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As electricity grids become more renewable energy compliant, there will be a need for novel semicon-
ductors that can withstand high power, high voltage, and high temperatures. Currently used or explored
wide-band-gap materials for power electronics are costly (GaN), difficult to synthesize as high-quality
single crystals (SiC) and at scale (diamond, BN), have low thermal conductivity (β-Ga2O3), or cannot be
suitably doped (AlN). We conduct a computational search for novel semiconductors across 1340 known
metal oxides using first-principles calculations and existing and improved transport models. We calcu-
late the Baliga figure of merit (BFOM) and lattice thermal conductivity (κL) to identify top candidates
for n-type power electronics. We find 47 mostly ternary oxides that have higher κL than β-Ga2O3 and
higher n-type BFOM than SiC and GaN. We use the branch point energy to rank the likelihood of n-type
extrinsic doping, further reducing our top candidates to 14 previously unexplored compounds. Among
these, several material classes emerge, including 2-2-7 stoichiometry thortveitites and pyrochlores, II-IV
spinels, and calcite-type borates. Within these classes, we propose In2Ge2O7, Mg2GeO4, and InBO3 for
power electronics as they are the most favorable for n-type doping based on our preliminary evaluation
and could be grown as single crystals or thin-film heterostructures.
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I. INTRODUCTION

Increased electrification, smart grid technology, and
renewable power generation has brought to light the need
for improved power electronics. These are required for an
electrical grid that is more sustainable, flexible, reliable,
and distributed [1,2]. As technologies like photovoltaics
and electric vehicles become more common at the utility
scale, the electronics for power conversion (dc to ac, ac to
dc) must be able to handle larger power [3]. In addition,
traditionally analog technologies like transformers used in
power transmission can be replaced by solid-state invert-
ers that allow the quick transfer of distributed, renew-
able energy across long geographical distances [3]. These
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applications require power electronics that can handle high
voltages with great efficiency while keeping device size
relatively small [4].

As a consequence of high-power (kilowatts to gigawatts
and more) and high-voltage (> 1200 V per component)
requirements, any new power electronic device must also
withstand elevated temperatures [3,5]. One can address
this need for better devices by either engineering new
architectures around existing semiconductors or replacing
the semiconductor with an inherently higher-performing
material. In this paper we focus on the latter: the identifi-
cation of previously unexplored semiconductors for future
power electronics.

The semiconductors currently used for power applica-
tions sample a small portion of the materials that exist
today. Their measured performance in low-frequency ver-
tical devices as characterized by the well-known Baliga
figure of merit [8] is shown in Fig. 1 along with other
indicators of performance and commercialization like the
maximum realized carrier concentration at room temper-
ature, thermal conductivity, and achievable wafer size.
Silicon remains dominant in commercial power devices
as a consequence of decades of research into economical
and large-scale manufacturing processes. However, with
a small critical electric field at breakdown [1], silicon is
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(a) (b)

FIG. 1. The n-type (a) and p-type (b) performance of commercialized and exploratory power electronic semiconductors in terms
of the Baliga figure of merit (relative to n-type Si), thermal conductivity, and maximum reported carrier concentration at room tem-
perature. The size of the circle indicates maximum achieved single-crystal wafer size. Normalized Baliga figure of merit calculated
using measured quantities in state-of-art devices. Arrow near Ga2O3 and Al0.85Ga0.15N indicates that there are no known reports
of room-temperature p-type doping concentrations or measured hole mobility (and therefore p-type BFOM) for these materials.
Most data are obtained from Refs. [1,6] and supplemented by material-specific data as listed in Table S-I within the Supplemental
Material [7].

hitting its theoretical performance limit within reasonable
device size and power losses.

Currently used alternatives to silicon include wide-
band-gap (1.5 < Eg < 3.4 eV) semiconductors such as
GaN and SiC that offer significantly improved perfor-
mance and smaller device size. The move toward wider-
band-gap materials signifies a marked improvement in
energy savings. For example, wide-band-gap metal-oxide-
semiconductor field-effect transistors cut heat losses by
half as they increase efficiency from 96% to 98% com-
pared to Si-based devices [6]. As shown in Fig. 1, the wide-
and ultra-wide-band-gap (Eg > 3.4 eV) alternatives have
Baliga figures of merit capable of addressing the demands
of the future energy grid, especially n-type devices. Unfor-
tunately, considering only the semiconductor performance
is not sufficient in determining commercial success. One
must also consider other relevant factors like the ability
to be doped (preferably both n and p types), the ability to
make high-quality crystals with large wafer size, and the
ability to dissipate heat when operating at high power. For
many of these materials, addressing these deficiencies is
still a work in progress.

The handful of promising wide-band-gap (WBG) and
ultra-wide-band-gap (UWBG) power electronics in Fig. 1
have resulted from decades of research into semiconduc-
tors. With the exception of (Al,Ga)N alloys, all are binary
compounds. Considering the many other binary as well as
ternary and quaternary compounds that exist, one wonders
whether there are other better-performing semiconductors
that have yet to be investigated.

Previous works that have proposed new WBG and
UWBG semiconductors beyond those in Fig. 1 often focus
on one or two promising materials. Rutile GeO2 was
recently predicted to be an UWBG semiconductor with
high electron mobility, ambipolar doping, and a Baliga
figure of merit that surpasses current technologies [9,10].
However, this performance has yet to be realized in real
devices due to difficulty in thin-film synthesis [11,12].
Calculations have shown that metastable rocksalt ZnO is
ambipolarly dopable unlike its ground-state wurtzite ver-
sion [13], but experiments have yet to realize it. For these
exploratory materials, single-crystal growth, extrinsic dop-
ing, and device integration remain to be investigated.

Researchers have also begun to explore beyond tradi-
tional binary semiconductors, expanding to ternary UWBG
compounds. Spinel Ga2ZnO4 [14] and inverse spinel
Ga2MgO4 [15] can be melt processed in bulk and doped n
type, but their lattice thermal conductivities are lower than
that of β-Ga2O3. LiGaO2 is another UWBG material that
is predicted to be n-type dopable with Si or Ge, but experi-
mental investigation of achievable carrier concentration is
needed to prove its potential [16,17].

A more comprehensive computational search for novel
power semiconductors was recently performed by Gorai
et al. [18]. They considered a select list of 863 sulfides,
nitrides, carbides, silicides, borides, and oxides and eval-
uated the Baliga figure of merit and thermal conduc-
tivity using high-throughput first-principles calculations.
This screening identified a number of theoretically high-
performing candidates, but did not systematically address
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whether these materials can be extrinsically doped to
desired concentrations. The n-type dopability, as deter-
mined by formation energy calculations of compensating
native defects, was assessed for only a few select materi-
als. But to fully understand which materials of the many
candidates should be prioritized in experiments, one needs
additional screening criteria.

In this work we cast a wide net in the search for
new n-type power electronics among binary, ternary,
and quaternary compounds. We use a combination of
high-throughput screening using density functional the-
ory (DFT) calculations and a more thorough analysis of
top compounds to find new power electronic candidates
from the Inorganic Crystal Structures Database (ICSD)
[19]. This study is focused on oxides because they have
the advantage of not oxidizing at high temperatures. Sin-
gle crystals of oxides could also be easier to grow, as
evidenced by β-Ga2O3 [20]. In addition, we focus on
searching for n-type candidates given most known metal-
oxide semiconductors show electron conduction [21,22]
and commercial power devices utilize n-type Si, SiC,
and GaN over p type. We evaluate the performance of
an extended list of oxides via the Baliga figure of merit
(BFOM) and lattice thermal conductivity calculated using
DFT and updated semiempirical transport models. We
confirm the DFT results with a more accurate hybrid
exchange-correlation functional (HSE06) on the select set
of top DFT candidate materials. We also assess their n-
type dopability using a qualitative ranking based upon the
branch point energy [23,24]. The dopability ranking is val-
idated using modern defect theory and defect formation

energy calculations. Lastly, we rely on literature to deter-
mine the synthesis history and potential for single-crystal
or thin-film growth of these top candidates.

From this study, we have identified three novel families
of ternary oxides, which have high theoretical perfor-
mance based on the combination of their calculated Baliga
FOM and thermal conductivity: (III)2(IV)2O7 oxides with
thortveitite and pyrochlore polymorphs; (III)2(II)O4 and
(II)2(IV)O4 oxides, most of them adopting the spinel crys-
tal structure; and (III)BO3 borates with the calcite struc-
ture. Many of the oxides from these families are also
likely n-type dopable according to our qualitative rank-
ing. Through investigation of compositional stability and
literature on experimental synthesis, we identify the most
promising candidates within these families, many of which
were previously grown as single crystals or are lattice
matched to the common substrates for thin-film growth.
Taking into consideration the theoretical performance and
potential for growth, we propose a select subset of these
oxides, in particular In2Ge2O7, Mg2GeO4, and InBO3, for
further computational and experimental investigation for
high-power electronics.

II. COMPUTATIONAL METHODOLOGY

A. Materials screening

The computational workflow used to determine the top
performing oxides is shown in Fig. 2. It is divided into
two subsections: high-throughput materials screening, and
higher-accuracy top candidate evaluation.

FIG. 2. Computational workflow to identify n-type semiconductor oxides for power electronics. The first phase contains high-
throughput GGA+U calculations to determine the Baliga FOM and lattice thermal conductivity (κL) and to screen the materials.
The second phase includes a more accurate calculation of the band structure using the HSE06 hybrid functional for top candidates,
a qualitative ranking of n-type dopability, and detailed native defect formation energy calculations for two high- and low-ranked
candidates.
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1. Performance metrics

The materials screening section follows the methods
outlined in Gorai et al. [18]. We use the well-known Baliga
FOM for high-power, high-voltage field-effect transistors
as the metric of performance [8]. The Baliga FOM takes
into account the carrier mobility (μ), dielectric constant
(ε), and critical electric field at breakdown (Eb):

BFOM = εμE3
b . (1)

The carrier mobility is important for conduction as it
is a measure of how easily electrons or holes transport
through a material. The dielectric constant and breakdown
field set the maximum allowable applied voltage for a
device with a given carrier concentration. Maximization of
the Baliga FOM is equivalent to minimizing the on-state
resistance of a conducting transistor in forward bias and
thus indicates the maximum achievable efficiency for low-
frequency devices. The BFOM does not, however, take
into account the important role of thermal management in
high-power devices. The material must be able to quickly
dissipate heat generated through power losses. Thus, we
use the lattice thermal conductivity (κL) as an additional
metric to score the performance of our materials.

2. Search space

Binary, ternary, and quaternary crystals containing oxy-
gen as the sole anion are selected from the ICSD as the
starting crystal structures [19]. Cations consist of metals
and metalloids including likely nonmagnetic transition-
metal elements (Sc, Y, La, Cu, Ti, Zr, Hf, Ta, W, Ag,
Au, Zn, Cd, Hg) as an extension of the oxide data set
generated by Gorai et al. [18]. Rare-earth elements and
nonmetals other than oxygen are excluded. Only stoi-
chiometric compounds are considered. The search is also
limited to compounds with unit cells of 50 atoms or fewer
to make the task computationally tractable. There are 378
oxides repeated from Gorai et al. and approximately 959
additional transitional metal oxides for a total of about
1340 oxides.

3. Semiempirical models

Direct calculations of the intrinsic mobility, breakdown
field, and lattice thermal conductivity are presently pos-
sible using first-principles methods. However, computing
the electron-phonon and phonon-phonon coupling con-
stants and the resulting scattering rates is intractable for
a high-throughput evaluation. Therefore, we determine
these quantities through previously validated, semiem-
pirical models that depend on more easily calculated
properties.

The semiempirical carrier mobility model was devel-
oped in Yan et al. [25] and improved in this work. The
functional form of the model assesses the intrinsic mobility

limits of a material and is motivated by classic electron-
phonon scattering mechanisms [26,27] including defor-
mation potential, polar optical phonon, and piezoelectric
scattering. Each of these mechanisms depends implic-
itly on the elastic properties of the material through the
displacement of atoms due to phonon-induced deforma-
tion, be it the change in electronic eigenvalue or electric
field due to polarization. To account for this, we hypoth-
esize a dependence on the bulk modulus in our mobility
model. Furthermore, all electron-phonon scattering rates
also depend on the electron density of states (DOS), which
reflects the number of states available to scatter into. Since,
in the parabolic band approximation, the DOS depends on
the effective mass as (m∗)3/2, and the mobility is inversely
proportional to the product of effective mass (m∗) and
the scattering rate (inverse relaxation time), the approxi-
mate dependence of the mobility on the effective mass is
(m∗)−5/2. The mobility model is thus

μ = A0B(m∗
b)

−5/2, (2)

where B is the bulk modulus, m∗
b is the band effective mass,

and A0 is a fitted parameter.
To assess the validity of this simple model, we use well-

characterized room-temperature electron mobilities across
20 different semiconductors for the lowest doping levels
reported in the literature. As seen in Fig. 3, our model
(red data) is shown to reproduce intrinsic electron mobility
values within typical experimental uncertainties covering
narrow-gap systems such as PbTe, medium-gap materials
like Si or GaAs, and wide-gap semiconductors like ZnO
and GaN. The mobility model, in combination with that
describing lattice thermal conductivity, has been success-
fully used to identify promising thermoelectric materials
[28,29] and has led to discoveries of Mg3Sb2 [30], KAlSb4,
KGaSb4 [31], and various n-type Zintl compounds [32].

The intrinsic critical breakdown fields are calculated
using a machine-learning model developed by Kim et al.
[33]. The model is fit using experimental band gaps and ab
initio calculations of the breakdown field using electron-
phonon coupling for 82 dielectric materials [33,34]. The
critical breakdown field is calculated as

Eb = 24.442 e0.315
√

Eg ωmax , (3)

where Eg is the band gap in electronvolts and ωmax is the
maximum phonon frequency at the � point in terahertz.

Finally, the lattice thermal conductivity is evaluated
using a simplified Debye-Callaway model previously vali-
dated in Ref. [35]. This model is the sum of both the acous-
tic and optical phonon contributions, assuming that Umk-
lapp scattering is the dominant mechanism. The model is
fit to experimental room-temperature thermal conductivity
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(a)

(b)

FIG. 3. Prediction accuracy of old and new calculations. (a)
Comparison of experimentally measured density of states (DOS)
effective mass at the conduction-band edge with two DOS cal-
culation methods. Gaussian smearing is more accurate than
tetrahedron smearing. (b) Two fit models for electron mobility:
the Yan et al. [25] model with m∗

DOS,CB calculated via tetrahedron
smearing and our updated model that uses Gaussian smearing.
Both models perform equally well at predicting measured room-
temperature electron mobility. Dashed lines represent half an
order-of-magnitude deviation from average experimental values.

data from 55 compounds that span four orders of magni-
tude. The lattice thermal conductivity is calculated as

κL = A1
Mν

y
s

Tγ 2Vznx + A2
νs

Vz

(
1 − 1

n2/3

)
, (4)

where M is the average atomic mass, νs is the speed of
sound in m/s, V is the volume per atom, n is the number of
atoms in the primitive cell, γ is the Gruneisen parameter, T

is the temperature, and A1, A2, x, y, z are fitted parameters.
The speed of sound is calculated using νs ≈ √

B/d, where
B is the bulk modulus and d is the density of the compound.

4. Calculation methods

Starting structures are relaxed using the Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA) [36]
in the projector-augmented-wave formalism [37] as imple-
mented in the Vienna Ab-initio Simulation Package [38].
A plane-wave cutoff of 340 eV is used and an on-site
Hubbard-U correction (GGA+U) is applied, following the
methodology outlined in Refs. [39,40]. A uniform param-
eter of U = 3 eV is used for d states of all transition metals
except for Ag and Cu for which U = 5 eV is used. These
values have been previously determined by Stevanovic
et al. [41] for the purpose of computing accurate enthalpies
of formation.

Once relaxed, the electronic structure is calculated using
a k-point grid density of N × nkpts = 8000, where N is the
number of atoms in the primitive cell and nkpts is the num-
ber of k points. The band gap is obtained from the dense
k-point electronic structure. At this point in the workflow,
272 compounds with Eg = 0 are removed from subsequent
calculations since high-performing materials will need to
have large band gaps.

The density of states effective mass for electrons
(m∗

DOS,CB) is calculated from the DOS of the dense k-
point calculation within a 100-meV window from the
conduction-band edge using a parabolic band approxima-
tion. The conduction-band effective mass (m∗

b,CB) is then
calculated as m∗

DOS,CB = N 2/3
b m∗

b,CB, where Nb is the band
degeneracy, or number of charge carrier pockets, within
the energy window. Our expression for m∗

b is, strictly
speaking, valid for symmetry-equivalent and isotropic
(spherical) charge carrier pockets. However, these assump-
tions facilitate robust high-throughput calculations as they
eliminate the need for fitting the curvature of individual
bands, a process that can be numerically challenging given
that it requires identifying extremal points and generating
sufficiently dense k-point grids around those points.

This same m∗
b calculation method was used in Yan

et al. [25] and Gorai et al. [18] as inputs to the mobil-
ity model [Eq. (2)]. However, upon deeper inspection,
the conduction-band effective masses used in these works
are severely underestimated compared to experiments, and
thus the exponents in the mobility model needed to be
adjusted to account for this underestimation. To predict
the effective masses more accurately, we use Gaussian
smearing (sigma = 0.01) rather than the previous tetra-
hedron smearing of Yan et al. [25] to obtain the density
of states near the band edges. The comparison of each
smearing method to experimentally derived or carefully
calculated m∗

DOS,CB for 20 common semiconductors and
oxides is shown in Fig. 3(a) (see also Table S-II within
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the Supplemental Material [7]). Gaussian smearing more
accurately captures the appearance of distinct states close
to the band edge and is thus, according to our calculations,
more suitable for calculating m∗

DOS,CB within the accu-
racy of experiments. The resulting m∗

b,CB also aligns well
with experiments. For example, the predicted averages
m∗

b,CB for GaN and 4H-SiC are 0.19 and 0.22, respectively,
consistent with experimental values [42–47].

In addition, the more accurate band effective masses
allow us to use the physically derived exponents in the
mobility model. As shown in Fig. 3(b), this model per-
forms as well as the previous mobility model in Yan
et al. [25], predicting room-temperature electron mobili-
ties within about half an order of magnitude of experiments
(see Table S-II within the Supplemental Material [7]) for
most of the materials considered. When considering a large
dataset with predicted mobilities spanning many orders
of magnitude, the model is useful in extracting trends
between different material systems. Thus, we use Gaussian
smearing and the updated mobility model parameters for
the electronic structure calculations in this work.

Next, we perform total energy versus volume calcula-
tions and fit the Birch-Murnaghan [48,49] equation of state
to evaluate the bulk modulus. About 30 materials do not
obey the Birch-Murnaghan equation of state, indicating a
very shallow or even nonexistent local minimum. These
entries are removed from the dataset as they are likely
unstable compounds.

Next, a density functional perturbation theory (DFPT)
calculation [50,51] is performed at the � point only to eval-
uate the dielectric constant and phonon frequencies. The
converged results are obtained using a stricter energy cut-
off of 520 eV and k-point grid density of N × nkpts = 1000.
The ωmax and the directional average of the electronic +
ionic contributions to the dielectric tensor (ε) are extracted
from the results. A total of 106 compounds have imaginary
optical phonon modes, indicating that they are dynamically
unstable. These are also removed from the dataset. The
starting 1340 structures are reduced to about 920 at the end
of the materials screening.

B. Top candidate evaluation

1. Hybrid functional calculations

Compounds with n-type Baliga FOM and κL above
chosen cutoffs are downselected as top candidates and
subjected to more in-depth evaluation. First, a more accu-
rate hybrid functional, HSE06 [52,53], is used to rerelax
and calculate the electronic structures. We use a standard
mixing parameter of 0.25 and a screening parameter of
0.2 Å−1. While GGA+U is appropriate for high-throughput
calculations, it is known to underestimate the band gaps
[54]. We choose to invest in higher-accuracy hybrid cal-
culations as additional verification of the BFOM ranking
results. The calculation of electronic structure with HSE06

is an average of 1000 times more expensive than GGA+U.
Therefore, we save these calculations for only the top can-
didates after screening with less computationally expen-
sive methods. The equation of state calculations are not
rerun with HSE06 since preliminary tests showed that
bulk modulus calculated with the higher-accuracy method
did not significantly impact Baliga figures of merit (see
Table S-V within the Supplemental Material [7]).

2. n-type dopability ranking

Next, the top candidates are ranked according to a first-
order approximation of their ability to be doped n type.
Typically, n-type dopability is assessed by calculating
the formation energies of native compensating acceptor
defects relative to the Fermi energy of the electron-doped
material [55]. Because calculations of defect formation
energies are computationally expensive, this approach is
not tractable for close to 50 materials. Instead, we use the
branch point energy based on the HSE06 band structure as
a proxy for n-type dopability.

The branch point energy (EBP), also known as the
charge neutrality level, provides an estimate of the intrinsic
Fermi level based upon averaging of the conduction- and
valence-band dispersions. The work of Woods-Robinson
et al. [56] showed that a branch point energy inside or close
to the conduction band is correlated with n-type dopability
for many ionic oxide compounds, including ternaries. This
qualitative descriptor works particularly well for deter-
mining materials that are only n-type dopable (not p-type
dopable). For branch point energies near the midgap or
valence-band edge, the relationship to dopability is incon-
clusive. Without more information, it is not possible to
determine whether a material is ambipolar dopable, p-type
dopable, or an insulator. Therefore, this descriptor can be
used to screen for materials that are most likely to favor n-
type doping although it may miss a few ambipolar dopable
candidates.

We compute EBP from the HSE06 full band structure as

EBP = 1
2Nk

∑
k

(
1

NCB

NCB∑
i

εi(k) + 1
NVB

NVB∑
j

εj (k)
)

, (5)

where Nk is the number of k points, the εi are the eigen-
values at each k point, and NCB and NVB are the chosen
numbers of conduction and valence bands included in the
averaging.

Shapera and Schleife [57] found that using NVB=Ne/4
and NCB=Ne/8 produced the lowest mean absolute error
between computed and experimental EBP. Here Ne is the
total number of valence electrons from the s and p orbitals
per formula unit. Their comparison was conducted on
mostly binary compounds with one cation, where a sim-
ple picture of contributing orbitals will follow a ratio of
NVB : NCB = 2 : 1. Given the appearance of many ternary
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and quaternary compounds in our dataset, we also con-
sider other ratios in order to quantify the inherent error in
the choice of the number of bands. The NVB : NCB ratios
included here are Ne/8 : Ne/8, Ne/2.66 : Ne/8, Ne/2.66 :
Ne/4, and Ne/3 : Ne/6. In the case of fractional bands, the
number of included bands is rounded up to the nearest
integers that maintained the desired NVB : NCB ratio.

3. Native defect calculations

Once ranked, the n-type dopability of one top and
one bottom candidate from the qualitative assessment is
evaluated using detailed defect formation energy calcu-
lations of all relevant native point defects (vacancies,
interstitials, antisites). We follow the standard supercell
approach to calculate the formation energy (ED,q) of the
defect D in the charge state q as a function of Fermi
energy (EF ) and at various chemical potentials (μ) [55,58].
We use an 88-atom supercell with a 2 × 2 × 2 k-point
mesh for pyrochlore In2Ge2O7 and a 297-atom supercell
with gamma only mesh for CaZrSi2O7. The defect super-
cells are relaxed with DFT GGA (+U, U = 3.0 for Zr)
using a plane-wave cutoff energy of 340 eV and a force
convergence criterion of 5 meV/Å. Furthermore, self-
consistent GW calculations with fixed wave functions [59]
are performed to correct the band-gap error of GGA+U.
The chemical potentials are calculated using the fitted
elemental-phase reference energy approach [41]. Static
dielectric constants of 21.85 and 10.68 are calculated using
GGA+U and are used for the image-charge correction [55]
for In2Ge2O7 and CaZrSi2O7, respectively.

4. Synthesis evaluation

Lastly, we study the literature for indication of previous
synthesis of these materials. This is especially important
for those compounds that are not ground-state materials
as they may decompose to competing phases. In these
cases we look for evidence of synthesis and ambient
condition stability through high-pressure and quenching
techniques. In addition, we note any published demon-
stration of single-crystal growth as this could allow bulk
growth of native substrates. For select top candidates, we
also gauge the possibility of epitaxial growth of thin-
film heterostructures by comparing the lattice constants
of the candidate compound and well-known substrates.
Understanding material stability and synthesis is key in
prioritizing which materials to investigate further with
experimental efforts.

III. PERFORMANCE METRIC RESULTS

A. Materials screening: DFT-GGA calculations

Using the structure selection criteria, we start with a
total of around 1340 oxide crystals from the ICSD. After
completing the high-throughput DFT workflow, there are

about 920 remaining structures that are dynamically sta-
ble and have finite band gaps. The thermal conductivity
versus Baliga FOM for all calculated structures is plotted
in Fig. 4. The axes limits have been chosen to mag-
nify the results of the best performers. Baliga figure of
merit values have been normalized to n-type Si calculated
with GGA+U (Si BFOMn−norm = 1). Commercially used
(GaN, SiC, Si) and previously proposed (β-Ga2O3, BN,
AlN, diamond) power electronic (PE) semiconductors are
indicated with the squares as a reference. The reference
materials follow the expected trends. Si has the lowest
BFOM, β-Ga2O3 has the lowest κL, and diamond and
cubic BN perform an order of magnitude above the rest
of the reference materials in both measures.

When one considers the important commercialization
factors beyond the figure of merit, it becomes clearer that
new alternatives to common power electronic materials
would be helpful. Despite the theoretical potential for high
performance, diamond’s application in power electronics
is limited by its small wafer size, extreme fabrication costs,
high dislocation densities, and lack of high-quality sub-
strates for epitaxial growth [6]. Historically, AlN has been
limited by difficulties with doping [6,60]. Both n-type dop-
ing with Si and p-type doping with Be to 1018 cm−3 are
recent achievements that have been used to demonstrate
a p-n homojunction diode with nearly ideal turn-on volt-
age [61,62]. Despite this achievement, commercialization
of AlN devices is still limited by the lack of large, doped
bulk substrates [6,60]. Cubic BN suffers from similar sub-
strate challenges [6]. Low Al content (Al,Ga)N has the
potential for growth on GaN substrates, albeit with some
concern for interface strain, but does not provide signif-
icant performance advantages over other WBG materials
[6,63]. High Al content Al0.85Ga0.15N is more appropri-
ate for high-power vertical devices, but has limited wafer
size and has not yet been proven p-type conductive due to
the high activation energy of Mg dopants [6,64,65]. Even
GaN and 4H-SiC, which are the state-of-the-art choices for
high-frequency and high-power electronics, respectively,
have their challenges. SiC is still relatively costly to pro-
duce with low defect densities [3,5]. GaN can be grown
on 200-mm Si substrates but lacks decent-sized vertical
devices grown on native substrates that are critical for
high-power applications [5].

Our search results identify plenty of potential materials
that could complement and compete with current power
electronic semiconductors. To downselect, we set the top
candidate cutoff values at GaN for BFOMn−norm and β-
Ga2O3 for κL plus a margin. Using this criteria, we identify
49 oxides with BFOMn−norm > 10 and κL > 16 W/mK,
which are plotted in the top right region of Fig. 4. A
few interesting families of materials, which are discussed
in detail later, are labeled as well. Of these top candi-
dates, 80% are ternaries, despite them making up 55%
of the dataset. Given that most incumbent materials are
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(a) (b)

FIG. 4. Baliga figure of merit for n-type power electronic performance (normalized to n-type Si) and lattice thermal conductivity
of oxides calculated with the GGA+U method. Highlighted top candidates (upper right quadrant) include members of one known,
(III)2(II)O4 spinel (right), and three newly identified families of materials, (III)BO3 calcite (left), (III)2(IV)2O7 (left), and (II)2(IV)O4
(right) for power electronics. Numbers [e.g., (227)] represent the international space group (SG) number of the structure. Asterisks
denote ground-state materials that lie on the convex hull.

binary compounds, the discovery of so many promising
ternary compounds points to the impact that a broader
computational search can have on next-generation power
electronics.

B. Top candidate evaluation: HSE06 calculations

To confirm the best candidates, the band structure prop-
erties of the top 49 candidates and reference materials are
recalculated using the HSE06 hybrid functional. This is
especially relevant given the known underestimation of
GGA+U band gaps and the importance of the band gap
in the calculation of the Baliga FOM. Hybrid function-
als also produce more accurate electronic density of states,
especially for compounds with transition-metal d- and f-
orbital states at the conduction-band edge that tend to be
made overly dispersive by GGA+U. Figure 5 shows the
parallel coordinate plot of the HSE06-calculated values
(Eg , m∗

b,CB, Eb, μn, BFOMn−norm) for the governing mate-
rial properties that make up the n-type Baliga FOM. The
top 49 candidates are plotted in a gradient blue according
to BFOMn−norm that have been normalized to the HSE06-
calculated Si value and reference materials are presented
in magenta (see also Tables S-III and S-IV within the
Supplemental Material [7]).

Let us first consider how the predictions have changed
with the use of HSE06 instead of GGA+U methods. By
using the higher-accuracy functional, band gaps increased
by up to 2.6 eV in all of the materials. In addition, many

materials containing transition-metal elements had lower
mobility with the HSE06 method. However, given the
heavy influence of the band gap on the BFOM, all but four
materials showed a higher normalized Baliga FOM with
HSE06 compared to the GGA+U values. GeHfO4 had an
order-of-magnitude increase in m∗

b,CB, yet remained a top
candidate despite a smaller HSE06 BFOMn−norm of 92.
TiAl2O5 and TiGa4O8 also saw a significant decrease in
predicted mobility, likely due to the correction of GGA+U
exaggerated dispersions of Ti d-states at the conduction-
band edge. Given their low HSE06 BFOMn−norm values,
we eliminate these two materials from the top candidate
list and move forward with the remaining 47 compounds.

Diving deeper into the results, let us inspect the relative
influence of each material property on the top candidates.
The normalized n-type BFOM of the top candidates spans
4 orders of magnitude. Despite the Baliga FOM’s heavy
dependence on the band gap, the top candidates span a
wide range of Eg from a moderate 2 eV to very ultraw-
ide 8.2 eV. The materials with band gaps smaller than GaN
(calculated as 3.3 eV) like CuTaO3 and TiHgO3 make up
for this with high dielectric constants that contribute to
Baliga figures of merit above 100. This suggests that it may
be necessary to rethink the recent strong emphasis on ultra-
wide band gaps as the sole criteria for new candidates, as
these compounds would have been missed.

Lastly, we note that, in general, the oxides have lower
lattice thermal conductivity than the reference carbides
and nitrides that have lighter mass anions and greater
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FIG. 5. Parallel coordinate plot of calculated electronic properties from HSE06 for all oxide candidates and the resultant n-type
Baliga figures of merit. Magenta lines represent the reference power electronic materials. Blue lines represent all those candidates
that fulfill the cutoff criteria for top candidates: κL = 16 W/mK and HSE06 BFOMn−norm = 10. The blue color gradient is based upon
BFOMn−norm. Refer also to Tables S-III and S-IV within the Supplemental Material [7].

bulk moduli. This is a trade-off we must consider in
elevated temperature applications where oxide chemistries
are preferred.

IV. n-TYPE DOPABILITY ASSESSMENT

A. Qualitative ranking

Any material used as a conducting channel in power
electronics must be able to be extrinsically doped to
desired carrier concentrations. As a qualitative ranking of
n-type dopability, the HSE06 electronic band edges of the
remaining 47 candidates are shown in Fig. 6 aligned by
their branch point energies. The dotted line represents EBP
using NVB = Ne/4 and NCB = Ne/8 and results from using
other NVB : NCB ratios are contained within the error bars.

The ranking also includes known n-type, ambipolar, p-
type, and insulating ionic materials to gauge the method
effectiveness and inform choice of the cutoff value. Only
ionic bonded materials are used since the branch point
energy calculation assumes that there is asymmetry in
the number of valence and conduction bands. The n-
type dopable reference materials are defined as having
1018–1021 cm−3 electron carrier concentrations. Lightly
n-type dopable materials are those that can achieve
1016–1018 cm−3 carrier concentrations. Although some
materials, like MgO, show activated transport after doping
[66], we do not consider these materials dopable since we
care only about electrons (holes) living inside or close to
the conduction (valence) band. References for dopability
status and carrier concentration can be found in Table S-
VI within the Supplemental Material [7]. The materials
have been arranged (left to right) by increasing distance

of EBP from the conduction-band minimum (CBM), scaled
by their HSE06 band gaps.

As a rough assessment of accuracy, we compare our
computed EBP to experimental data from Ref. [57], as
indicated by the bright green squares in Fig. 6. The experi-
mental values are within our error bars for three of the four
materials.

Materials on the left-hand side of Fig. 6 have com-
puted EBP inside or very close to the conduction band. This
includes the reference n-type materials of wurtzite ZnO,
SnO2, In2O3, spinel Ga2ZnO4, and β-Ga2O3, as well as
two top candidates ZnSnO3 and GaInO3, which can all
reach 1019–1020 cm−3 electron concentrations [14,22,67,
68]. There are also materials that have been doped ambipo-
lar in experiments (wurtzite GaN [22]) or are predicted
ambipolar with defect calculations (rocksalt ZnO [13]).

Besides known power semiconductors (GaN and β-
Ga2O3), only SnO2, ZnSnO3, and GaInO3 have large
enough Baliga figures of merit and κL to be considered
top candidates among known n-type dopable materials
(see Table S-VI within the Supplemental Material [7]).
However, SnO2 is not a WBG material and the mea-
sured single-crystal mobility [69] is smaller than predicted
by our model (see Table S-II within the Supplemental
Material [7]). Thus, SnO2 is not presently considered for
power devices. The trigonal ZnSnO3 and GaInO3 have
been researched previously as transparent conducting n-
type oxides, but their potential in power electronics has yet
to be explored and thus will be discussed later [68,70].

As the EBP moves toward the midgap, p-type and insu-
lating materials begin to appear. This includes exclusively
p-type materials like Cu2O [22], AlScO3 [71], and AlN
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FIG. 6. HSE06 electronic bands of 47 top candidates and reference materials aligned by the branch point energy (EBP) as indicated
by the dotted line. Materials are arranged in ascending order of EBP distance from the conduction-band edge scaled relative to the band
gap. Calculations are performed with NVB = Ne/4 and NCB = Ne/8. Error bars represent the EBP computed using different NVB : NCB
ratios. Bright green squares indicate experimental EBP gathered from Shapera and Schleife [57]. Materials for which dopability is
known are colored accordingly (see Table S-VI within the Supplemental Material [7]). Members of the families highlighted in this
work are identified with colored circles.

that is considered p type here since highest electron con-
centrations have only reached 1015 cm−3 [72,73]. Insula-
tors include quartz SiO2 and ZrO2 as well as five of our
top candidates: MgO, spinel Al2MgO4, corundum Al2O3,
Sc2O3, and the recently calculated GeHfO4 [18]. The
ranking, however, is not perfect. There are lightly n-type
dopable materials like cubic BN and recently calculated
Y2Si2O7 [18]. In addition, both rutile and anatase versions
of TiO2 have EBP near the midgap, even though they are
known to be n-type dopable. The appearance of TiO2 as a
false negative was also discussed in Woods-Robinson et al.
[56] and can likely be attributed to the appearance of Ti
d orbitals at the bottom of the conduction band. Overall,
the branch point energy ranking approach works well as
a quick way to prioritize which materials might be more
likely n-type dopable, although a few materials may be
missed.

Looking at the top candidates more closely, we see
common chemistries and stoichiometries emerge, creating
“families” of materials. Among the highest-ranked com-
pounds in Fig. 6 is a family of (III)2(IV)2O7 compounds
with thortveitite and pyrochlore polymorphs that are indi-
cated by yellow dots in Figs. 4 and 6. Next we see the
appearance of (III)2(II)O4 (red dot) and (II)2(IV)O4 (blue
dot) compounds, many of which have a normal spinel crys-
tal structure. The (III)2(II)O4 spinels are a known category
of WBG materials that have already been explored for use

in electronics, while the (II)2(IV)O4 compounds have not.
Lastly, there are four (III)BO3 borates with calcite crys-
tal structure [space group (SG) number 167]. These do
not rank as highly in the n-type dopability analysis as the
other families but have incredible Baliga figures of merit,
as shown by the green dots in Fig. 4.

For downselection at this stage, we consider Cu2O as
the cutoff point since all reference materials to the left
in Fig. 6 allow n-type doping (besides MgO which has a
large EBP error bar). We are able to downselect from 47
to 14 candidates that were not previously considered for
power electronics. The HSE06-calculated electronic prop-
erties of these 14 materials are shown in Table I. Many of
these 14 most promising candidates are also members of
the identified families.

B. Defect formation energy calculations

To add more confidence to the qualitative n-type dopa-
bility ranking, defect formation energy calculations are
performed on two structures: high-ranking In2Ge2O7 (SG
227), and low-ranking CaZrSi2O7. Native acceptor defects
with low formation energy can accept electrons and, if
present in large numbers, will compensate any dopant elec-
trons, limiting the achievable free carrier concentration.
Ideally, one would like acceptor defect formation energies
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TABLE I. Computed electronic structure properties from HSE06 calculations of the top 14 previously unexplored n-type power
electronic candidates. These candidates pass the n-type BFOM and κL criteria and are in the top half of the qualitative n-type dopability
ranking. Shown here are the international space group number (SG Number), band gap (Eg), band effective mass for electrons (m∗

b,CB),
mobility of electrons (μn), breakdown field (Eb), dielectric constant (ε), n-type Baliga figure of merit, lattice thermal conductivity (κL),
and nominal difference in energy between the conduction-band minimum (CBM) and branch point energy calculated with NVB = Ne/4
and NCB = Ne/8. The Baliga FOM has been normalized to the calculated n-type silicon HSE06 BFOM. Candidates are listed in
alphabetical order. For more calculated compounds, see Table S-III within the Supplemental Material [7].

Eg m∗
b,CB μn Eb κL EBP − CBM

Compound SG Number (eV) (me) (cm2/Vs) (MV/cm) ε BFOMn−norm (W/mK) (eV)

Al2ZnO4 227 6.0 0.24 1284 9.5 9 1790 19 −1.65
GeO2 58 3.9 0.23 1513 5.0 15 507 46 −0.72
GaInO3 194 3.3 0.24 1235 3.0 13 78 16 0.16
In2Ge2O7 227 3.2 0.33 616 3.7 20 114 27 −0.01
In2Ge2O7 12 4.0 0.27 691 6.7 15 572 31 −0.10
In2Si2O7 227 3.8 0.32 811 5.1 18 367 40 −0.40
In2Si2O7 12 4.8 0.21 1391 13.3 9 5503 40 −0.75
InBO3 167 4.8 0.25 959 15.7 10 6570 29 −1.34
Mg2GeO4 227 5.3 0.23 1293 7.1 9 737 17 −1.21
Zn2SiO4 122 4.7 0.21 1335 8.4 9 1342 31 −0.88
ZnSiO3 148 5.9 0.22 1514 9.3 14 3008 47 −1.60
ZnSnO3 148 3.4 0.24 953 2.9 14 59 22 0.08
ZnSnO3 161 3.2 0.23 1269 3.0 16 99 31 0.20
Zn4B6O13 217 5.4 0.37 435 15.7 7 2249 37 −1.10

to become negative at a Fermi level that is inside the con-
duction band as this will allow dopants to increase the net
electron concentration without spontaneous formation of
compensating defects [74]. Figure 7 shows the formation
energies calculated using the GGA+U method for all pos-
sible vacancy (VA), interstitial (Ai), and antisite (AB) point
defects for each element (A) in In2Ge2O7 (SG 227) and
CaZrSi2O7. The x axis is the Fermi energy in electronvolts
referenced from valence-band maximum to conduction-
band minimum and represents the corrected band gap as
calculated using the GW method.

The germanium-rich condition is the most favorable
environment for n-type doping in pyrochlore In2Ge2O7,
as shown in Fig. 7(a). Under these conditions, the lowest-
energy compensating defect, GeIn with −1 charge state,
will spontaneously form at a Fermi energy that is approx-
imately 1 eV into the conduction band. In addition, this
structure is predicted to be self-doped due to the low for-
mation energy of oxygen vacancies that can act as shallow
donors. This means that pyrochlore In2Ge2O7 is likely
intrinsically n type and there is room for increasing the
electron concentration through extrinsic doping.

The opposite case is shown in Fig. 7(b). CaZrSi2O7
is insulating even in oxygen-poor conditions where n-
type doping is most favorable. If donor dopants are added
to CaZrSi2O7, the additional electrons will be compen-
sated by native acceptor defects (i.e., CaZr, VCa) pinning
the Fermi energy at approximately 1.2 eV below the
conduction-band minimum. These defect formation energy
results confirm the predictions of the qualitative dopability
ranking and further support pyrochlore In2Ge2O7 as one

of the most promising among the top power electronics
candidates from our search.

V. DISCUSSION: SYNTHESIS OF TOP
CANDIDATES

Another important factor for commercialization of semi-
conductors is the ability to synthesize as single crystals
and/or thin films. Understanding whether and how the
candidates have been historically grown will help exper-
imental investigations. It should be noted that the absence
of synthesis in the literature does not preclude a material
from being realized in the future, but the available growth
information allows prioritization of further studies.

Specifically, materials that can be easily grown as single
crystals (e.g., Si, β-Ga2O3) allow melt-based bulk process-
ing of substrate wafers that are then used to grow homoepi-
taxial thin films of the same material [20]. In the epitaxial
growth method, new crystal layers are formed with desired
orientation governed by the underlying substrate lattice.
Doped native substrates are required for fabrication of
vertical devices like those made with SiC, and are thus pre-
ferred for high-power applications. Alternatively, one can
grow heteroepitaxially on non-native substrates that are
closely lattice matched to the semiconductor. Heterostruc-
tures are used in the creation of lateral devices (e.g., GaN
on Si). Lateral devices are less suited to high-power appli-
cation, but are useful in the early stages of lab testing to
make high-quality measurements of a material’s electrical
properties. Thus, we are interested in assessing both the
single-crystal growth and availability of closely matched
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(a)

(b)

FIG. 7. Formation energies of native vacancy, interstitial,
and antisite defects calculated using the supercell approach
explained in Sec. II B 3. The Fermi energy is referenced from
the valence-band maximum and plotted to the conduction-band
minimum. Subscripts (1) and (2) indicate different Wycoff sites.
(a) Pyrochlore In2Ge2O7 is predicted to be n-type dopable under
Ge-rich conditions. (b) CaZrSi2O7 is predicted to be n-type
insulating even in favorable O-poor conditions.

non-native substrates for our top candidates. To address
this synthesis and device integration potential, we con-
sider the growth of the aforementioned novel families of
materials: (III)2(IV)2O7, (III/II)2(II/IV)2O4, and (III)BO3.
Considering synthesis for material groups is useful since
many compounds in the same family will share growth
recipes and have similar material behaviors.

We analyze the available literature for each family to
answer a few pertinent questions. (1) Has the material been
synthesized and does it remain stable at ambient condi-
tions? (2) Has the material been grown as a single crystal?
(3) Is there demonstrated electrical conductivity or suc-
cessful extrinsic doping? (4) Could the material be grown
heteroepitaxially with a suitable substrate?

A. (III)2(IV)2O7 family

The first family among top candidates is a group of 2-
2-7 stoichiometry oxides of the form (III)2(IV)2O7 where

the group-III elements include In, Sc, or Y, and group-IV
elements are Si or Ge. The In and Sc versions of this chem-
istry appear in two polymorphs: a ground-state thortveitite
structure (SG 12) and a higher-pressure pyrochlore struc-
ture (SG 227). With its larger atomic radii, the yttrium ver-
sions have a different set of polymorphs. Y2Si2O7 appears
as thortveitite ground-state and several higher-temperature
monoclinic and orthorhombic polymorphs [75]. Yttrium
germanate’s ground state is space group 96. Accord-
ing to the literature, a pyrochlore Y2Ge2O7 [76,77] and
several Sc2Ge2O7 polymorphs have been synthesized in
experiments [76,78,79], but none of these chemistries are
included in the ICSD and are therefore not in this study.
Of the ten ICSD structures in the (III)2(IV)2O7 family,
seven are top candidates for power electronics (see Fig. 4).
In addition, the In versions of both the thortveitite and
the pyrochlore structure rank within the upper half of our
n-type dopability assessment (see Fig. 6). Native defect
formation energy calculations completed in this work for
pyrochlore In2Ge2O7 further indicate that materials in this
family may allow n-type doping [Fig. 7(a)].

Powders of the thortveitites have been synthesized using
conventional solid-state reactions at elevated temperatures
(1000–1500 ◦C) [76,78–81]. The pyrochlores can be sta-
bilized in powder form using high pressure: 5.3 GPa for
pyrogermanates and 12 GPa for pyrosilicates [78,80,81].
The thortveitite In2Si2O7 has also been grown as single
crystals of a few mm2 and 1 mm thick using a flux method
and Li2Mo2O7 solvent [82]. Previous research into these
materials focuses on fluoresence centers, catalysts, oxide
fuel cells, and exotic behaviors like superconductivity, but
not power electronics [78,80].

While our calculations show that In2Ge2O7 pyrochlore
is likely n-type dopable, its metastable state and high-
pressure synthesis may make bulk growth difficult. In
contrast, the thortveitite structure has potential for better
high-power performance (see Table I), ranks in the top half
of Fig. 6, and could be stably grown in bulk as a single
crystal. This makes the thortveitite In2Ge2O7 and In2Si2O7
attractive candidates for power devices.

In order to synthesize the pyrochlore versions, we
need to consider heteroepitaxial growth of thin films.
Figure 8 shows the HSE06 relaxed lattice constant a of
the pyrochlores along with a few common substrates: rutile
TiO2 and cubic yttria-stabilized zirconia (YSZ). Since the
substrates are tetragonal and cubic, respectively, the a and
b parameters are equivalent and separated by a right angle,
just as in the pyrochlore structure. The lattice mismatch
between the semiconductor and these two substrates is
between 2% and 6%, which is within the acceptable toler-
ance. Figure 9 shows a schematic of the In2Ge2O7 crystal
on both substrates, displaying the close alignment at the
(001) interface of the In/Ge cations with Ti or Zr that
is necessary for successful epitaxial growth without sig-
nificant interfacial strain. Given their indication of n-type
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FIG. 8. Power electronic candidates from the three promis-
ing families: (III)2(IV)2O7 pyrochlore, (III/II)2(II/IV)O4 normal
spinels, and (III)BO3 calcite. HSE06 calculated band gaps of
candidates shown in comparison to experimental band gaps of
known power electronic semiconductors. HSE06 calculated “a”
lattice constant of candidates shown in comparison to experimen-
tal “a” lattice constants of potential substrates (color matched)
for heteroepitaxial growth on the (001) surface. Half lattice con-
stant shown for Al2MgO4 substrate, (II)2(IV)O4 spinels, and
(III)2(IV)2O7 pyrochlores.

dopability according to calculations and potential for het-
eroepitaxy, the pyrochlore 2-2-7 materials also have poten-
tial for power applications along with their ground-state
versions.

B. (III/II)2(II/IV)O4 family

The next family of materials is 2-1-4 oxides. Within
this stoichiometry, there are well-known spinels (SG 227)
of chemistry (III)2(II)O4 where group-III elements are Al,
Ga, In and group-II elements are Mg, Zn, Cd. There are
also (II)2(IV)O4 compounds where group-II elements are
Mg, Zn, Cd, and group-IV elements are Si, Ge, Sn. Sev-
eral of the (II)2(IV)O4 compounds also take the spinel
structure. All of the spinels calculated here are of the “nor-
mal” structure where the divalent B atoms of A2BO4 sit
on the eight tetrahedral sites and the trivalent A atoms
sit on the 16 octahedral sites. There also exist “inverse”
spinels where a 100% inverted structure has all B atoms
and half of A atoms occupy octahedral sites and the
rest of A atoms occupy tetrahedral sites. Compounds like
Ga2MgO4, Zn2SnO4, In2MgO4, Mg2SnO4, Al2CdO4 tend
to form inverse spinels [83–87]. Since they are disordered,
any experimentally known inverse spinel is omitted from

(a)

(b)

(c)

FIG. 9. Lattice matching of (001) surfaces for representatives
from the three promising families with potential substrates: (a)
In2Ge2O7 pyrochlore (SG 227) on TiO2 (SG 136) and yttria-
stabilized ZrO2 (SG 225), (b) Mg2GeO4 spinel (SG 227) on
Al2MgO4 (SG 227) and MgO (SG 225), and (c) InBO3 (SG 167)
on Al2O3 (SG 167).

our calculations for this family. Generally, the materials in
this family have lower predicted lattice thermal conductiv-
ity and Baliga figure of merit than the other two identified
families, but there are still quite a few that appear as top
performers (see Fig. 4).
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Let us first consider the (III)2(II)O4 compounds, also
referred to as III-II spinels. Those compounds containing
Ga or Al and Mg or Zn are higher performers than their In
and Cd counterparts due to larger band gaps. Most of these
compounds have been synthesized and are stable at ambi-
ent conditions. A few of these materials are of particular
interest. Ga2ZnO4 is a known n-type single-crystal semi-
conductor as discussed previously [14,88,89]. According
to our calculations, it has high Baliga FOM but low κL and
is therefore not a top candidate. Al2MgO4 is a top can-
didate in our search but is a known insulator used as a
single-crystal substrate for semiconductor devices.

The other top candidate from the III-II spinel family is
Al2ZnO4. It has high Baliga FOM, decent κL, and is ranked
in the upper half of our n-type dopability assessment. Pow-
der samples of stoichiometric, normal Al2ZnO4 have been
synthesized, but there are no accounts of single-crystal
growth, electrical conductivity measurements, or attempts
to dope this material [90]. With further investigation, this
spinel compound may be n-type dopable like its gallium
counterpart.

The (II)2(IV)O4 compounds have not been considered
for power electronics to our knowledge. Like the tradi-
tional III-II materials, many of these II-IV versions form
in the spinel structure. Depending on the ion species, pres-
sure, and temperature, these compounds can also form in
the inverse spinel, phenacite or willemite (SG 148), olivine
(SG 64), modified-spinel or β (SG 74), and other lower
symmetry polymorphs. The tin- and cadmium-containing
compounds have low thermal conductivity and small band
gaps (GGA+U Eg < 2 eV) and are thus not of interest for
high-power electronics.

One top power electronic candidate from the II-IV com-
pounds is Mg2GeO4 spinel. Polycrystals have been synthe-
sized from the olivine ground-state structure by heating to
850 ◦C in a pressure vessel at 0.5 GPa. Once synthesized,
the spinel is stable at ambient conditions, transitioning
back to olivine above 810 ◦C [91,92]. There is also evi-
dence that this material is intrinsically conductive due
to the formation of native donor defects [93]. The mea-
sured conductivity of above 100 S/cm is larger than that of
intrinsic Si, making this an appealing candidate for power
electronics.

The next two candidates with high Baliga FOM and κL
from this group are spinel Mg2SiO4 and trigonal Zn2SiO4.
Although the germanate compounds often require less
extreme temperature and pressure conditions to form, the
silicate analogues have larger band gaps and thus higher
Baliga figures of merit, as evidenced in Fig. 4. Like its
germanium counterpart, Mg2SiO4 normal spinel is syn-
thesized from the olivine ground state with an elevated
temperature of 1200 ◦C and pressure of 22 GPa [94]. Once
quenched, the spinel is stable up to about 700 ◦C. In our
qualitative n-type dopabilty analysis, Mg2SiO4 is below
our cutoff. In addition, previously published ab initio

defect calculations indicate that none of the Mg2SiO4 poly-
morphs are likely n-type dopable [95]. The calculations
of the olivine structure showed that Mg vacancies and O
interstitials will likely compensate any addition electrons
from extrinsic dopants. While the study did not conclu-
sively test all possible conditions or defects for the spinel
structure, these preliminary results make spinel Mg2SiO4 a
less attractive candidate.

Of all the compounds in the II-IV group, zinc silicate has
the most realized stable polymorphs. Select polymorphs
are shown in Fig. 4. The trigonal (SG 122) polymorph is
the only Zn2SiO4 with a large enough predicted κL to be
included in the top candidate list. It is the second-lowest-
energy polymorph with a wide range of stability. It can be
formed from the ground-state “willemite” at 800 ◦C and
3–8 GPa [96]. The trigonal version also ranks above the
cutoff in our n-type dopability analysis (see Fig. 6), which
makes it an attractive candidate. To our knowledge, no one
has attempted to dope any of the polymorphs of Zn2SiO4.
Just below our chosen κL cutoff are two other zinc silicate
polymorphs. The willemite structure (SG 148) has been
grown as a single crystal of 10-mm2 size in previous photo-
luminescence studies [97]. The spinel version is just below
our top candidate cutoff but, unfortunately, was deemed the
rarest and least stable polymorph according to theoretical
calculations [98]. In addition, the ICSD entry for this nor-
mal spinel compound is based on theoretical calculations
[99] and experimental entries all include some degree of
inversion.

Lastly, the HSE06 calculated a lattice constants of the
four previously unexplored top candidate spinels from this
family are all within 2% of the Al2MgO4 substrate a
lattice constant, as shown in Fig. 8, indicating that epi-
taxial growth on common substrates is possible. As seen
in Fig. 9, the Mg cations of the Mg2GeO4 are near per-
fectly aligned to the Al cations of the (001) substrate since
they are exactly the same space group. As an alternative,
cubic MgO is equally well matched to the Mg cations at
the corners and center of the unit cell at the interface.

If spinel Al2ZnO4 proves n-type dopable like some of its
other family members, it could be a great power electronic
candidate. Mg2GeO4 is also promising considering evi-
dence of intrinsic n-type conductivity. Additionally, given
the demonstrated single-crystal growth of the willemite
Zn2SiO4, its higher-energy trigonal polymorph may be a
good power electronic candidate as well.

C. (III)BO3 family

The last group contains four borates that have (III)BO3
stoichiometry and calcite structure (SG 167). Stable poly-
crystals of all four compounds have been grown. AlBO3
requires hydrothermal high-pressure synthesis techniques
[100] since it does not lie on the convex hull, but once
synthesized, remains stable. In addition, single crystals of
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InBO3, ScBO3, and GaBO3 have been grown via molten
flux at ambient pressures with the GaBO3 crystals measur-
ing 4 × 4 × 0.2 mm3 [100,101]. Despite this easy synthe-
sis, to our knowledge no one has attempted to dope these
materials or research them for power electronic applica-
tions. According to our analysis, these borates rank the
lowest for n-type dopability potential (see Fig. 6) among
the families. InBO3 sits just above p-type Cu2O and
is the most promising for potential doping of the four.
The calcite family has been studied mostly in the pur-
suit of rare-earth-doped phosphors for photoluminescence
applications.

In addition to potential for native substrate growth, there
are commercial substrates available for epitaxial growth of
heterostructures. The cations of (001) ScBO3 and InBO3
match with the Al atoms at the (001) surface of Al2O3
(same space group 167) within 1.5%, as shown in Figs. 8
and 9. Given the very high figures of merit, demon-
strated single-crystal growth, and potential heteroepitax-
ial growth, calcites in the (III)BO3 family could make
excellent candidates for power electronics.

D. Other candidates

There are also a handful of candidate oxides with large
Baliga figures of merit, adequate κL, and EBP close to the
CBM that are not part of the families. These deserve to
be considered for power electronics as well. We investi-
gate the literature to evaluate the synthesis potential of the
remaining candidates in Table I.

To start, the ground-state version of ZnSnO3 (SG
161) and GaInO3 have been grown as transparent con-
ducting oxide thin films via dc sputtering and are self-
doped through off-stoichiometry with room-temperature
carrier concentrations around 1020 cm−3 [68,70]. Within
the top candidates is also a higher-pressure polymorph
of ZnSnO3, which is less thermodynamically stable and
has been synthesized only through low-temperature ion
exchange [102]. To our knowledge, none of these mate-
rials have been considered for power electronics. Since
they are unintentionally doped during synthesis, the ques-
tion remains whether carrier concentrations can be con-
trolled within the desired range for power electronics:
1016–1020 cm−3. In addition, these three compounds have
HSE06 BFOMn−norm near or lower than GaN. While
attractive for their dopability and evidence of thin-film
synthesis, these compounds may not provide enough
improvement in high-power performance to justify further
exploration.

Upon further inspection, GeO2 in space group 58 is
a high-pressure polymorph of rutile (SG 136) with very
similar properties. The rutile polymorph has already been
proposed as a promising WBG semiconductor [10,103].
Attempts to synthesize thin films of rutile GeO2 have been
difficult due to the existence of competing amorphous and

quartz phases [11] and high vapor pressure [12], making
our high-pressure polymorph a less attractive candidate for
further exploration.

ZnSiO3 (SG 148) comes from an ICSD entry based upon
a theoretical structure rather than experimental. At 140
meV above the convex hull, this is an unstable polymorph
that easily decomposes into SiO2 and the ground-state
Zn2SiO4 [98].

The cubic metaborate Zn4B6O13 lies on the convex hull.
Bulk single crystals of optical quality have been grown
by melt methods, making this attractive for further explo-
ration [104]. It has been doped with rare-earth elements
for luminescence applications [105,106], but has yet to be
explored as a power semiconductor.

VI. CONCLUSION

Using a multistage first-principles computational work-
flow, we conducted a search among binary, ternary, and
quaternary oxides for promising wide-band-gap n-type
semiconductors for high-power, high-voltage, and high-
temperature performance. We used a high-throughput eval-
uation of the Baliga figure of merit and thermal con-
ductivity to downselect candidates based upon theoretical
performance followed by a more detailed analysis of the
electronic structure, n-type dopability, and prior synthesis
of select candidates. Through the use of DFT and updated
phenomenological models, we uphold the expected trends
in theoretical performance of currently used or investigated
power electronic materials such as Si, GaN, SiC, and β-
Ga2O3. Out of the 1340 oxides considered, we identified 47
novel promising candidates, most of which are ternaries,
that rival the high-power and high-voltage performance of
GaN and 4H-SiC, and the lattice thermal conductivity of
β-Ga2O3. We also highlight 14 compounds that are most
likely to be n-type dopable according to our ranking of the
branch point energy.

Of these top materials, many fall into three previously
unexplored families of ternary compounds: (III)2(IV)2O7,
(II)2(IV)O4, and (III)BO3. The (III)2(IV)2O7 family con-
tains germanates and silicates that adopt stable thortveitite
(SG 12) and metastable pyrochlore (SG 227) structures.
The thortveitite versions have been grown as single crys-
tals, opening the opportunity for growth of bulk native
substrates via large-scale processes. The more symmetric
pyrochlore structures will be more difficult to synthesize
in bulk, but thin films could be grown heteroepitaxially on
common substrates, reducing the required synthesis tem-
peratures and pressures. The indium-containing members
of this family rank high in our qualitative n-type dopa-
bility analysis. Defect formation energy calculations on
pyrochlore In2Ge2O7 confirm that it has the potential to
be intrinsically n type and accomodate further extrinsic
dopants without worry of compensation by native acceptor
defects.
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The (II)2(IV)O4 family contains many polymorphs, the
most interesting of which is the high-symmetry, stable
spinel structure. From this set, Mg2GeO4 has exhibited
evidence of intrinsic n-type conductivity, indicating that it
could be easily doped to desired concentrations. In addi-
tion, heterostructures of several of these compounds could
be grown epitaxially on Al2MgO4 or MgO substrates with
acceptable lattice mismatch.

The (III)BO3 calcite-structure borates have some of the
largest predicted Baliga FOM values and have been grown
as single crystals, indicating that they could be used as
native substrates for vertical power devices. Alternatively,
they could be grown heteroepitaxially on Al2O3 substrates.
Of these, InBO3 is the most promising candidate as it has
the most potential to be n-type dopable according to our
ranking.

While there is no evidence of melt growth for any of
these candidates in the literature, that does not preclude
them from future growth with this preferred industrial pro-
cess, especially for those that lie on the convex hull and
melt congruently. Therefore, we consider synthesis as a
factor in prioritization of future work, but do not elimi-
nate candidates based solely upon their historical growth
conditions. Taking into consideration all of these rele-
vant factors, we propose the strongest candidate from
each of the identified families for future power electronics
research: In2Ge2O7 thortveitite and pyrochlore, Mg2GeO4
spinel, and InBO3 calcite.

Future efforts must address the native defect forma-
tion energies of those high-ranked materials that were
not confirmed in this study. In addition, suitable extrin-
sic dopants will need to be determined to realize the
proposed materials’ potential for power electronics. Once
identified, experimental work can confirm these predic-
tions through synthesis, epitaxial growth, and conductivity
measurements. This includes a detailed analysis of whether
it is feasible and affordable to make wafers using large-
scale commercial processes. These identified wide-band-
gap ternary oxides hold promise for future high-power,
high-voltage, and high-temperature power electronics. We
hope this work sparks deeper investigation into the poten-
tial of these materials to push the performance boundary of
power electronics devices and aid in the renewable energy
transition.
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[41] V. Stevanović, S. Lany, X. Zhang, and A. Zunger, Cor-
recting density functional theory for accurate predictions
of compound enthalpies of formation: Fitted elemental-
phase reference energies, Phys. Rev. B 85, 115104
(2012).

[42] A. S. Barker and M. Ilegems, Infrared lattice vibrations
and free-electron dispersion in GaN, Phys. Rev. B 7, 743
(1973).

[43] M. Suzuki, T. Uenoyama, and A. Yanase, First-principles
calculations of effective-mass parameters of AlN and
GaN, Phys. Rev. B 52, 8132 (1995).

[44] K. Kim, W. R. L. Lambrecht, B. Segall, and M. van Schil-
fgaarde, Effective masses and valence-band splittings in
GaN and AlN, Phys. Rev. B 56, 7363 (1997).

[45] B. Rheinländer and H. Neumann, Plasma Faraday rotation
in n-type GaN, Phys. Status Solidi (b) 64, K123 (1974).

[46] N. T. Son, W. M. Chen, O. Kordina, A. O. Konstanti-
nov, B. Monemar, E. Janzén, D. M. Hofman, D. Volm,

033006-17

https://doi.org/10.1103/PhysRevMaterials.2.084603
https://doi.org/10.1063/1.5053867
https://doi.org/10.1002/pssa.201431835
https://doi.org/10.1063/1.5126028
https://doi.org/10.1088/1361-6463/ab8514
https://doi.org/10.1039/C9EE01529A
https://doi.org/10.1080/08893110410001664882
https://doi.org/10.1016/j.joule.2019.01.011
https://doi.org/10.1021/acs.chemmater.9b05126
https://doi.org/10.1063/1.3059569
https://doi.org/10.1103/PhysRevB.83.075205
https://doi.org/10.1039/C4EE03157A
https://doi.org/10.1088/0957-0233/13/2/703
https://doi.org/10.1038/natrevmats.2017.53
https://doi.org/10.1038/ncomms13901
https://doi.org/10.1039/C6TA09532A
https://doi.org/10.1039/D0MH00197J
https://doi.org/10.1039/D0MH00197J
https://doi.org/10.1063/1.4755841
https://doi.org/10.1021/acs.chemmater.6b04179
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.86.014109
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1103/PhysRevB.85.115104
https://doi.org/10.1103/PhysRevB.7.743
https://doi.org/10.1103/PhysRevB.52.8132
https://doi.org/10.1103/PhysRevB.56.7363
https://doi.org/10.1002/pssb.2220640254


EMILY M. GARRITY et al. PRX ENERGY 1, 033006 (2022)

M. Drechsler, and B. K. Meyer, Electron effective masses
in 4H SiC, Appl. Phys. Lett. 66, 1074 (1995).

[47] D. Volm, B. K. Meyer, D. M. Hofmann, W. M. Chen, N.
T. Son, C. Persson, U. Lindefelt, O. Kordina, E. Sörman,
A. O. Konstantinov, B. Monemar, and E. Janzén, Deter-
mination of the electron effective-mass tensor in 4 H SiC,
Phys. Rev. B 53, 15409 (1996).

[48] F. Birch, Finite elastic strain of cubic crystals, Phys. Rev.
71, 809 (1947). publisher: American Physical Society

[49] F. D. Murnaghan, Finite deformations of an elastic solid,
Am. J. Math. 59, 235 (1937). publisher: Johns Hopkins
University Press

[50] S. Baroni and R. Resta, Ab initio calculation of the macro-
scopic dielectric constant in silicon, Phys. Rev. B 33, 7017
(1986). publisher: American Physical Society

[51] M. Gajdoš, K. Hummer, G. Kresse, J. Furthmüller, and
F. Bechstedt, Linear optical properties in the projector-
augmented wave methodology, Phys. Rev. B 73, 045112
(2006). publisher: American Physical Society

[52] J. Heyd, G. E. Scuseria, and M. Ernzerhof, Hybrid func-
tionals based on a screened Coulomb potential, J. Chem.
Phys. 118, 8207 (2003). publisher: American Institute of
Physics

[53] J. Heyd, G. E. Scuseria, and M. Ernzerhof, Erratum:
“Hybrid functionals based on a screened Coulomb poten-
tial” [J. Chem. Phys. 118, 8207 (2003)], J. Chem. Phys.
124, 219906 (2006). publisher: American Institute of
Physics

[54] M. Marsman, J. Paier, A. Stroppa, and G. Kresse, Hybrid
functionals applied to extended systems, J. Phys.: Con-
dens. Matter 20, 064201 (2008). publisher: IOP Publish-
ing

[55] A. Goyal, P. Gorai, H. Peng, S. Lany, and V. Stevanović, A
computational framework for automation of point defect
calculations, Comput. Mater. Sci. 130, 1 (2017).

[56] R. Woods-Robinson, D. Broberg, A. Faghaninia, A. Jain,
S. S. Dwaraknath, and K. A. Persson, Assessing high-
throughput descriptors for prediction of transparent con-
ductors, Chem. Mater. 30, 8375 (2018).

[57] E. P. Shapera and A. Schleife, Database-driven materials
selection for semiconductor heterojunction design, Adv.
Theory Simul. 1, 1800075 (2018).

[58] S. Lany and A. Zunger, Accurate prediction of defect
properties in density functional supercell calculations,
Modell. Simul. Mater. Sci. Eng. 17, 084002 (2009). pub-
lisher: IOP Publishing

[59] M. Shishkin and G. Kresse, Self-consistent GW calcula-
tions for semiconductors and insulators, Phys. Rev. B 75,
235102 (2007).

[60] J. Wang, H. Zhou, J. Zhang, Z. Liu, S. Xu, Q. Feng, J.
Ning, C. Zhang, P. Ma, J. Zhang, and Y. Hao, Demon-
stration of Al0.85Ga0.15N Schottky barrier diode with >

3 kV breakdown voltage and the reverse leakage cur-
rents formation mechanism analysis, Appl. Phys. Lett.
118, 173505 (2021).

[61] H. Ahmad, J. Lindemuth, Z. Engel, C. M. Matthews, T. M.
McCrone, and W. A. Doolittle, Substantial P-type conduc-
tivity of AlN achieved via beryllium doping, Adv. Mater.
33, 2104497 (2021).

[62] H. Ahmad, Z. Engel, C. M. Matthews, S. Lee, and W. A.
Doolittle, Realization of homojunction PN AlN diodes, J.
Appl. Phys. 131, 175701 (2022).

[63] A. Allerman, A. Armstrong, A. Fischer, J. Dickerson, M.
Crawford, M. King, M. Moseley, J. Wierer, and R. Kaplar,
Al0.3Ga0.7N PN diode with breakdown voltage > 1600 V,
Electron. Lett. 52, 1319 (2016).

[64] S. Pearton, ed., GaN and ZnO-based Materials and
Devices, Springer Series in Materials Science, Vol. 156
(Springer Berlin Heidelberg, Berlin, Heidelberg, 2012).

[65] B. Sarkar, S. Washiyama, M. H. Breckenridge, A. Klump,
J. N. Baker, P. Reddy, J. Tweedie, S. Mita, R. Kirste, D. L.
Irving, R. Collazo, and Z. Sitar, N- and P- type Doping in
Al-rich AlGaN and AlN, ECS Trans. 86, 25 (2018).

[66] M. M. Tardío, R. Ramírez, R. González, and Y. Chen,
P -type semiconducting properties in lithium-doped MgO
single crystals, Phys. Rev. B 66, 134202 (2002).

[67] J. M. Phillips, J. Kwo, G. A. Thomas, S. A. Carter, R. J.
Cava, S. Y. Hou, J. J. Krajewski, J. H. Marshall, W. F.
Peck, D. H. Rapkine, and R. B. van Dover, Transparent
conducting thin films of GaInO3, Appl. Phys. Lett. 65, 115
(1994).

[68] T. Minami, Transparent and conductive multicomponent
oxide films prepared by magnetron sputtering, J. Vac. Sci.
Technol. A 17, 1765 (1999).

[69] C. G. Fonstad and R. H. Rediker, Electrical properties of
high-quality stannic oxide crystals, J. Appl. Phys. 42, 2911
(1971).

[70] T. Minami, H. Sonohara, S. Takata, and H. Sato, Highly
transparent and conductive zinc-stannate thin films pre-
pared by RF magnetron sputtering, Jpn. J. Appl. Phys. 33,
L1693 (1994).

[71] C.-W. Lee, P. Gorai, E. Garrity, A. Zakutayev, and V. Ste-
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