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The ceramic material zinc antimony oxide ZnSb,0O4 has promising electrical and magnetic properties,
making it suitable for various applications such as electrochemical and energy storage. However, the
effects of point defects and impurities on its electrical properties have never been revealed. Here, we
employ hybrid density-functional calculations to investigate the energetics and electronic properties of
native point defects and donor impurities in ZnSb,O,4. The energetically favorable configurations of
native point defects under selected growth conditions (O-rich and O-poor) are identified based on the
calculated formation energies. The study finds no shallow donor and shallow acceptor defects with low
formation energies. Still, the oxygen vacancy (Vo) has the lowest formation energy among the donor-
type defects under O-rich and O-poor conditions. However, it acts as a very deep acceptor, making it
unlikely to provide free electron carriers to the conduction band. Moreover, electron carriers are likely to
be compensated by the formation of zinc vacancies (V,) and the zinc substituted for antimony (Znsy,),
which behave as dominant acceptors. Our analysis of the charge neutrality conditions estimates that the
Fermi level of undoped ZnSb,O,4 would be pinned in a range that is 2.60 eV to 3.12 eV above the VBM
for O-rich to O-poor growth conditions, respectively, suggesting that this material is semi-insulating.

Received 31st March 2023, The possibility of enhancing free electron carriers by doping with Al, Ga, In, and F impurities is also
Accepted 21st June 2023 investigated. Our results, however, indicate that high n-type conductivity is hindered by self-
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impurity candidates and approaches may need to be considered to efficiently dope this material into
rsc.li/pccp n-type. Overall, this work paves the way for point defect engineering in this class of ternary oxides.

1. Introduction

Metal chalcogenide semiconductors in the form of nanoparticles
and thin films have previously been considered the most pro-
mising materials for electrocatalytic and electrochemical
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One of the most fundamental materials that many researchers
use worldwide is ZnO. It is well known that ZnO is a wide band-
gap semiconductor with a wurtzite crystal structure that has been
widely studied for industrial and technological applications. Due
to its high n-type conductivity and band gap of 3.2-3.4 eV, ZnO is
an exciting and promising material for transparent electrodes in
optoelectronics. While it is feasible to dope ZnO with high
electron carriers with donor impurities such as aluminum,”*°
doping ZnO into p-type remains challenging. The application of
ZnO as an electronic material is, therefore, still limited. Alterna-
tively, ZnO has been studied in electrochemical and energy
storage applications. Many efforts have been made to introduce
other cations such as Co, Al, Fe, Ga, and Cr into ZnO to obtain
various Zn-based ternary metal oxides (TMOs), including
ZnCo,04,"" ZnAl,0,,'* ZnFe,0,," ZnGa,0,'* and ZnCr,0,."
These TMOs are expected to have improved structural stability
and electrochemical performances for energy storage and capaci-
tive devices.

Incorporating a Sb cation into ZnO results in the formation
of ZnSb,0,, a spinel ternary metal oxide with an identical
structure to other Sb-based oxides in the MSb,0, family where
M is either a small divalent or transition metal.'® While less
studied than other metal oxides, ZnSb,0, can potentially be
used in sensors, non-linear devices, and pseudo- and super-
capacitors. ZnSb,0, has a tetragonal structure with a space
group of P42/mbc (135) at room temperature, similar to the
mineral spinel class tetragonal Pb;0,. The crystal structure of
ZnSb,0, shown in Fig. 2 consists of a rutile-related chain of
ZnOg octahedral along the c-axis linked by a trigonal pyramidal
Sb*" cation bound to three oxygen ions. It possesses a lone pair
of electrons which can be regarded as a fourth ligand. The Zn
atoms have an octahedral position in the crystal structure, and
the Sb atoms make a triangular pyramidal structure with
oxygen atoms.'” It was reported that the crystalline phase
ZnSb,0, synthesized using the solid-state synthesis technique
yields an optical band gap of 4.7 eV and lattice parameters
a =h = 85153 A and ¢ = 5.9349 A. The investigation into
improving the electrical properties and specific characteristics
of ZnSb,0, revealed that the material could be used as a non-
linear device.'®2° Recently, Raknual et al. demonstrated the
simple synthesis and investigated the potential of undoped and
In*" doped-ZnSb,0, for their pseudocapacitive charge storage
properties.”* The study found that In** doping could enhance
the energy density, power density, and specific capacitance in
ZnSb,0,. Nevertheless, the In*"-doped ZnSb,0, may lead to
electrode degradation. Then, self-discharge and diffusion pro-
cesses can occur due to the fast kinematics in the electrode
interfaces. Thus, the effects of doping with impurities on the
electronic properties of ZnSb,0, are a topic of significant
interest and merit further investigation.

Point defects are known to significantly impact the electronic
properties of materials, including metal oxide semiconductors.
It is widely accepted that lattice defects, particularly intrinsic ones,
are unavoidable in the growth processes at finite temperatures.
Intrinsic defects significantly control the electrical and optical
properties of semiconductors. Introducing a small number of
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foreign atoms into materials can drastically alter their electrical
conductivity. A better understanding of how these defects affect
the electronic properties of ZnSb,0, could result in improved
capacitive properties.

Density-functional theory (DFT) has been widely recognized
as a powerful tool for studying the behavior of defects and
impurities in various materials. DFT studies have revealed the
role of point defects and dopants in various crystal structures of
ternary metal oxides, such as perovskites and spinels. While
many authors devoted extensive studies on the point defects
and impurities in perovskite oxides such as SrTiO;>>*
BaTiO;,>*” and BaSn03,”**° and spinel oxides such as a series
of A,BO, where A and B are either III-valent and II-valent cation
ions,*' ZnMn,0, where M = Co, Rh, Ir,>>*3 much less has been
done in Pb;O,-type antimony oxides. The source of either
n-type or p-type conductivity, the effects of point defects on
thermoelectric properties, and the proposal to overcome the
doping limit in those ternary metal oxides have been revealed.

Despite ZnSb,0, being discovered as an industrial func-
tional material many years ago, little is known about how
defects affect electrical properties. It is, therefore, necessary
to understand native defects and dopant impurities and control
their formation in ZnSb,0,. As far as we know, only the
generalized gradient approximation (GGA) calculations are
published in conjunction with the experiments on doped
ZnSb,0,.>' The GGA-functional calculations would, however,
be limited by the band gap problem and the self-interaction
error, which can reduce their accuracy and lead to inaccurate
defect levels and formation energies.

Our aim in the present work is to investigate the likelihood
of the formation of native point defects and the electronic
properties of these defects using the screened hybrid-functional
proposed by Heyd, Scuseria, and Ernzerhof (HSE).>* First, we
determine the bulk properties of ZnSb,0,, such as lattice
parameters, electronic structure, bang-edge position, formation
enthalpy, and equilibrium growth chemical potential diagram.
We then explore the thermodynamic stability of all possible
native defects in ZnSb,0,, including zinc, antimony, and
oxygen vacancies (Vzn, Vsp, and Vy), the interstitials (Zn;, Sb;,
and O;) and the antisites (Sbz,, Zngp, Sbo, Zne, Ogp and Ogzy)
through the formation energies calculated under representative
growth conditions. The local atomic structure and electrical
properties of these defects are examined. The results show that
carrier compensation due to the native defects is likely to make
as-grown ZnSb,0, semi-insulating. In addition, we investigate
the energetics and electronic properties of cation and anion
impurities such as Al, Ga, In, and F, which are expected to act as
donors. We will discuss how these impurities affect the Fermi
level and, therefore, the possibility of n-type doping in ZnSb,0,.

2. Computational methods

Our DFT calculations were performed using the HSE screened-
hybrid-functional (HSE) implemented in the VASP code.?* The
Hartree-Fock (HF) mixing parameter « = 0.48 and a standard
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Table 1 Calculated structural parameters, formation enthalpy (AH;), and
band gap (Ey) of ZnSb,O4. The available experimental values are also listed

PBE HSE (x = 0.25) HSE (z =0.48)  Experimental
a (A) 8.656  8.584 8.526 8.515
c(A) 6.081 5.959 5.838 5.934
AH; (eV) —9.56  —9.88 ~10.25 ~11.05°
Eg (eV) 2.74 3.77 4.73 4.70

¢ Estimated using the AH; of ZnO and Sb,0; through Hess’s Law as AH;
(ZnSb,0,) = AH{(ZnO) + AH¢(Sb,05).

screening length of 10 A were used, giving a band gap and
equilibrium lattice parameters in good agreement with the
experimental values in Table 1. An energy cut-off of 520 eV
was used for the plane-wave basis set expansion. The valence
electron configurations of the projector augmented wave pseudo-
potentials are 3d'%4s> for Zn, 4d'%5s>5p® for Sb, and 2s’2p4
for O. For calculations of the lattice parameters, band gaps, and
formation enthalpies, a 28-atom primitive cell was employed
with 3 x 3 x 3 Monkhorst-Pack meshes for the integrations
over the Brillouin zone. For calculations of the native defects,
including the vacancies (Vz,, Vrn and Vp), the cation antisites
(Zngp, Sbz,) and the interstitials (Zn;, Sb;, and O;), we adopted a
56-atom supercell which is a 1 x 1 x 2 repetition of the
primitive cell. This supercell was also adopted to calculate the
donor impurities, including the substitutions (Al,, Gaz,, and
Inz,) and the interstitials (Al;, Ga;, and In;). For the integration
over the Brillouin zone, we used non-I'-centered 2 X 2 X 2
Monkhorst-Pack meshes. Test calculations using a 224-atom
supercell which is a 2 x 2 x 2 repetition of the primitive cell
with the (1/4,1/4,1/4) special k point, show that the formation
energy differences of the point defects are converged within
0.15 eV. At the same time, the corresponding thermodynamic
transition levels converged within 0.10 eV (see the ESI{). Note
that spin-orbit coupling has minor effects on the formation
energies and transition levels.

The formation energy of a defect D in charge state g was
calculated as

Ef(Dq) = El()l (Dq) — ElOl (ZnSb204)

S
— Z}’l,’,ui + q(bF + Ev) + Ecorr(Dq)v

where E(D7) is the total energy of the cell with defect D in the
charge state q. E.(ZnSb,0,) is the total energy of the supercell
without defects, n; is the number of atoms of species i (Zn, Sb or
O) that have been added to (n; > 0) or removed from (n; < 0)
the supercell. For a charged defect, the electron(s) is removed
or added to the Fermi level (¢), referenced to the valence band
maximum (VBM, E,). These atoms are taken from or placed into
the reservoir with energy p;, where the chemical potentials fi;
are referenced to the energy per atom of isolated elemental
phase as fizn = fzn — Etotl Zpund; fis = tsb — Erot SPpund and fio =
Uo—Eo[O,]. The energy per atom of these elemental phases was
obtained by our DFT calculations; the total energy per atom of
bulk Zn and Sb and half of the total energy of an isolated O,
molecule were calculated as —1.53 eV, —6.46 eV, and —8.95 eV,
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respectively. The correction energy, E.(D%), due to the spur-
ious electrostatic interactions between periodic charged finite-
size supercell proposed by Freysoldt et al. was also added to the
formation energy of the charged defect.*® The static dielectric
constant (¢y) of ZnSb,O, used in the correction is 13.04, as
estimated by the density-functional perturbation theory imple-
mented in the VASP code.*”

The chemical potential ji; can, in principle, vary, representing
the growth conditions such as oxygen pressure and temperature.
However, it must satisfy the thermodynamic equilibrium condi-
tion of ZnSb,04, fizn + 2Msp + 4ilo = AH¢(ZnSb,0,) where
AH¢(ZnSb,0,) is the formation enthalpy of ZnSb,0,. Our calcu-
lated AH¢(ZnSb,0,) by the HSE functional with o = 0.48 is
—10.43 eV, slightly lower than the values obtained by the
standard HSE06 and the PBE functionals (Table 1). This value
is comparable to the experimental AH{(ZnSb,0,) estimated
following Hess’s law of —11.05 eV.?® The following constraints
are implemented to avoid precipitation of the unwanted com-
pounds ZnO, Sb,03, and Sb,0s: fizn + flo < fzno, 2fsp t 3flo <
fisb,0, and 2fisp + 5fio < fisp,0.- The metallic Zn and Sb, and
gaseous O, are also taken as the upper bounds for fiz, fisy, and
lio. These constraints defined a domain in a three-dimensional
chemical potential diagram as shown in Fig. 1. For a stable
thermodynamic equilibrium growth of ZnSb,0y, fizn, fis, and
fo must lie within this domain (pink shaded area). In the
present work, we show the formation energies calculated using
the chemical potentials corresponding to the O-rich (point A),
Ao = 0 and O-poor (point B) growth conditions jo =
[AH{(ZnSb,04) — fizn — 2{sp)/4 = —0.79 eV. The formation
energies for other growth conditions can be selectively calculated
using fizn, fisp, and [, in the pink-shaded area. The chemical
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Fig. 1 The thermal equilibrium growth conditions allowed for ZnSb,O4
(pink shaded area). The chemical potentials of the Sb (fisp), Zn (fizn), and O
(fio), are referenced using the energy per atom of Sb and Zn metals and the
O, molecule. Labels A and B denote the O-rich and O-poor limits
representing the extreme growth conditions, respectively.
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Table 2 Formation enthalpies of ZnO, Sb,03, Sb,Os, Al,O3, Ga,0s, IN,03,
and ZnF, obtained using the PBE functional and the HSE functional
(x = 0.48). The experimental values are also listed

AHf (eV)
Material PBE HSE Experimental
ZnO —2.81 —3.35 —3.63
Sb,0; —6.81 ~6.82 —7.42
Sb,0s —8.87 —10.28 —10.44
Al O; —8.07 —8.85 -9.60
Ga,0; —15.18 —16.87 —17.37
In,0; —9.44 —~10.78 —11.29
ZnF, —6.84 —8.09 —7.92

potentials of Al, Ga, In and F are limited by the formation of
Al,03, Ga,03, In,03, and ZnF,, under both O-rich and O-poor
conditions, respectively; iy = (AH¢(Al,03) — 3ii0)/2, fga =
(AH((Ga,05) — 3fio)/2, fun = (AH¢(In,05) — 3fio)/2, and fizn =
(AH¢(ZnF,) — 3jip), where AH¢(Al,03), AH¢(Ga,03), AH¢(In,03,
and AH¢(Zn,F) are the formation enthalpy of Al,0;, Ga,03,
In,03, and ZnF, obtained by the HSE functional with o = 0.48.
These are listed in Table 2, along with the corresponding
experimental values.*”

The positions of the conduction band (CB) and valence band
(VB) edges of ZnSb,0, were determined using the following
empirical equations:

Ecp = 7(ZnSb,0,) — E. — 0.5E,, )

and Evg = Ecg + Eg, where Eyg and Ecg are the valence band and
conduction band edge potentials, respectively. y is the Mulliken
electronegativity of ZnSb,0,, which is calculated as y(ZnSb,0,) =
{@0)][(SH)Px(0)]'}* = 6.16 eV where y(Zn), 1(Sb), and #(O) are
the electronegativity of the neutral Zn, Sb, and O atoms,
respectively.’’ E, is the energy of free electrons on the hydrogen
scale (~4.5 eV), and E, is the calculated band gap using the HSE
functional.

3. Results and discussion
3.1 Structural properties

Fig. 2 shows the primitive cell and local atomic structure of
ZnSb,0y,, a spinel mineral structurally identical to Pb;O,. Only
a few ternary oxides, including, CoSb,0,,"® NiSb,0,,'® and
SnTi,04,"" have this unique crystal structure. As listed in
Table 1, the lattice parameters given by the HSE functional
(with both 25% and 48% HF mixing parameters) agree very well
with the experimental values within 2%. There are 28 atoms in
the tetragonal primitive cell of ZnSb,0, shown in Fig. 2(a),
consisting of 4 Zn, 8 Sb, and 16 O. All figures of ball and stick
models including the 3D isosurface of the charge density, were
made using the VESTA software package.*” It was suggested
that the hollow in the center of the cell is stabilized by van der
Waals interaction between lone pair electrons.*>** The local
atomic structures of the Zn, the Sb, and the two inequivalent
O atoms are shown in Fig. 2(b) and (e). Through distorted
octahedral coordination, the Zn atom forms bonds with six
neighboring O atoms with the two sets of O-Zn-O bond angles
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Fig. 2 (a) An illustration of ZnSb,O4 primitive cell containing 28 atoms
and the its local atomic structure. (b) Zn, (C) Sb, (c) type-1 O, and type-Il O
atoms. The calculated equilibrium Zn-O and Sb-O bond lengths and
angles are also listed.

of ~83.74° and ~96.26° and the two sets of Zn-O bond lengths
of 2.05 and 2.21 A. The Sb atom is trigonal pyramidally
coordinated with three O atoms (with an Sb-O bond length of
1.90 A and an O-Sb-O bond angle of ~93.94°). The type-1 O
atom forms asymmetric trigonal pyramidal bonds with two Zn
and one Sb neighboring atoms, as shown in Fig. 2(d). These two
Zn-0 bonds are equivalent with bond lengths of 2.05 A, while
the Sb-O bond length = 1.90 A. On the other hand, the type-II O
atom forms asymmetric trigonal planar bonds with two Sb
atoms (Sb-O bond lengths = 1.95 A) and one neighboring Zn
atom (Zn-O bond length = 2.21 A), as shown in Fig. 2(e). These
bond lengths agree with the values obtained via empirical
methods based on neutron diffraction experiments.'” As can
be observed from the Bader charge analysis (Table S1, ESIf),****
Sb atoms in ZnSb,0, (+1.86e) and Sb,0O; (+1.92¢) are almost
equally positively charged, indicating the presence of Sb®* ions
in ZnSb,0,. Since the atoms of type-I and type-II O in ZnSb,0, are
more negative (—0.20e to —0.26¢) than the O atoms in ZnO along
with the atoms of Zn in ZnSb,0, being more positive, ZnSb,0,
will likely be more ionic than ZnO. This results in ZnSb,0, having
stronger electrostatic interactions between the cations and anions,
making it more ionic than ZnO. Additionally, the larger size of
Sb** compared to O°" leads to higher coordination numbers,
further increasing the ionic character of ZnSb,0,, evident by its
larger band gap (~4.7 €V)19 compared to ZnO (~3.3 €V).*®

3.2 Electronic structure

Fig. 3 shows the calculated projected density of states (PDOS),
electronic band structure, and the electronic charge distribu-
tion associated with the band edges of ZnSb,0,. The PDOS in
Fig. 3(a) indicates that the valence band is mainly dominated by
O 2p states, with notable localized Zn 3d lying at ~—8 eV below
the top of the valence band. There is also a small contribution
from Sb 5s states to most regions of the valence band. The
contribution of Sb 5p in the valence band is relatively minor;
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Fig. 3 (a) The calculated projected density of states (PDOS), (b) electronic
band structure, and the electronic charge distribution associated with (c)
the valence band, and (d) the conduction band edges of ZnSb,O4. The
valence band maximum is set to 0 eV. The Brillouin zone of the ZnSb,O4
crystal structure is also shown as an inset in (b). The isosurface of the
charge distribution is set to 8% of the maximum.

however, it results in the lone pair electrons at the top of the
valence band, of which the charge density is shown in Fig. 3(c).
A similar observation has been made in Sn,TiO,, where Sn 5p is
mixed in the valence band, and lone pair electrons are
formed.** The Sb 5p also constitutes most of the conduction
band bottom, displaying antibonding properties (Fig. 3(d)). The
calculated band structure of ZnSb,0, is shown in Fig. 3(b).
The electronic band gap is indirect since the valence band
maximum (VBM) occurs at the M point, and the conduction
band minimum (CBM) occurs at the I' point. However, the
difference between the valence band maxima at the M and I’ is
only 0.06 eV, indicating that a strong onset of optical absorp-
tion can be expected. As shown in ref. 19 this is consistent with
the experimental optical absorption. Table 1 illustrates that
while the PBE functional accurately predicts lattice parameters
and formation enthalpy, it significantly underestimates the
electronic band gap. The calculated band gap using the PBE
functional is nearly half the experimental value. Utilizing the
standard HSE functional, with a mixing parameter of « = 0.25,
results in a more accurate band gap prediction. However, a
0.48 is necessary to achieve the
experimental value of 4.7 eV.

Single crystal or thin film ZnSb,0, exhibits a wide band gap,
which renders it transparent or translucent, depending on the
presence and distribution of native defects and impurities.
Furthermore, its ultra-wide band gap makes it a promising
candidate for ultraviolet photocatalysis and optoelectronics.®”
To fully realize the potential of this material in these fields,

mixing parameter of o =

it is essential to determine the absolute band edge positions.
In addition, the efficiency of n-type or p-type doping in
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Fig. 4 Calculated valence and conduction band edge position of
ZnSb,0,4 obtained from the Mulliken electronegativity in the absolute
energy scale (left vertical axis) and the natural hydrogen electrode scale
(right vertical axis). The horizontally aligned numbers are the band edge
positions on the NHE scale.

semiconductors largely depends on the band edge positions
of the host materials. Here, we adopted the standard approach
based on the geometric mean of the Mulliken electronegativity ()
for the constituent atoms of ZnSb,0, to estimate the position of
the band edges. This approach has been successfully applied in
various oxides and other semiconductor materials.*®** The band
edge positions of ZnSb,0, calculated using the Mulliken electro-
negativity approach are presented in Fig. 4. The valence band edge
potentials (vs. NHE) were +4.01 eV for ZnSb,0, and +2.91 eV for
TiO,. These values indicate that both materials possess suffi-
ciently positive valence band edge potentials with respect to the
oxidation potential of water (+1.23 eV vs. NHE), making them
active for photocatalytic O, production. The relatively low con-
duction band edge suggests that this material could be feasibly
doped into n-type. The band edge positions for TiO, determined
by our calculations were in excellent agreement with those reported
by Schoonen et al.*® However, to the best of our knowledge, band
edge positions of ZnSb,0, have not been reported in the literature.
While providing a plausible description of the absolute band edge
positions, our approach may yield results that diverge considerably
from those obtained through other methodologies, such as band
alignment with slab models.>®

3.3 Energetics and electrical properties of intrinsic defects

To better understand the impact of intrinsic defects on the
properties of ZnSb,0,, we extensively examine all possible
intrinsic point defects in this material. Intrinsic defects have
been known to significantly affect a wide range of properties in
oxides, including optical and electrical properties. Our analysis
focuses on the effects of various intrinsic point defects, includ-
ing vacancies of Zn, Sb, and O atoms (V;,, Vsp, and V), as well
as interstitials (Zn;, Sb;, and O,) and antisites (Sby,, Zngy,, Sbo,
Zno, Osp, and Og,). Fig. 5 shows the formation energies
obtained from our hybrid DFT calculations as a function
of the Fermi level for the O-rich and O-poor conditions,
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Fig. 5 Formation energies as a function of Fermi level position for native
point defects in ZnSb,O4. The results are shown for (a) the O-rich limit and
(b) the O-poor limit. The zero of the Fermi level corresponds to the VBM
and CBM. Only segments corresponding to the lowest energy charge
states are shown. The slope of each segment indicates the charge state.
Kinks in the lines for the same defect indicate the thermodynamic transi-
tion levels.

corresponding to points A and B in Fig. 1, respectively. Their
local atomic structures are shown in Fig. S1-S3 (ESIt). Here, we
focus only on the isolated intrinsic defects, excluding the defect
complexes between them. VBM and CBM are the lower and
upper limits of the Fermi level, respectively. In Fig. 5, the
formation energy plots show only the charge states of the defect
with the minimum formation energy at a given Fermi level. The
slope of the line reflects the most stable charge state of a defect.
The kinks in the formation energy plots indicate the thermo-
dynamic transition levels of the defect ¢(q/q’), which has
been extensively discussed in the literature.>*>">> The values
of ¢(g/q’) reported here are with respect to the VBM.

A. Intrinsic donor defects. As shown in Fig. 5, the donor
defects are V, Sbyy,, Sb;, Zn;, Sng, and Zng. Under both O-rich
and O-poor conditions, Vo has the lowest formation energy
among other donor defects. It is stable in 2+, and neutral
charge states, while the 1+ charge state is unstable, indicating
that it is a double donor with a negative-U behavior. This
behavior of V5 has been reported in many oxides, including
Zn0>® and BaSn0;.”° We find that V, is a deep donor with the
transition level ¢(2+/0) = 2.50 eV. The high formation energy
(almost 2 eV even under the O-poor conditions) when ¢ is close
to the CBM (n-type conditions) suggests that the concentration
of Vo will be low. However, the low formation energy of Vo
when ¢p approaches the VBM (p-type conditions) where Vg
assumes the 2+ charge state suggests that oxygen vacancies
can be compensating centers for p-type doping in this material.
In a neutral compound, the collective sum of the oxidation
states of all its atoms or ions is zero. The oxidation states of Zn,
Sb, and O atoms in ZnSb,0, are thus reasonably assumed to be
2+ and 3+, and 2—, respectively. The antisite Sby,, in which Sb
is substituted for Zn, can, thus, act as a single donor. Fig. 5
shows that Sby, is stable in the 1+ and neutral charge states
with &(1+/0) = 4.58 eV above the VBM, very close to the CBM,
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which indicates it is nearly a shallow donor. Cation interstitials,
l.e., Zn; and Sb;, also act as donors. These defects can donate
multiple electrons to their neighboring O atoms, thus are
positively charged. Our findings indicate that Zn; is stable in
the 2+ and neutral charge states, while Sb; is stable in the 3+,
1+, and neutral charge states. Additionally, we have determined
the thermodynamic transition levels for Zn; (¢(2+/0) = 2.99 eV)
and Sb; (¢(3+/1+) = 1.71 eV and ¢(1+/0) = 3.33 €V). These levels
indicate that both Zn; and Sb; are deep donors. Their high
formation energies under n-type conditions for both O-rich and
O-poor conditions suggest low concentrations. Thus, they are
unlikely to contribute to n-type conductivity in ZnSb,0,. The
formation of antisite defects, where the cations (Sb and Zn)
are substituted for oxygen atoms Sbo and Zno, is energetically
unfavorable under n-type conditions. This can be attributed to
the large disparity in ionic radii between the cations (Sb: 0.76 A,
Zn: 0.74 A) and oxygen (1.40 A),** leading to the significant
off-site displacement of the cations and thus, resulting in high
formation energies. Nevertheless, these antisite defects may be
able to compensate for hole carriers in p-type ZnSb,0, due to
their low formation energies.

B. Intrinsic acceptor defects. For Zn vacancy, the missing
Zn atom breaks six Zn-O bonds, creating six dangling O bonds
and two holes. We find that V, is a double acceptor, which can
occur in the neutral, 1—, and 2— charge states. This finding is
like those in ZnRh,0, and ZnO in which V,, acts as a double
acceptor.”>”® The hole states are found to be located well above
the VBM, making V,, a deep acceptor with ¢0/1—) = 0.16 eV,
and ¢(1—/2—) = 0.71 eV, as shown in Fig. 5. Removal of the Sb
atom would break three Sb-O bonds, resulting in three holes.
These hole states lie in the band gap and can accept up to three
additional electrons. This, thus, makes Vg, a triple acceptor
with ¢(0/1—) = 0.67 eV, and ¢(1—/3—) = 2.50 eV. Although the
removal of the Zn atom involves breaking six Zn-O bonds, the
removal of the Sb atom involves breaking only three Sb-O
bonds, and their formation energies are comparable. The
comparable formation energy is likely due to the Sb-O bonds
being more potent than the Zn-O bonds, as evidenced by the
shorter average Sb-O bond length (1.90 A) than the average
Zn-0 (~2.13 A). As a result, breaking three strong Sb-O bonds
cause comparable energy compared to breaking six Zn-O
bonds. These cation vacancies act as acceptors and have a high
formation energy (low concentration) under O-rich and O-poor
conditions for Fermi levels near the VBM (p-type conditions).
However, their low formation energies when the Fermi levels
approach the CBM indicate that V,, and Vg, can be compensat-
ing centers for n-type doping. Owing to the oxidation state of Zn
(2+), and Sb (3+), Zn substituted for Sb, Zngy, is expected to act
as a single acceptor. Zngy, is stable in the neutral and 1— charge
states with ¢(0/1—) = 1.24 eV, indicating that it is a deep
acceptor. Since the ionic radius of Zn>" is slightly smaller than
that of Sb*", the substitution of Zn for the Sb atom is expected
to be feasible. This is indicated by the relatively low formation
energy of Zng, under both growth conditions (Fig. 5).

Other acceptors include oxygen interstitial (O;), O substi-
tuted for Zn (Og,), and O substituted for Sb (Osp). Due to its
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surrounding cations, O; can draw two electrons and become a
double acceptor. Fig. 5 shows that O; is a very deep acceptor,
which is stable in the neutral and 2— charge states. For most &g
positions, O; is electrically inactive, but for the positions above
£(0/2—) = 3.50 eV, it is doubly negatively charged. The relatively
high formation energy of O; makes it unlikely to take part in the
charge carriers of the material. Oz, is characterized by signifi-
cant offsite displacements toward the nearby O atom, forming
an 0-O bond with a bond length ranging from 1.28-1.41 A, as
depicted in Fig. S3(d) (ESIT). It can accept up to two electrons as
a double acceptor, with ¢(0/2—) = 1.90 eV. Large offsite dis-
placements toward the nearby O atom and the formation of an
0-0 bond (with the bond length ranging from 1.19-1.42 A) are
also observed for Ogy, (Fig. S3(c), ESIT). It acts as a deep acceptor,
characterized by the £0/2—) = 1.30 eV and &(2—/3—) = 2.37 eV. The
formation energies of O, and Og, are very high for ¢r near the VBM
under both O-rich and O-poor conditions. Hence, we expect their
concentrations to be negligible under equilibrium growth condi-
tions. However, O, and Og;, can behave as compensating centers
for donor impurities because of their reasonably low formation
energies for ¢ near the CBM.

Based on the above discussion, we have revealed the elec-
trical behavior of all intrinsic point defects in ZnSb,0,. The
dominant donor and acceptor defects have also been identified.
Whether this material is naturally n-type, p-type, or semi-
insulating. To answer this question, we estimate the pinned
er by considering the charge neutrality conditions in a semi-
conductor with defects, which requires that

> qie(D) +po —nog =0, 3)

where ¢(D{) is the concentration of a defect D; in charge state
¢i, which can be calculated, at given &g, using the formation
energy of the defect described in eqn (1). n, is the electron
concentration in the conduction band, and p, is the hole
concentration in the valence band as estimated by the Boltz-
mann approximation. A description of the detailed expressions
for ¢(D{"), ny, and p, can be found in our previous work and
other works.?>*>® For the calculations of 7,, and p, the electron
(me) and hole (my,) effective masses are required. The calculated
band structure of ZnSb,0,, as presented in Fig. 3(b), exhibits a
significant anisotropy in the conduction band edge. The cur-
vature of the band edge varies greatly between the I'-M and I'-Z
directions, resulting in disparate electron effective masses for
each reciprocal vector direction. Our calculated m.(I'-M) = 5.65m,

and me(I'-Z) = 0.86m,, where m, is the electron rest mass. The
1

average m. is estimated as {me(l" —ZVm(I =M )} 3= 0.86my,
following the assumption of the density of states effective mass.””
We also find a substantial anisotropy in the valence band edge
where the VBM is at M. Using an analogous procedure, the average

1
3 2
my is estimated as {me(M —I')’me(M — A)]3(4)§ = 18.43myg

(M point is 4-fold degeneracy in the Brillouin zone). The average
m. and my, are then used to calculate n, and p,, respectively. Based
on Fig. 5, it can be assumed that the electrically active low-energy
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defects that contribute significantly to charge neutrality in eqn (3)
are Vzn, Vsp, and Zngy,. At a typical growth temperature of 400 K, the
charge neutrality gives rise to the Fermi level pinning at values
ranging from 2.39 eV to 2.80 eV above the VBM for the O-rich to
O-poor growth conditions, respectively. This observation indicates
that as grown, ZnSb,0, is a semi-insulating material with very weak
n-type behavior as the pinned Fermi levels lie slightly above half of
the band gap (4.7 V). In the next section, we explore the possibility
of doping ZnSb,0, into n-type material by external impurities.

3.4 Energetics and electrical properties of donor impurities

To utilize ZnSb,0, in practical applications such as pseudoca-
pacitive devices, enhancing charge carriers is often required.
This material may be feasible for n-type doping based on the
relatively low position of the conduction band edge, as shown
in Fig. 4. Here, we investigate the possibility of doping with
impurities expected to act as electron donors, including Al, Ga,
In, and F. The likelihood of these impurities was investigated
through the calculated formation energies as a function of
the Fermi level. For the metal impurities (Al, Ga, and In), we
consider three possible configurations, including the metal
atom substituted for Zn (Al,, Gaz,, and Ing,), metal substi-
tuted for Sb (Alsp, Gasp, and Ingy,), and interstitials (Al;, Ga;, and
In;). For F, only two configurations, F substituted for O (Fo), and
F interstitial (F;), were considered; F substituted for Zn, and Sb
would cause very high formation energies due to large differ-
ences in their ionic radii.

Since Al, Ga, and In have one valence electron more than
that of Zn, Aly,,, Gaz,, and Iny, are expected to behave as single
donors. Fig. 6 shows these impurities are stable in the 1+ and
neutral charge states with ¢(1+/0) ~ 4.28-4.39 eV above the
VBM. Among the three impurities, Gaz, exhibits the lowest
formation energy, likely due to its ionic radius being closest to
that of Zn and its similar electronic configuration (3d'%4s?).
While Al;,, Gaz,, and Ing, act as single donors, they may be
self-compensated by Alg,, Gagp, and Ing,, which may act as
acceptors since Sb can be present in multiple oxidation states.
Fig. 6 shows that Alg, is mostly stable in the neutral charge
state, being electrically inactive for almost the entire range of
the Fermi level, indicating that it is unlikely to act as a self-
compensating center. Nevertheless, Gag, and Ing, can occur in
the neutral, 1—, and 2— charge states, acting as deep acceptors.
The transition levels associated with Gagy, are ¢(0/1—) = 3.22 eV
and ¢(1—/2—) = 3.92 eV, and with Ingy, are ¢(0/1—) = 2.33 eV and
¢(1—/2—) = 3.28 eV. Although these acceptors are difficult to
form for er near the VBM due to their high formation energies,
they can form in sizable concentrations under n-type condi-
tions, indicating that they are likely to compensate for the
donor impurities Gaz, and Inz,. This means that donor doping
with Ga and In is likely to be hindered from self-compensation.
Self-compensation of metal doping was also observed in some
ternary oxides such as BaSnO;.>° The interstitials Al,, Ga;, and
In; can donate up to three electrons to the neighboring O atoms
and become triple donors. However, they have very high
formation energies under O-rich and O-poor conditions. Thus,
their concentrations are neglectable and unlikely to supply
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Fig. 6 Formation energy as a function of the Fermi level of Al, In, Ga, and
F impurities in ZnSb,0O4. The results are shown for (a) the O-rich limit and
(b) the O-poor limit. The zero of the Fermi level corresponds to the VBM
and CBM. Only segments corresponding to the lowest energy charge
states are shown. The slope of each segment indicates the charge state.
Kinks in the lines for the same defect indicate the thermodynamic transi-
tion levels.

electron carriers to the material. It is worth noting that the
solubility of these metal impurities in ZnSb,0, is limited by the
formation of the corresponding metal oxides, i.e., Al,03, Ga,03,
and In,O;. As a result, the formation energy of the metal
impurities under the O-poor conditions is lower than that
under the O-rich conditions (Fig. 6), suggesting that metal
doping is more feasible under the O-poor conditions.

Since F has one more valence electron than O, F,, is expected
to act as a single donor. This is evident by its formation energy
shown in Fig. 6, in which Fo occurs in 1+ and the neutral
charge. The transition level ¢(1+/0) = 3.96 eV, indicating that Fo
is a deep donor. By contrast, when the F atom is located at the
interstitial site (Fig. S7(b), ESIt), it can draw an electron from
the nearby Sb atom to fill its electronic shell. Fig. 6 shows that
F; presents in the neutral and 1— charge states, acting as a deep
acceptor with ¢(0/1—) = 1.80 eV. These two F impurities (Fo"
and F;”) are countercharged. They have comparable formation
energies at the er values near the middle of the band gap,
indicating that self-compensation is likely to take place when
doping with F. Due to the precipitating ZnF, phase, the
formation energy of the F impurities is lower under the
O-rich conditions than under the O-poor conditions. The O-
rich conditions are, therefore, likely for F doping.

As discussed above, we found that the O-rich conditions
were the most favorable n-type doping conditions for metal and
F doping. By utilizing charge neutrality defined in eqn (3), we
calculated the pinned Fermi level resulting from doping with
the metals and F for the O-rich conditions using the formation
energies of the respective impurity in various configurations as
depicted in Fig. 6(b). The effect of dominant intrinsic defects,
including Vz,, Vsb, and Zngp, on charge neutrality, was also
taken into account. Fig. 7 shows the pinned Fermi levels due to
doping with Al, Ga, In, or F under the O-rich conditions at a
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Fig. 7 Schematic illustration for the pinned Fermi level of intrinsic
ZnSb,04, and Al-, Ga-, In, and F-doped ZnSb,O,4 obtained by charge
neutrality conditions. The VBM is set to 0 eV.

temperature of 400 K. We find that Ga-doped ZnSb,0, presents
the highest pinned ¢ = 3.52 eV above the VBM among the metal
dopants, while F-doped ZnSb,0, yields pinned ¢r = 2.80 eV
equal to that of the undoped ZnSb,0,. It was observed that the
closer pinned ¢ to the middle of the band gap (~2.35 eV), the
more insulating the material became. These findings indicate
that Ga was the most favorable dopant for n-type doping.
However, the pinned & remained reasonably far from the
conduction band edge, resulting in weak n-type conductivity
with an electron carrier concentration of only ~10* cm™>.
Furthermore, Al and In doping produces very low electron
carrier concentrations, suggesting they cannot serve as effective
donors. Note that at higher growth temperatures, e.g., 600-800 K,
the pinned ¢ of the doped ZnSb,0, is nearly unchanged. This
indicates that it is very difficult to dope this ternary oxide into
n-type.

The doping challenges encountered in ZnSb,0O, can be
explained by several factors. Firstly, all the donor dopants are
deep donors whose donor thermodynamic transition levels, or
donor ionization energies, lie significantly (at least ~0.3 eV)
below the CBM. This phenomenon impedes the fraction of
dopants that can be ionized, thereby limiting the number
of free carriers that can be contributed to the conduction band
at a given temperature. Additionally, intrinsic properties of
ZnSb,0,, such as its large bandgap and the absolute position
of its conduction band edge, significantly influence the degree
of ionization of donors. Secondly, the major donor impurities
(Gazn, Alzy, Ing,, and Fo) will likely be compensated by intrinsic
point defects acting as acceptors, such as Zngp, Vzn, and Vgp,.
These point defects have low formation energies under n-type
conditions. Finally, all donor impurities selected in this
study suffered from self-compensation. Due to the comparable
dopant concentration around the middle of the band gap
between the donors and acceptors, Gagzy,, Alz,, and Ing, will
likely be compensated by Gagp, Algp, and Ingp, respectively.
In contrast, Fo will be compensated by F;. The resulting pinned
er coincidentally aligns with the &r observed in undoped
ZnSb,0,. Another factor inhibiting a high concentration of
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the dopant is solubility, which is the maximum concentration
the impurity can realize at a given temperature. Despite the self-
compensation of Ga, In, Al, and F impurities, their solubility in
ZnSb,0, is limited by the formation of Ga,03, In,03, Al,03, and
ZnF,. Based on our results, we propose that with ZnSb,0, it is
very difficult to attain high electron carrier concentration by
doping with Ga, In, Al, and F, which are already plausible when
substituted for Zn. To efficiently dope this material into n-type,
other impurity candidates such as hydrogen (H), tellurium (Te),
or other approaches should be considered. In addition, inves-
tigating p-type dopability for this ternary oxide could prove to
be a challenging task. It is also likely to suffer from doping
asymmetry, which has been long studied and realized in many
wide-band-gap semiconductors.’®>® We assume this material is
viable for n-type doping based on the Mullikan electronegativity
approach and the low conduction band edge position. However, we
need to explore other approaches for more accurate band edge
positions, such as slab supercell models or interface calculations.
Utilizing these methods would provide better suggestions for a
more effective doping strategy in ZnSb,0,.

4. Conclusions

We have theoretically investigated the energetics and electronic
properties of all intrinsic point defects and Al, Ga, In, and F
impurities in ZnSb,0, through the HSE06 hybrid density-
functional calculations. Several fundamental bulk and electro-
nic properties, such as the lattice parameters, formation
enthalpy, band gap, band structure, band edge positions, and
the density of states, have also been determined. We find that
the HF fraction of 48% yields the calculated band gap and
lattice parameters in good agreement with the experimental
values. Our calculations for the energetics of the intrinsic point
defects indicate that there are no shallow donor and shallow
acceptor defects with low formation energies. The oxygen
vacancy Vo has the lowest formation energy among the
donor-type defects under the O-rich and O-poor conditions.
However, it acts as a very deep acceptor, unlikely to provide free
electron carriers to the conduction band. Moreover, electron
carriers are likely to be compensated by the formation of Vz,
and Zng,, which behave as dominant acceptors. Our analysis of
the charge neutrality conditions estimates that the Fermi level
of undoped ZnSb,0, would be pinned in a range that is 2.39 eV
to 2.80 eV above the VBM for the O-rich to O-poor growth
conditions, respectively, suggesting that this material is semi-
insulating.

We further investigate the possibility of enhancing free
electron carriers by doping with Al, Ga, In, and F impurities,
finding that Alg,, Gaz,, Inz,, and F, are single donors.
Although Gay, is the most viable donor impurity due to its
lowest formation energy among other donor impurities, its
concentration is reasonably low for the n-type conditions.
Moreover, Gaz, would be compensated by Gagp, which acts
as an acceptor, thereby inhibiting high electron carrier concen-
tration. The other donors Al,,, Inz,, and Fo, also suffer from
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low solubility and self-compensation. The maximum pinned
Fermi level of ~3.52 above the VBM is attained in Ga-doped
ZnSb,0, under the O-poor conditions, resulting in a very low
carrier concentration, which is insufficient for an effective
n-type semiconductor. It is essential to consider other impurity
candidates such as hydrogen (H), tellurium (Te), or other
approaches for doping this material successfully. These issues
should be further investigated. Our results presented here,
nevertheless, are already paving the way for point defect engi-
neering in this class of ternary oxides.
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