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ABSTRACT

Most transparent conducting oxides (TCOs) exhibit n-type conductivity and are difficult to dope into p-type. Therefore, the development of
efficient p-type TCOs is challenging. ZnRh,O, spinel has been recognized as a potential p-type TCOs. However, the source of its p-type
conductivity has not been elucidated. In this study, we used hybrid density functional calculations to investigate the energetics and electronic
properties of native defects in ZnRh,0,, including vacancies, interstitials, and cation antisites. We found that all acceptor-type defects including
Zn vacancies, Zn antisites, and Rh vacancies acted as deep centers. Charge neutrality analysis suggested that undoped ZnRh,0, may behave as
a p-type semiconductor with hole concentrations of 10'*~10'* cm™ under the extreme O-rich/Rh-poor growth condition in which ZnRh has a
low formation energy and acts as the major source of hole carriers. However, under realistic growth conditions, the experimentally determined
hole concentration significantly exceeds that which is calculated. Our results suggest that native point defects are unlikely to be responsible for

the high hole concentrations observed in ZnRh,O, spinel.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086799

1. INTRODUCTION

Display technology materials must provide a combination of
high electrical conductivity and optical transparency.' ™ Transparent
conducting oxides (TCOs) are well known and widely used in liquid
crystal displays, touch screens, solar cells, plasma and organic light
emitting (OLED) displays, and smart windows."”” Most commer-
cially available TCOs are n-type semiconductors.”"" The develop-
ment of efficient p-type TCOs for transparent electronic devices is
thus challenging. One way to form a p-type TCO is by introducing
metal d states in oxygen 2p levels of the valence state. Kawazoe
et al."” proposed this mechanism to achieve p-type TCO behavior in
CuAlO, and later extended this technique to other Cu-based TCOs.
This type of band engineering can be extended to the investigation
of Zn &° spinels such as ZnRh,0,4, ZnCo,0,, and Znlr,0y as alter-
native p-type TCOs. Spinel oxides with partially occupied d orbitals
(non-d® and non-d"%) such as Rh®>" have recently attracted interest
as potential p-type TCOs. Transparency among these materials orig-
inates from splitting of Rh>* 4d orbitals due to ligand field splitting
when the Rh cation is in octahedral coordination with oxygen

atoms.'>'® The bandgap consists of the gap between the fully occu-
pied #5, and empty ¢} levels. Mizoguchi et al."* reported that thin
film ZnRh,O, spinel is a p-type semiconductor with a bandgap of
~2.1eV. Later, Dekkers et al.'” reported p-type conductivity in
polycrystalline thin film ZnRh,0, and a higher bandgap of 2.74
eV. The activation energy associated with conductivity was
observed, and cation vacancies were tentatively suggested as sources
of hole carriers. A more recent study by Mansourian-Hadavi
et al.' reported a bandgap of 2.2 eV and the transport properties
of crystalline ZnRh,0,. Their high-temperature electrical property
analysis indicated activated mobility and thus small polaron con-
duction.'® However, small polaron stability and the p-type
ZnRh,0, conduction mechanism remain under debate.'”

A number of theoretical calculations have been reported that
follow the aforementioned experimental studies. Scanlon and
Watson'® calculated the bandgaps of a series of ZnMM0o, (M™ = Co,
Rh, Ir) spinels based on a screened hybrid functional proposed by
Heyd et al. (HSE06)"’ and showed that ZnRh,O, has an indirect
bandgap of 2.87 eV. Volnianska and Boguslawski’’ studied native
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point defects and p-type conductivity in ZnRh,0, using the general-
ized gradient approximation (GGA) + U with the +U term applied
to the Zn 3d, Rh 44, and O 2p orbitals, i.e., U(Zn) = URh) = U(O) =
4 eV. Based on their calculated formation energies, both Zn vacancies
(Vz,) and Zn antisites (Zng;,) were reported to be shallow acceptors.
This finding nearly mirrored their GGA results. Later, the same
authors again studied native point defects in ZnRh,0,4 via GGA + U,
but with different U parameters, ie., U(Rh)=U(O)=5¢eV and
U(Zn) =0. With this U parameter, both V, and Zngy, defects were
determined to be shallow acceptors. However, their calculated forma-
tion energies indicated thermodynamic transition levels (—/0) at
~0.35 and ~0.40 eV, and thus suggested that V7, and Zng;, are deep
acceptors.”’ The inconsistent results for these two acceptors lead one
to wonder what value of U should be adopted to give reasonable
defect electronic structure and energetics results. Thus, GGA + U
should be applied to defect calculations with caution. As discussed
in previous work by Alkauskas et al.,”>"** the charge transition levels
of defects with atomically localized states (deep defect level) obtained
via semilocal and hybrid density functionals are almost identical
when the energy scales are aligned using an external quantity such
as the vacuum level. On the other hand, shallow defect levels with
only delocalized wave functions are rigidly shifted in line with the
band edges that they pertain to upon bandgap opening. Deviation
from the ideal alignment of the transition level of the intermediate
case is related to the extent of the defect wave function and is intrin-
sically system dependent. Based on the semilocal functional (GGA),
it is still possible to describe defect charge transition levels and for-
mation energies properly once the valence and conduction band
edges of the host materials are correctly positioned with respect to
the vacuum level. These can be compared to experimentally deter-
mined ionization energies and electron affinities.

Recently, Amini et al.”> performed a new investigation of the
source of p-type conductivity in ZnMM'O, (M™ = Co, Rh, Ir) spinels
using the HSE06 functional. Based on the calculated formation ener-
gies, both V7, and Zng;, were reported as shallow acceptors. Thus,
the researchers concluded that the p-type conductivity observed in
ZnRh,0, originates from V7, and Zngy,. Although the HSE06 func-
tional used in this work has been proven to appropriately describe
semiconductor defect electronic and structural properties, the
method used for ionic relaxations does not guarantee convergence of
interatomic forces. Instead of residual interatomic forces, transition
level position differences were used as convergence criteria. This
nonstandard method might produce unexpected ionic relaxations of
some defects. In fact, the nearest neighbor atoms of the TiOz,Z(7
MgO,” and ZnO™ cation vacancies were found to relax outward
while those of the ZnRh,0, cation vacancies were reported to relax
inward.”” In addition, although their calculations used a 96-atom
supercell, corrections due to finite cell size effects for charged defects
were not mentioned in their report.

In this paper, we perform density functional theory (DFT) cal-
culations using the HSE06 hybrid functional to investigate the ener-
getic and structural/electrical properties of native point defects in
ZnRh,0, spinel. This includes vacancies, interstitials, and cation anti-
sites. Our calculations use the most advanced technique currently
available for comprehensive studies of point defects.”” Native defect
stabilities are compared using formation energies calculated under
representative growth conditions. Our findings are summarized as
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follows. (i) All acceptor-type defects, ie., V, Rh vacancies (Vgp),
and Zngy, act as deep centers, are unlikely to be ionized, and would
not give rise to hole carriers at room temperature. (ii) Based on
charge neutrality analysis, native point defects are unlikely to lead to
high p-type conductivity in ZnRh,O, under any equilibrium growth
conditions. The Fermi level is pinned ~0.3 eV above the valence band
maximum (VBM), resulting in a hole concentration of ~10%cm™
even under extreme growth conditions in which acceptor-type defect
formation dominates.

Il. METHODOLOGY

Our calculations are based on DFT with the HSE06 hybrid
functional'” and the projector augmented wave (PAW) method,”’
as implemented in the Vienna ab initio Simulation Package (VASP)
code.”’ We used a plane wave basis set with an energy cutoff of
400 eV. The standard Hartree-Fock mixing parameter in the
HSEO06 approach of 25% was employed, where it yielded a bandgap
of 2.89 eV. The Zn (45> 3d'°), Rh (5s' 4d®), and O (2s* 2p6) electrons
were treated as valence electrons. Our native defect calculations
employed a 56-atom supercell. Test calculations were performed
using a 224-atom supercell to ensure supercell size convergence in
the cases of V,, and Zngy,. The difference between the formation
energies calculated using the 56-atom and 224-atom supercells was
less than 0.1eV. A set of 2 x 2 x2 Monkhorst-Pack special k-point
grids was used for the Brillouin zone integrations. All atoms were
relaxed until the residual forces are lower than 0.02 eV/A. The effects
of spin polarization were included for all charge states. The crystal
structure and charge density are illustrated using VESTA visualiza-
tion software.””

The formation energy of a defect D in the charge state g was
defined via

Ef(D?) = Egoi(D") — Eor(ZnRh04) — > miut; + qler + Ev)
+ Ecorh (1)

where E,,(D7) is the total energy of a supercell with defect D in
charge state g. E;(ZnRh,04) is the total energy of the same
supercell without a defect and #; is the number of atoms of species
i (Zn, Rh, or O) that have been added to (#;>0) or removed from
(n; < 0) the supercell. The atom that is removed from or added to
the supercell is placed in or taken from the reservoir with energy
u;. The Fermi energy (gr) is the energy of the electron reservoir,
referenced to the valence band maximum (VBM) Ey. E_,, is a
sum of relevant correction terms. In our case, it corrected for elec-
trostatic interactions between periodic images of charged defects.
The elastic interaction correction was considered but found to be
negligible in our case. Undesired interactions between a charged
defect with its images in neighboring cells and the homogeneous
background charge were corrected using the scheme proposed by
Freysoldt et al.”’ Here, the dielectric constant of 12.67 obtained
via the PBE (Perdew-Burke-Ernzerhof) calculation was used in
the correction as it was computationally inexpensive. Since the
dielectric constants obtained from PBE and HSE calculations were
quite similar as shown using TiO,,”* we expected the use of the
PBE dielectric constant to yield a similar correction.
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Here, we reference chemical potentials ji; using the energy per
atom of the isolated elemental phase: fiq = gy — EEmt[Oz], fzn =

Hzn — Eot[Znpk), and  fig, = tipn — Eior[Rhpy]. The  chemical
potentials f; (i=Zn, Rh, O) are treated as variables and can be
properly chosen to represent the experimental growth conditions.
During equilibrium growth of the ZnRh,0, crystal, the chemical
potentials i, iy, andily which are taken with respect to the total
energy per atom of metallic Zn(hcp), metallic Rh(fcc), and molecu-
lar O, molecule. They are required to satisfy the stability condition
fizy, + 2figy + 4llo = AH;(ZnRh,0,), where AHf(ZnRh,0,) is the
enthalpy of formation of ZnRh,O,. Our calculated Hy(ZnRh,0,)
of —8.44 eV is in reasonable agreement with the experimental value
of —7.89 eV.” Indeed, the upper limit of each atomic chemical poten-
tial is set to zero to avoid the formation of metallic Zn, metallic Rh,
and gaseous O,.

The following constraints are enforced to avoid precipitation
of the unwanted compounds ZnO, RhO,, and Rh,03;:

lzn +Ho < Aznos (2
gy + 2410 < lpyo,> (3)
24y, + 3fio < Hyn,0,- @

These constraints defined a domain in a two-dimensional chem-
ical potential coordinate system with fi,, and fiy, axes (shaded area
in Fig. 1). In order to maintain equilibrium growth of ZnRh,Oy, fi,,
and fiy, are allowed to vary only within the domain and i, is deter-
mined only by the equilibrium condition mentioned above.

The thermodynamic transition level €5(g/q) is given by the
Fermi-level position at which the formation energy of a defect in
charge q [E{D7)] is equal to the formation energy of the same

1, (V)

i 1

L 2

T >

_F 4

=L 5

N -6

L 7
Lot L1 lg

FIG. 1. The thermal equilibrium growth conditions allowed for ZnRh,0, (shaded
area). The axes are the chemical potentials of iz, and iR, referenced using
the energy per atom of its elemental phase. The purple dashed line represents
the experimental growth condition that corresponds to an oxygen chemical
potential of —1.35eV.
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defect in charge q' [Ef(Dq')].

_ E{(D% ep = 0) — Ef(D7; & = 0)

; ©)
q9-9

ep(q/q)

where E{D%ep=0) is the formation energy of D? taken at ey =0.
This defines the kinks in the formation of energy plots as functions
of the Fermi-level position. Note that €z ranges over the bandgap
and is referenced to the VBM.

lll. RESULTS AND DISCUSSION

The spinel structure of ZnRh,O, can be described by a Fd3m
space group, which is shown as a 56-atom conventional cell in
Fig. 2(a). The ZnRh,0O, spinel contains a face-centered cubic of
oxygen anions with the Zn and Rh cations occupying tetrahedral
and octahedral sites, respectively. The calculated local atomic struc-
tures of the Zn and Rh atoms are shown in Figs. 2(b) and 2(c),
respectively. The Zn atom is tetrahedrally coordinated with four O
atoms (with a Zn-O bond length of 2.01 A and a O-Zn-O bond
angle of ~109.5°). The Rh atoms bond with O atoms via distorted
octahedral coordination (two sets of O-Rh-O bonds with angles
~84.6° and 95.4° and one set of 2.04 A Rh-O bonds). For the
oxygen local structure, each O atom forms asymmetric tetrahedral
bonds with its neighboring three Rh atoms and one Zn atom
[Fig. 2(d)]. These three Rh-O bonds are equivalent with bond
lengths of 2.04 A, while the Zn-O bond length is 2.01 A. Our calcu-
lated lattice constant, energy bandgap, and enthalpy of formation
are in good agreement with previously calculated and experimental
values, as shown in Table I.

Figure 3 shows the calculated band structure and projected
densities of states (PDOS) of ZnRh,O, spinel. We find that
ZnRh,0, has an indirect bandgap; the valence band maximum
(VBM) is located at the X point in the Brillouin zone and the con-
duction band minimum (CBM) is located near X along the I'-X
direction. Our calculated indirect bandgap is 2.89 eV, which is in
good agreement with the value previously calculated using HSE06
of 2.87 V™" as well as the experimental value of 2.74 eV."” Note that
experimentally determined bandgaps vary from 2.10 to 2.74eV."”
From the PDOS shown in Fig. 3(b), it is clear that both the VBM
and CBM are formed primarily of 4d-Rh orbitals. This is consistent
with the electronic structure reported in Refs. 17 and 18. The VBM
is nearly dispersionless (a flatband), which indicates a heavy hole-
effective mass. The 3d-Zn peak observed experimentally via X-ray
photoemission spectroscopy is reported to appear —9.2 eV below
the VBM."” Previous HSE calculations predicted that this peak
would appear —7.8 eV below the VBM,'? which is in line with the
value of —7.7 eV observed in this work [Fig. 3(b)].

In order to investigate the energetics of native defects in
ZnRh,0,, we selected four different sets of chemical potential
values that correspond to points (1), (2), (3), and (4) in Fig. 1.
The selected sets of chemical potentials (i, figy, o) are given
in Table II. Points (1) and (3) correspond to the lowest possible
value of p1p, which indicates O-poor growth conditions. Points
(2) and (4) correspond to the highest possible value of o, which
indicates O-rich growth conditions. Points (1) and (3) also corre-
spond to Zn/Rh-rich and Rh-rich growth conditions, respectively,
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FIG. 2. (a) An illustration of the
56-atom ZnRh,O4 conventional cell
and the local atomic structures of its
(b) Zn, (c) Rh, and (d) O atoms. The
calculated equilibrium Zn-O and Rh-O
bond lengths and angles are also
listed. Gold, gray, and red atoms repre-
sent Zn, Rh, and O, respectively.

(®) (©) (d)

09.47°
2.01
while points (2) and (4) correspond to Rh-poor and Zn-poor Fermi-level position. The slope of the line thus reflects the most
growth conditions, respectively. stable charge state of a defect.
The calculated formation energies of native defects including Figure 4 shows that cation interstitials (Zn; and Rh;) are active

Vzn» Vrn» O vacancies (Vp), Zngp, Rh substituted for Zn (Rhz,), donor defects in ZnRh,0,. The Zn interstitial creates an s-like state
Rh interstitials (Rh;), Zn interstitials (Zn;), and O interstitials (O;)
for the selected growth conditions are shown in Fig. 4. Here, we

" (b)]
focus only on isolated native defects and exclude native defect 6 _
complexes from the present study. The lower and upper Fermi l
level limits represent the VBM and CBM, respectively. These — 3 — Rhd| |
formation energy plots show only the possible charge states of > |
each defect that yield the minimum formation energy at a given N2 0 Total| |

2
. i
5}
S 3 -
TABLE |. Lattice parameter (a), energy bandgap (Eg), and enthalpy of formation K i
(AH) calculated using the HSE functional. Previously calculated and experimental 6 i
values are also listed. B
ZnRh204 9 ) ) ) T
Our calculation Previous work” Exp."” r X W L o 20 40 60
P Density (states/eV)
a (A) 8.51 8.49 8.49
Eg (eV) 2.89 291 274 FIG. 3. (a) The band structure and (b) PDOS of ZnRh,0, spinel calculated
AHg (eV) —8.44 —7.81 —7.89" using the HSEO6 functional. The valence band maximum is set to zero.
J. Appl. Phys. 125, 165703 (2019); doi: 10.1063/1.5086799 125, 165703-4
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(1) O-poor/ (2) O-rich/ (3) O-poor/
Zn,Rh-rich Rh-poor Rh-rich

(4) O-rich/
Zn-poor

10 T I T I T 10 T I T I T 10 T I

FIG. 4. Formation energies as a func-
tion of the Fermi levels (referenced to
the valence band maximum) of native
defects in ZnRh,O, under growth con-

ditions that correspond to points (1),

Formation Energy (eV)

(2), (3), and (4) in Fig. 1.

0o 1 2 0o 1 2 0 1 2
Fermi Energy (eV)

below the CBM. It is stable in 2+, 1+, and neutral charge states.
The thermodynamic transition levels €(2+/+) and e(1+/0) are
located 1.74 and 2.59 eV above the VBM, respectively, which indi-
cates that it is a deep donor. The Rh interstitial is stable in 2+, 1+,
and neutral charge states with the thermodynamic transition levels
€(2+/+) and €(+/0) 0.73 and 1.21 eV above the VBM, respectively.
However, they have high formation energies for all Fermi-level
bandgap positions. Zn; and Rh; have lower formation energies
under Zn-rich/Rh-rich growth [condition (1) in Fig. 4] than under
other growth conditions. Their formation energies exceed 2eV
even here, which indicates that their concentrations are negligible.
They also have formation energies that are at least 2 eV higher for-
mation energy than dominant acceptor defects in p-type material
(where the Fermi level is at the VBM) under all selected growth
conditions. These cation interstitials are thus unlikely to act as
compensating centers for acceptors in p-type ZnRh,0,.

Removal of a Zn atom breaks four Zn-O bonds, leaving four
dangling O bonds and two holes in the valence band. In the

TABLE II. Chemical potentials (iz,, gy, andiio) at selected equilibrium  growth
conditions indicated in Fig. 1.

Point Hzn Hyh Ho

(1) -1.35 0.00 -1.77
) -3.13 —2.66 0.00
3) 236 0.00 ~152
(4) —3.88 228 0.00

neutral charge state, these two holes, which are derived mostly
from the O 2p and Rh 44 states, prefer to become localized on
different O and Rh atoms next to the vacancy. A hole state associ-
ated with V7, is shown in Fig. 5(a). These hole states are located
in the bandgap and can accept two additional electrons, thus
making Vz, a double acceptor. The transition levels £(0/—) and
€(—/2—) are located 0.77 ¢V and 1.00 eV above the VBM for V,,
respectively, which indicates that V7, is a deep acceptor. Since the Rh
atom is sixfold coordinated with O atoms and the Zn-O and Rh-O
bond lengths are comparable, its removal would produce more
energy than that of a Zn atom. This is reflected by the fact that Vi,
has a higher formation energy than V7, under almost all selected
growth conditions (Fig. 4). A Rh vacancy also introduces p-like states
that can accept three additional electrons into the bandgap. The
transition levels £(0/—), e(—/2—), and €(2—/3—) are, respectively, 0.61,
1.68, and 2.14 eV above the VBM for Vg,

Given that the oxidation states of Zn and Rh in ZnRh,0, are
likely to be 2+ and 3+, respectively, Zng;, is expected to act as a
single acceptor. We find that Zngy, introduces a hole state localized
on Rh and O atoms next to the defect [see Fig. 5(b)]. This hole state
is located in the bandgap and can accept one electron, thus making
Zngy, a single acceptor that occurs in charge neutral and singly neg-
ative charge states. The transition level €(0/—) is located 0.47 eV
above the VBM, which indicates that Zngy, is a deep acceptor.

Our calculated thermodynamic transition levels show that all
three acceptor-type defects Vz,, Vgp, and Zng;, act as deep accep-
tors. They are barely ionized at room temperature. However, the
formation energies of Zng, and Vz, are quite low under growth
conditions (1), (2), and (4) in Fig. 4. This suggests that their
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concentrations and associated hole concentrations may be reason-
ably high. Indeed, high ZnRh,0, thin film hole concentrations
were indicated experimentally'®'> and cation vacancies were sug-
gested as a source of hole carriers. In contrast, our analysis (see
below) indicates that jig in the experimental growth condition in
Ref. 15 is close to the fi that corresponds to O-poor conditions,
and thus Zng, is likely the dominant acceptor because it has the
lowest formation energy among the acceptor defects in p-type
ZnRh204.

Our suggestion that the antisite Zngy, is the dominant acceptor
in ZnRh,0, agrees with the combined experimental and computa-
tional studies by Paudel et al’® and Nagaraja et al,'”” in which
Zng;, was identified as a main source of hole production. ZnRh,0,
is found to be a “doping Type-II” spinel oxide, which is a p-type
material with an acceptor level in its bandgap. Moreover, while self-
trapped holes were predicted to be stable based on the HSE06 func-
tional,”> Nagaraja et al.'” predicted them to be unstable in this
material based on a DFT + U approach. The researchers also pre-
dicted that ZnRh,0, conductivity is limited by its large effective
mass instead of small polaron formation. However, stability and
detailed descriptions of native defect-small polaron complexes
remain ambiguous and require further investigation.

In addition, our results are qualitatively consistent with the
recent HSE06 calculations™ where Zngy, Vyzp, and Vi, were found to
be single, double, and triple acceptors, respectively. Zng;, was found
to have the lowest formation energy of the three under certain growth
conditions. However, Zng, and V7, were reported to be shallow
acceptors while our present calculations performed using a similar
functional identify them as deep acceptors. This discrepancy may
occur for the following reasons: (1) in the present work, the atomic
relaxations of the nearest neighbor atom around the defect are
different from those reported in Ref. 25 (see Table S1 in the supple-
mentary material). Note that we employed the standard atomic relax-
ation methodology for defect simulation as described above. (2) The
present work adopts a correction due to the finite size of the charged
supercell, but none is mentioned in Ref. 25. Our test calculations per-
formed using a 224-atom supercell for V, and Zng,, slightly reduce
the thermodynamic transition levels (~0.05eV for both V7, and
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FIG. 5. Charge distributions for hole
states of (a) neutral V7, and (b) Zngy,
in a 56-atom supercell. The blue ball
represents the position of Vz, in (a)
and the Zn atom in (b). The isosurface
level is set to 0.01electrons A= for
visualization.

Zngy). This indicates that V, and Zngy, remain deep acceptors. In
the case of Zngy, the value of £(0/—) obtained using the 224-atom
supercell is located 0.42 eV above the VBM. This is slightly shallower
than the value obtained using the 56-atom supercell (~0.47 eV).
Having identified major hole sources and the deep nature of
acceptor defects in ZnRh,0,4, our next question is whether native
defects are responsible for p-type behavior in this material. In order
to answer this question, we determined the carrier concentration
and pinned Fermi level by satisfying the charge neutrality equation:

> qic(DY +p—n=0, (6)

where the first term is a sum over concentration of all point
defects considered in charge state g;. It should be noted that the
results shown in Fig. 6 are based on the assumption that all
native defects are immobile at the temperatures of interest and
thus fully contribute to the calculated pinned Fermi level and
hole concentration via charge neutrality. In practice, some
defects can become highly mobile at these temperatures and can
be annealed out or passivated by countercharge defects, which
makes them electrically inactive.”*”” Accounting for this may
change the calculated pinned Fermi level and hole concentration.
However, the mobilities of native defects in ZnRh,0, remain
unclear. The concentration of a native defect D with charge q is
represented as ¢(D7) and related to its formation energy Ey via
the below equation:

(D) = Njtes /(1 + expt P/ksT), )

where N is the number of possible lattice sites at which the
defect can be incorporated per unit volume. A low formation
energy defect will result in high concentrations and thus dominates
significantly under charge neutrality. Here, we adopt the formation
energies obtained from the 56-atom supercell depicted in Fig. 4.
The supercell size convergence tests indicate similar results when
the formation energies are extrapolated to the dilute limit, that is, n
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FIG. 6. (a) The defect and carrier concentrations (electrons: n and holes: p),
and (b) pinned Fermi level as functions of the oxygen chemical potential. Note
that the two curves in magenta and blue overlap almost completely because the
Zng,, and hole carrier concentrations are nearly identical. The dashed line indi-
cates the experimental growth condition at the typical annealing temperature of
700 °C and oxygen partial pressure of 0.25mbar, which correspond to an
oxygen chemical potential of —1.35 eV.

is the electron concentration in the conduction band and p is the
hole concentration in the valence band as calculated using the
Boltzmann approximation. They can be expressed by

KT 3/2

”:2@:22) explerE/boT, ®)
mykpT\ >/

o o

where m, and m;, are the electron- and hole-effective masses, respec-
tively, and E, is the bandgap. The band structure produced via HSE
calculations generates an my, of 1.303my, and m, of 0.678m,. Here, a
temperature of 700 °C is used and equilibrium ZnRh,0, growth is
assumed.”” In principle, defects with the lowest formation energies
dominate governance of charge neutrality. Figure 6 shows the
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equilibrium carrier concentration and pinned Fermi level as a func-
tion of [y, which varies from 0eV (O-rich conditions) to —1.77 eV
(O-poor conditions). Here, we represent the results produced when
lo varies along the path between points (2) and (1) (Fig. 1) as
setting one of the chemical potentials on this path yields the most
favorable conditions for Zng;, formation and thus a p-type material.
It is clear that the concentration of Zny; is higher than that of V2,
and is almost identical to the hole concentration for all values of .
This indicates that Zny, is the dominant acceptor [Fig. 6(a)]. The
maximum hole concentration (~3.5x 10'®cm™) that produces the
lowest Fermi level (~0.35eV) is reached under O-rich conditions.
However, a maximum hole concentration of ~1.4x 10" cm™> and
pinned Fermi level of ~0.31eV would be obtained if the 975°C
growth temperature used in Ref. 36 were adopted. However, these
values were derived under O-rich conditions. O partial pressures
under experimental growth conditions could be significantly lower.
Thus, the hole concentration should be significantly lower than that
estimated above if a realistic chemical potential condition is adopted.

In order to calculate these quantities, we consider an interme-
diate oxygen chemical potential that corresponds to realistic condi-
tions during ZnRh,0, thermal annealing and growth. The oxygen
chemical potential is a function of temperature and the oxygen
partial pressure as described in Ref. 38,

BolT, p) =fiolT, o) + 5 kT In(p/pe), (10)

where (T, po) is the oxygen chemical potential at the standard
pressure po=1atm, kg is Boltzmann’s constant, and T is the tem-
perature in Kelvin. The growth temperature of 973 K (700 °C) and
oxygen partial pressure of 0.25 mbar used in Ref. 15 correspond to
Lo = —1.35¢eV, which is represented by the dashed line in Fig. 6.
This value of iy yields a hole concentration of ~6.2 x 10'°cm™>
and pinned Fermi level of ~0.68 eV. A ji, of —1.39 eV is obtained
when a sintering temperature of 975°C and the oxygen partial
pressure in the air used in Ref. 36 are applied. This yields a hole
concentration of ~6.9 x 107 cm™3, far below the value measured
in Ref. 17 via the Hall effect of ~1.4 x 10°® cm™. Our analysis sug-
gests that even though native defects can be hole carrier sources
under O-rich conditions, they are unlikely to be responsible for
the high hole concentration of ~10*°cm™ observed under realistic
experimental conditions. In practice, a variety of active charge
defects such as unintentional impurities and complex defects, if
formed and energetically stable, can also be charge carrier sources
and thus dominate under charge neutrality. If acceptor defect com-
plexes become predominant under experimental growth conditions
and are readily ionized, the Fermi level may be pinned closer to the
valence band, resulting in a higher hole concentration. This could
be a source of the discrepancy between the experimental and theo-
retical hole concentrations. Hydrogen impurities, which are ubiqui-
tous, and their related complexes are known to play important roles
in controlling doping and charge carriers in nitrides’ and oxides."’
They are thus expected to participate in controlling ZnRh,0, elec-
trical behavior. Computational investigations of the interactions
between hydrogen and native defects and their effects on the elec-
tronic properties of ZnRh,0, are under way.
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IV. CONCLUSION

In summary, we have investigated the thermodynamic stabilities
and electronic properties of native defects in ZnRh,0, using hybrid
density functional calculations. We found that all acceptor defects
introduced thermodynamic transition levels located above the valence
band, indicating their deep nature. The low formation energy of Zng;,
under O-rich/Rh-poor growth conditions indicates that it is likely to
be responsible for the p-type behavior observed in ZnRh,O,.
However, charge neutrality analysis suggested that hole concentra-
tions of ~10'®-10'" cm™ are achieved only under O-rich/Rh-poor
growth conditions. The intermediate value of the oxygen chemical
potential, which represents an experimental growth condition,
yielded a hole concentration of ~10'"cm™. This was much lower
than the experimental value of ~10*°cm™. Thus, under commonly
adopted experimental growth conditions, native point defects are
unlikely to be responsible for the high hole concentrations measured
in this spinel. However, p-type behavior is observed because holes
are majority carriers. Unintentional impurities and their related
defect complexes may be sources of the high hole concentrations
that have been measured. Identifying those defects may lead to
enhanced p-type ZnRh,0, doping.

SUPPLEMENTARY MATERIAL

See the supplementary material for a table that describes the
atomic relaxation of native defects in the neutral charge state.
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