structure is created by
making a small void inside the crystal, specifically by removing
four atoms.1 We first remove an anion; this creates a vacancy with
four strongly interacting cation DBs. Then, we remove three of the
cation atoms that neighbor the vacancy, resulting in nine new
anion DBs, far removed from the original cation DB. These nine
new DBs can then be passivated with pseudohydrogen atoms.
Electron counting tells us that a group-V anion contributes 5/4 of
an electron to each of the four bonds around it; so, the anion DB
can be passivated by attaching a pseudohydrogen atom with a
valence of 3/4. This leaves behind a single isolated cation DB.

The anion-H bonds contribute to the total energy of the entire
structure. However, our goal in the present work is not to find a
formation energy for the DB but to focus on the differences in for-
mation energy that determine charge-state transition levels. The
anion-H bond distances are optimized through structural relaxa-
tions; we do this for a “fully passivated” neutral structure, i.e., a
structure in which the DB is also passivated by (pseudo)hydrogen
(with an appropriate valence; see below). When calculating struc-
tures and energies for the positive, neutral, and negative charge
states of the DB, we start from the geometry determined as speci-
fied above and include atomic relaxations up to second-nearest
neighbors of the atom on which the DB resides. Contributions
from further shells of atoms, including the anion-H bonds, thus
cancel in the energy differences that determine charge-state transi-
tion levels.

Studying an anion DB would simply require interchanging the
(blue) cations and (green) anions in Fig. 1; the red pseudohydrogen
atoms now passivate cations and hence need a valence of 5/4. For a
II–VI material, the pseudohydrogens would need valence 1/2 to
passivate anion DBs and valence 3/2 to passivate cation DBs. In a
group-IV material, finally, the two types of atoms in the unit cell
are identical, leading to the diamond structure, in which dangling
bonds can be passivated with “regular” hydrogen with valence 1.

By calculating the formation energy (as defined in Ref. 26) for
the DB occupied with zero, one, and two electrons, we can calculate
the thermodynamic charge-state transition levels associated with
the DB. This procedure has been previously used to study DBs in
silicon,1,27,28 germanium,28,29 SiGe alloys,30 III-arsenides,25 and
Al2O3.

31,32

For a DB in a group-IV material, occupying the DB with zero,
one, or two electrons leads to a net charge on the supercell of þ1,
0, or "1. Charged supercells are treated in the usual approach that
corrects for spurious interactions.26,33 For a cation DB in a III–V

FIG. 1. DB geometry for a cation DB in a zinc-blende semiconductor. Large
blue atoms indicate cations, and green atoms indicate anions in a compound
(III–V or II–VI) semiconductor. In diamond-structure group-IV semiconductors,
the host atoms are all of one type. The isolated DB is indicated by the gold
oval. The small red atoms indicate pseudohydrogen atoms used to passivate
the remaining DBs.
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compound, the net charges in the supercell are þ0:75, "0.25, and
"1.25 for the unoccupied (zero electrons), partially occupied (one
electron), and fully occupied (two electrons) defect states, i.e., the
“donor,” “neutral,” and “acceptor” configurations of the DB. The
corresponding net charges for an anion DB are þ1:25, þ0:25, and
"0.75. In a II–VI compound, the corresponding net charges are
þ0:5, "0.5, and "1:5 for the cation DB and þ1:5, þ0:5, and "0.5
for the anion DB. Spin polarization was included for all calcula-
tions involving unpaired electrons.

B. Density functional calculations

The calculations presented here are based on a generalized
Kohn–Sham scheme, utilizing the HSE06 screened hybrid func-
tional34 and projector-augmented wave (PAW) approach35 as
implemented in the VASP code.36,37 Indium 4d electrons were
explicitly included as valence states in all cases. Ga 3d electrons
were included explicitly only in the case of GaN, as in prior work.17

Semicore d states are always included as valence states for the
group-II atoms. The fraction of non-local Hartree–Fock exchange
(α) included in the HSE06 functional was adjusted for each mate-
rial to match the experimental bandgaps (taking spin–orbit split-
ting into account, see below) and is listed in Table I.

All bulk unit cell calculations were optimized using two-atom
primitive unit cells of the zinc-blende and diamond lattices to iden-
tify the optimal lattice constants and resulting properties for each
chosen α value. The energy cutoff in the plane wave expansion is
chosen to be 400 eV. Spin–orbit effects were not explicitly consid-
ered in the defect calculations but added as a post-correction to the
valence-band position from the calculated spin–orbit splitting. The
calculated spin–orbit splittings (ΔSO) are included in Table I as
taken from Ref. 17; corrections to the valence-band maximum are
included as þΔSO=3 and accounted for in the quoted bandgap
values.

For the DB calculations, we used supercells that are 2# 2# 2,
3# 3# 3, or 4# 4# 4 multiples of the conventional zinc-blende

TABLE I. Summary of diamond and zinc-blende materials studied, showing the used fraction of HF exact exchange (α), the resulting bandgap accounting for spin–orbit effects
(Eg), the calculated spin–orbit splitting (ΔSO), the lattice constant a, the low-frequency dielectric constant used in the finite-size corrections ε, the final computed transition
levels for the anion DBs and the cation DBs and their corresponding U values as described in the text. All values are referenced to the VBM of each material. We also list the
DB charge-neutrality levels (CNLs) calculated in the present work from the average DB energies (EDB), along with branch-point energies (EBP), and (+/−) transition levels of
interstitial H (Hi) taken from Ref. 17.

α Eg ΔSO a ε Anion DB (eV) Cation DB (eV) Charge neutrality levels (eV)

(%) (eV) (eV) (Å) (ε0) (+/0) (+/−) (0/−) UA (+/0) (+/−) (0/−) UC EDB EBP Hi (+/−)

C 25 5.31 0.01 3.55 5.7 −0.33 0.78 1.88 2.20 −0.33 0.78 1.88 2.20 0.78 1.45 2.57
Si 25 1.17 0.00 5.44 12.1 0.05 0.44 0.82 0.78 0.05 0.44 0.82 0.78 0.44 0.14 0.74
Ge 32 0.81 0.32 5.68 16.1 −0.29 −0.11 0.07 0.35 −0.29 −0.11 0.07 0.35 −0.11 −0.23 0.39
SiC 32 2.50 0.02 4.34 9.5 −0.05 1.01 2.07 2.12 1.42 2.01 2.61 1.19 1.51 2.07 1.87
SiGe 32 1.19 0.19 5.55 13.9 −0.08 0.19 0.46 0.54 −0.13 0.23 0.59 0.72 0.21 0.01 −0.06
BN 32 6.20 0.02 3.59 6.9 −1.16 0.23 1.63 2.79 2.82 3.75 4.69 1.87 1.99 3.52 4.13
BP 32 2.16 0.05 4.51 9.3 −0.55 −0.11 0.34 0.89 0.56 1.33 2.10 1.53 0.61 0.66 1.12
BAs 25 1.75 0.20 4.78 9.9 −0.49 −0.28 −0.07 0.42 0.23 0.96 1.69 1.46 0.34 0.33 0.69
BSb 25 1.06 0.37 5.24 12.0 −0.53 −0.43 −0.32 0.21 −0.17 0.49 1.15 1.33 0.03 0.03 0.31
AlN 32 4.92 0.02 4.36 8.6 −0.49 1.22 2.92 3.41 3.57 4.35 5.13 1.56 2.79 3.10 3.36
AlP 32 2.47 0.07 5.46 9.8 −0.51 0.19 0.89 1.40 1.96 2.35 2.73 0.77 1.27 1.38 1.48
AlAs 32 2.16 0.32 5.68 10.1 −0.55 −0.01 0.53 1.08 1.53 1.83 2.13 0.60 0.91 0.96 1.05
AlSb 32 1.63 0.70 6.18 12.0 −0.63 −0.29 0.04 0.68 0.82 1.03 1.24 0.41 0.37 0.40 0.51
GaN 32 3.52 0.00 4.53 10.1 −1.23 0.34 1.91 3.14 2.45 2.89 3.33 0.89 1.62 2.13 2.92
GaP 32 2.47 0.10 5.47 11.1 −0.68 −0.14 0.41 1.08 1.39 1.53 1.66 0.27 0.70 0.84 1.42
GaAs 32 1.46 0.37 5.68 12.9 −0.66 −0.32 0.02 0.68 1.00 1.02 1.04 0.04 0.35 0.43 0.91
GaSb 32 0.77 0.76 6.14 15.7 −0.84 −0.58 −0.33 0.51 0.44 0.40 0.37 −0.07 −0.09 −0.08 0.28
InN 32 0.86 0.00 5.04 15.3 −1.05 0.37 1.79 2.84 1.84 2.03 2.22 0.38 1.20 1.35 2.12
InP 32 1.66 0.12 5.93 12.4 −0.70 −0.07 0.56 1.27 1.43 1.49 1.56 0.13 0.71 0.77 1.39
InAs 32 0.53 0.39 6.12 14.6 −0.74 −0.29 0.17 0.90 1.07 1.04 1.01 −0.06 0.38 0.42 0.95
InSb 32 0.28 0.80 6.56 16.8 −0.77 −0.49 −0.21 0.56 0.59 0.50 0.41 −0.18 0.01 0.04 0.45
CdS 32 2.42 0.07 5.89 9.6 −0.86 −0.14 0.57 1.43 2.97 3.00 3.03 0.06 1.43 1.73 2.33
CdSe 36 1.83 0.42 6.14 9.2 −0.88 −0.25 0.38 1.25 2.62 2.59 2.56 −0.06 1.17 1.40 1.88
CdTe 36 1.61 0.94 6.56 10.2 −1.04 −0.56 −0.09 0.95 1.96 1.83 1.70 −0.27 0.63 0.91 1.23
ZnS 36 3.83 0.08 5.42 8.2 −0.85 −0.13 0.60 1.45 3.46 3.49 3.52 0.06 1.68 2.04 2.53
ZnSe 36 2.73 0.45 5.70 8.6 −0.87 −0.31 0.25 1.13 2.86 2.81 2.75 −0.11 1.25 1.52 1.91
ZnTe 36 2.27 0.98 6.15 10.3 −1.08 −0.67 −0.26 0.83 2.04 1.99 1.95 −0.09 0.66 0.87 1.04
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or diamond eight-atom unit cells, and thus consist of 64, 216, or
512 atoms. Integrations over the Brillouin zone used a 2# 2# 2
mesh of Monkhorst–Pack k-points for the 64-atom cells, and a
single off-Γ point at k ¼ [0:25, 0:25, 0:25] for the 216- and
512-atom cells. Comparisons of results for different supercell sizes
allowed us to ensure that the reported charge-state transition levels
are converged to ! 0:1 eV or less even with 64-atom supercells,
except for cases such as the compounds containing boron and
carbon, and some of the nitrides, that exhibit the smallest bond-
lengths of the materials studied. For example, for diamond, we find
the results for 64-atom (216-atom) supercells to be converged to
within 0.17 (0.05 eV). The reported transition levels for larger
lattice-constant materials (the II–VI materials, GaSb, InP, InAs,
and InSb) are for 64-atom supercells, while all others correspond to
216-atom supercells. Our comparison to results for EBP and the Hi
(þ=") is based on previously reported calculations that are
described in detail in Ref. 17.

C. Formation energies, charge-state transition levels,
and the CNL

To derive the charge-state transition levels associated with the
DBs, we calculate the defect formation energies (Ef ) for the unoc-
cupied, half-occupied, and fully occupied DB levels using the stan-
dard supercell approach.26 For example, following this approach,
the formation energy of a DB defect in Si is given by

Ef [DBq] ¼ Etot[DBq]" Etot[DB :H]þ μH þ q(εF þ εv)þ Δq: (1)

Here, Etot[DBq] is the total energy of the supercell containing the Si
DB in charge state q (i.e., a supercell with 9 H atoms), while
Etot[DB :H] is the total energy of the reference structure in which
the DB is passivated with hydrogen (i.e., a supercell with 10 H
atoms). μH denotes the chemical potential of hydrogen. εF is the
Fermi level, which is referenced to the energy of the valence-band
maximum (VBM) εv . Δq is a correction term that account for
finite-size effects in charged supercells, determined within the
scheme of Freysoldt et al.33 and adopting the static dielectric con-
stants summarized in Refs. 17 and 38.

In Fig. 2, we plot the formation energies as a function of
Fermi level for the þ1, 0, and "1 charge states of the DB in Si and
for the þ1, 0, and "1 charge states of the Si and C DBs in SiC. In
this work, we do not use the actual values of formation energies
but focus on charge-state transition levels, which are defined as the
Fermi-level positions where the most favorable charge state changes
from þ1 to 0 or 0 to "1 and thus correspond to crossing points of
the formation-energy lines. In Fig. 2(a), the intersection of the for-
mation energy of the unoccupied donor (þ1) and
partially-occupied neutral (0) states occurs at 0.05 eV above the
VBM (as discussed extensively in Ref. 30) and is denoted by the
(þ=0) charge-state transition level. The (0=") charge-state transi-
tion level is seen to occur at 0.82 eV above the VBM. The CNL can
be associated with4–6,8,21,39 the average of the (þ=0) and (0=")
charge-state transition levels, which we denote as EDB; it is easily
seen that this average corresponds to the (þ=") transition level, at
0.43 eV above the Si VBM.

In Fig. 2(b), we depict the corresponding energies for DBs in a
compound material. We choose SiC since this avoids the complica-
tions associated with charge states for DBs in III–V or II–VI mate-
rials discussed in Sec. II A but still illustrates the presence of two
different types of DBs. For SiC, we report results for both Si and C
DBs, corresponding to the cation and anion DBs in a compound
material. The (þ=") transition level for each type of DB can be
determined, falling at 1.01 and 2.01 eV above the SiC VBM for C
and Si DBs, respectively. In the compound materials, we will associ-
ate the CNL with the average of the (þ=") transition levels for
each type of DB; in SiC, this results in an average DB energy at
1.51 eV, which we denote as EDB and summarize in Table I.

We note that in Fig. 2, the (0=") level occurs at a higher
(Fermi-level) energy than the (þ=0) transition level. This is what
one intuitively expects: the additional electron added to a neutral
dangling bond experiences Coulomb repulsion, thus raising the

FIG. 2. Formation energy of the Si DB in the þ1, 0, and "1 charge states,
shown as a function of the Fermi level. The hydrogen chemical potential was
chosen as half the energy of an H2 molecule. Regions below the VBM and
above the CBM are shaded gray, and the energy corresponding to the transition
between the donor- and acceptor-like states is marked with a vertical red line,
denoting our definition of the CNL. (b) Analogous plot for Si and C DBs in SiC.
We again use a red vertical line to highlight the energies corresponding to the
transition between the donor and acceptor states for the Si DB, and a vertical
blue line for the C DB. Finally, the average energy of the anion and cation DBs
(the red and blue lines) that represents a value for the CNL is marked with a
dashed black line.
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energy. The DB is positively charged for a Fermi level below (þ=0),
neutral for a Fermi level between (þ=0) and (0="), and negatively
charged for a Fermi level above (0="). This ordering of the transi-
tion levels corresponds to a “positive-U” situation, where U repre-
sents the Coulomb energy. The value of U can be defined as the
difference in energy between the (0=") and the (þ=0) transition
levels.

In some materials, the DB behaves as a “negative-U” center,40

i.e., the (0=") transition level lies below the (þ=0) level. This may
occur when a large difference in lattice relaxation occurs for differ-
ently occupied states of the DB. In a negative-U system, the neutral
DB (occupied with one electron) is not thermodynamically stable
for any value of the Fermi level, and the only thermodynamically
relevant transition is (þ="). Negative-U systems occur in other
semiconductor defects, such as interstitial hydrogen4,8 and oxygen
vacancies,41,42 both of which are strongly connected with the
behavior of cation DBs. Another class of related defects are
DX-centers, or donor defects that can undergo large lattice distor-
tions to convert into compensating acceptors that can also exhibit
significant character from cation-related DB states.43–46 Examples
will be discussed in Sec. III A. Finally, we note that regardless of
positive-U or negative-U character, the relevant transition for
determining the average DB level is the (þ=") level.

The exact same procedure can be followed for cation and
anion DBs in the III–V and II–VI compounds. The definition of
formation energy, Eq. (1), is easily adapted to this case; the forma-
tion energies of individual charge states depend on the chemical
potential of pseudohydrogen, but this value cancels in the calcula-
tion of charge-state transition levels. As discussed above for SiC,
for compound semiconductors, the CNL is defined as the average
of the (þ=") levels obtained separately for the cation DB and the
anion DB. For instance, in GaAs (see Table I), the (þ=") level
occurs at "0.32 eV above the VBM for the As DB and at 1.02 eV
for the Ga DB, leading to a EDB CNL at 0.35 eV above the GaAs
VBM.

This example illustrates that charge-state transition levels can
occur outside the bandgap, i.e., as resonances in the valence band
or conduction band. Such a situation indicates that a particular
charge state of the DB would not be thermodynamically stable, but
as long as we can perform a calculation for that charge state (i.e.,
identify a locally stable structure), it poses no problem for the
formalism.

III. RESULTS AND DISCUSSION

A. DB levels and trends

We have performed this procedure for DBs in group-IV ele-
mental semiconductors (diamond, silicon, and germanium), SiC,
SiGe, and various III–V and II–VI zinc-blende semiconductors; the
results are summarized in Table I. The results agree well (within
0.2 eV) with the limited number of previously reported
values.1,25,27–31

Table I shows that in the majority of materials, the DBs
behave as positive-U centers (see Sec. II C). However, a number of
cation DBs, such as Ga DBs in GaSb (and nearly GaAs) and In
DBs in InAs and InSb, form negative-U systems,40 i.e., with the
(þ=0) transition level occurring above the (0=") transition level.

Similarly, in the II–VIs, Cd and Zn DBs are negative-U or exhibit
very small positive U values.

The values of U also behave systematically. The value of U
generally decreases as the lattice constant increases. e.g., among the
studied group-IV semiconductors, Ge has the largest lattice cons-
tant, and the Ge DB has the smallest U value. For the compound
semiconductors, U values are larger for anion DBs than for cation
DBs. Both of these trends can be understood based on the relation
of U to electron localization and structural relaxation.40 As the
lattice constant decreases, the material becomes more rigid, thus
inhibiting structural relaxation upon the addition (removal) of elec-
trons to (from) a DB. In addition, anion DBs tend to be more spa-
tially localized than cation DBs. Adding a second electron to an
anion DB will, therefore, require more energy than for a cation DB
in the same material, leading to a larger value of U .

The anion vs cation DB trend does not hold in a few select
cases, such as BP, BAs, BSb, and SiGe. These happen to be materi-
als in which the cation size is smaller than the anion size (based
on, e.g., their covalent radii47), and hence the spatial localization
argument is reversed.

B. Consequences for materials and devices

In Si, all transition levels associated with the DB occur within
the bandgap. This explains (at least in part) why hydrogen passiv-
ation of DBs at the Si/SiO2 interface is so successful. Without such
passivation, the Si DBs could trap electrons, thus interfering with
device performance and leading to degradation. Since interstitial
hydrogen in Si is also amphoteric (meaning it can act both as a
donor and an acceptor), it is always feasible to form a Si–H bond,
thus passivating the Si DB.

Some other materials produce DBs with levels that occur
either below the VBM or above the CBM. For example, in Ge, all
DB transition levels occur below the VBM.29 This means that,
regardless of doping, germanium DBs will always be negatively
charged. Because hydrogen is also exclusively negatively charged
(the correlation between the electronic behaviors of interstitial H
and of the DB is not incidental—see Ref. 4), H will be repelled
from DBs and passivation will be inhibited.

Similarly, in InN, the indium DB produces transition levels
above the CBM, causing the indium DB to be always positively
charged. Combined with the fact that hydrogen acts exclusively as a
donor in InN,48 we conclude that In DBs in InN will be difficult to
passivate.

The information we present here on DB levels produces useful
insights into other cases as well. For example, BAs, recently cham-
pioned as a near-ideal semiconductor showing high dopability
combined with excellent thermal and ambipolar electronic
conducitivity,49–51 has exclusively negatively charged As DBs
(similar to Ge), while B DBs possess transitions within the
bandgap, similar to Si and cations in AlAs and GaAs.25 However,
in contrast to cations in the other III-arsenides, the B DB is pre-
dominantly stable in the neutral charge state (nearly never stable in
the negative charge state) and is hence less likely to repel Hi, which
has a calculated (þ=") level 0.7 eV above the BAs VBM.17 This
suggests DB passivation at BAs-oxide interfaces may be easier as
compared to other III-As compounds.25,52
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C. Band alignment

We have used our results for the (þ=") levels of cation and
anion DBs (Table I) to calculate EDB for each material, defined as
the average of the (þ=") levels for the anion and cation DBs. To
get insight into where these levels lie on an absolute energy scale,
we compare their positions by plotting them referenced to the
VBM in each material and aligning these VBM values using
reported band-offset values. In Fig. 3, the valence and conduction
bands have been aligned on an absolute energy scale using the

natural band offsets reported by Hinuma et al.16 based on explicit
interface calculations with hybrid functionals and additional cor-
rections from many-body perturbation theory. To align with the
vacuum level, we used the Si electron affinity (EA), which places
the Si conduction-band minimum at 4.11 eV below the vacuum
level as calculated by Hinuma et al.16 for the (111) (2# 1) Si
surface. The offsets from Ref. 16 are summarized in Table II. The
table also contains our calculated EDB values, and two other possi-
ble ways of defining the CNL: the branch-point energy and Hi

FIG. 3. Average DB levels (EDB) in select group-IV, III–V, and II–VI semiconductors, aligned on an absolute energy scale. Valence-band (red) and conduction-band (blue)
edges are aligned based on the natural band offsets reported in Ref. 16 and summarized in Table II. Alignment with the vacuum level is achieved by placing the Si conduc-
tion band at 4.11 eV below the vacuum level (corresponding to the Si electron affinity) from Ref. 16 for the (111) 2# 1 Si surface. In the elemental semiconductors (Si and
Ge), there is only one type of DB; in the compound semiconductors, we report values for the cation DB (blue) and for the anion DB (red), with the average of those
(black) providing the average DB level EDB, which we identify with the CNL. The dashed black line reflects the average of the EDB on an absolute energy scale of
"5:29+ 0:24 eV assuming these band alignments, as described in the text.

TABLE II. Experimental bandgaps38 and calculated valence- and conduction-band offsets (VBO, CBO) assuming an alignment to Si using the calculated band offsets reported
by Hinuma et al.16 and by Van de Walle and Neugebauer.4 We also list the offsets associated with the various charge-neutrality levels (CNLs) summarized in Table I as also
aligned to Si, for the average DB energies (EDB), the branch-point energies (EBP), and (+/−) transition levels of interstitial H taken from Ref. 17. All values are in eV.

Reference 16 Reference 4 EDB EBP Hi (+/−)
Eg (exp) VBO CBO VBO CBO VBO CBO VBO CBO VBO CBO

Si 1.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ge 0.74 0.28 −0.23 0.58 0.15 0.54 0.18 0.37 0.01 0.35 −0.01
AlP 2.51 −1.20 0.17 −1.40 −0.06 −0.83 0.47 −1.24 0.06 −0.74 0.56
AlAs 2.23 −0.81 0.29 −0.71 0.35 −0.47 0.52 −0.82 0.17 −0.31 0.68
AlSb 1.70 −0.08 0.41 0.25 0.78 0.07 0.53 −0.26 0.20 0.23 0.69
GaP 2.35 −0.64 0.53 −0.68 0.50 −0.26 1.04 −0.70 0.60 −0.68 0.62
GaAs 1.52 −0.30 −0.11 −0.12 0.23 0.09 0.38 −0.29 0.01 −0.17 0.13
GaSb 0.75 0.33 −0.22 0.57 0.15 0.52 0.13 0.23 −0.17 0.46 0.07
InP 1.42 −0.75 −0.52 −0.31 −0.06 −0.28 0.21 −0.63 −0.14 −0.65 −0.16
InAs 0.41 −0.39 −1.25 0.15 −0.61 0.06 −0.59 −0.28 −0.92 −0.21 −0.85
InSb 0.24 −0.01 −1.03 0.67 −0.26 0.43 −0.46 0.10 −0.78 0.29 −0.60
ZnS 3.84 −2.07 0.48 −1.69 0.98 −1.24 1.42 −1.89 0.77 −1.79 0.87
ZnSe 2.83 −1.57 0.01 −1.11 0.55 −0.81 0.75 −1.38 0.18 −1.17 0.39
ZnTe 2.39 −0.62 0.44 −0.18 1.04 −0.23 0.88 −0.72 0.38 −0.30 0.80
CdS 2.50 −1.89 −0.65 −1.37 −0.04 −0.99 0.26 −1.59 −0.34 −1.59 −0.34
CdSe 1.90 −1.54 −0.98 −0.89 −0.16 −0.73 −0.07 −1.26 −0.60 −1.14 −0.48
CdTe 1.59 −0.71 −0.37 −0.27 0.15 −0.20 0.24 −0.76 −0.32 −0.49 −0.05
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(þ=") transition levels consistently calculated with the same
parameters.17

Given the assumed band offsets, the DB levels show reason-
able alignment, falling at "5:29+ 0:24 eV (referenced to the
vacuum level) when averaged over the materials in Fig. 3 (the
quoted error bar is the standard deviation). This indicates that
average DB levels are a reasonable choice for the CNL and could be
used to predict band offsets. The spread in the other candidates for
CNLs such as the EBP level and the Hi (þ=") level is slightly
smaller, with EBP falling at "5:19+ 0:13 eV and the Hi (þ=")
level at "4:78+ 0:15 eV. We note that a significant part of the
deviation is due to the values in the II–VI compounds. A similar
observation was made in Ref. 16.

We also note that this assessment is sensitive to the assump-
tions made about the band offsets. For instance, if we use the band
alignments reported in Ref. 4 (which were based on explicit calcula-
tions for interfaces), we find the results that are plotted in Fig. 4
and also summarized in Table II. This results in values of
"4:60+ 0:28 eV for the average EDB level, "4:44+ 0:27 eV for
the EBP, and "4:03+ 0:25 eV for the Hi (þ=") level. The upward
shift of the averages compared to Fig. 3 [by 0.63 eV for the average
DB level, 0.69 eV for EBP, and 0.69 eV for the Hi (þ=") level] is
only partly due to the different value assumed for the Si EA
("4:11 eV in Ref. 16 vs "3:68 eV in Ref. 4, a difference of 0.37 eV).
The additional upward shift may reflect the fact that the offsets in
Ref. 4 were calculated with semilocal functionals, which probably
underestimate IPs. However, the spread of the CNL levels around
the average is still modest.

All the results confirm the similarity in the DB-derived CNL
and the EBP values, which agree within ! 0:1 eV across all materi-
als, and fall approximately 0.4 eV lower on an absolute scale com-
pared to Hi (þ=").

In Ref. 4, the reason for Hi (þ=") levels acting as a proxy for
the CNL was attributed to the fact the Hi in the þ charge state
strongly binds to an anion, leaving an empty cation DB; Hi in the
" charge state strongly binds to a cation, leaving a filled anion DB.
The Hi (þ=") level would thus probe the average of the anion and

cation DBs, but given the aforementioned occupation of these DBs,
the relevant average might be closer to the average of the (0=")
level of the anion DB and the (þ=0) level of the cation DB. We
find this is the case, with the mean difference falling to "0:44 eV
relative to the Hi (þ=") from "0:62 eV as defined relative to the
EDB for the full set of materials in Table I. If the Coulomb repulsion
U would be identical for anion and cation DBs, then this should
produce the same result as the average of the (þ=") levels of the
anion and cation DBs that we studied in the present work.
However, as noted in Sec. III A, U is larger for anion DBs than for
cation DBs. Therefore, the (0=") level of the anion DB will lie
above the (þ=") level by a larger amount than the (þ=0) level of
the cation DB lies below the corresponding (þ=") level, pushing
up the level probed by Hi relative to the average DB level. We
suggest this as a (partial) explanation for the fact that the average
Hi (þ=") level tracks the average DB level but lies at a higher
energy.

IV. CONCLUSIONS

We have performed a systematic study of isolated DBs in
group-IV, III–V, and II–VI semiconductors, based on
state-of-the-art density functional calculations. We report results
for defect levels associated with the various charge states of both
cation and anion DBs, and discussed the trends in energy levels
and Coulomb repulsion parameter U as a function of lattice cons-
tant and atomic size. We also explored whether DB energy levels
can define a CNL that can be used to align band structures of semi-
conductors on an absolute energy scale.

Defining the CNL as EDB, the average value of the (þ=")
transition levels for cation- and anion-derived DBs, we indeed find
a strong correlation with band alignments obtained from
band-offset calculations. We have also compared how this
DB-based determination of the CNL compares with other imple-
mentations. Strong similarity is found with the branch-point
energy, providing a comparably quantitative way to determine band
offsets between different semiconductors. We also find that the

FIG. 4. Average DB levels (EDB) in select group-IV, III–V, and II–VI semiconductors, aligned on an absolute energy scale as in Fig. 3, but with the band edges aligned
based on offsets reported in Ref. 4 and also listed in Table II. Alignment with the vacuum level is achieved by placing the Si conduction band at 3.68 eV below the vacuum
level (as assumed in Ref. 4). Other details are as in Fig. 3, where the horizontal black lines indicate the average EDB levels defining the CNL. The dashed black line
reflects the average of the EDB on an absolute energy scale of "4:60+ 0:28 eV assuming these band alignments, as described in the text. Note that the DB levels for
nitride semiconductors and CdSe were obtained for the zinc-blende phase, while wurtzite was assumed for band alignments.
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alignments are consistent with alignment based on the (þ=") level
for interstitial hydrogen,4 although the hydrogen levels are consis-
tently higher than the DB levels, which we partly attribute to differ-
ent charge states being probed.
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