
A Computational Survey of Semiconductors for Power 
Electronics

Journal: Energy & Environmental Science

Manuscript ID EE-ART-05-2019-001529.R1

Article Type: Paper

Date Submitted by the 
Author: 23-Jul-2019

Complete List of Authors: Gorai, Prashun; Colorado School of Mines; National Renewable Energy 
Laboratory,  
McKinney, Robert ; Colorado School of Mines
Haegel, Nancy; National Renewable Energy Laboratory
Zakutayev, Andriy; National Renewable Energy Laboratory; Colorado 
School of Mines
Stevanovic, Vladan; Colorado School of Mines; National Renewable 
Energy Laboratory

 

Energy & Environmental Science



Journal Name

ARTICLE

This journal is © The Royal Society of Chemistry 2018 J. Name., 2018, 00, 1-3 | 1 

Please do not adjust margins

Please do not adjust margins

a.Colorado School of Mines, Golden, CO 80401, USA.
b.National Renewable Energy Laboratory, Golden, CO 80401, USA.
c. Email: pgorai@mines.edu, andriy.zakutayev@nrel.gov, vstevano@mines.edu 
† Electronic Supplementary Information (ESI) available

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

A Computational Survey of Semiconductors for Power Electronics†

Prashun Gorai,a,b,c Robert W. McKinney,a Nancy M. Haegel,b Andriy Zakutayeva,b,c and Vladan 
Stevanovic a,b,c

Power electronics (PE) are used to control and convert electrical energy in a wide range of applications from consumer 
products to large-scale industrial equipment. While Si-based power devices account for the vast majority of the market, 
wide band gap semiconductors such as SiC, GaN, and Ga2O3 are starting to gain ground. However, these emerging 
materials face challenges due to either non-negligible defect densities, high synthesis and processing costs, or poor 
thermal properties. Here, we report on a broad computational survey aimed to identify promising materials for future 
power electronic devices beyond SiC, GaN, and Ga2O3. We consider 863 oxides, sulfides, nitrides, carbides, silicides, and 
borides that exhibit finite calculated band gaps. We utilize ab initio methods in conjunction with models for intrinsic carrier 
mobility, and critical breakdown field to compute the widely used Baliga figure of merit. We also compute the lattice 
thermal conductivity and use it as an additional screening parameter. In addition to correctly identifying known PE 
materials, our survey has revealed a number of promising candidates exhibiting the desirable combination of high figure of 
merit and high lattice thermal conductivity, which we propose for further experimental investigations. 

1. Introduction
Power electronics (PE) enable conversion and control of energy in a 
wide range of applications, including consumer products, electricity 
generation from wind and solar, electric vehicles, and long-distance 
communications. For instance, rectifiers used in mobile chargers, 
inverters and converters of electricity generated from solar and 
wind energy, and variable-frequency drives in electric vehicles and 
industrial motors all employ power electronics.1, 2 It is estimated 
that the global market for power electronics will swell to >$50 
billion by 2023.3 Despite their diverse applications, only a handful of 
materials, including Si, SiC, and GaN, account for the vast majority 
of the PE market.1, 2 Silicon is the incumbent material – cheap and 
compatible with existing fabrication technology but not efficient.4 In 
particular, silicon-based PE devices are not suitable for high-power 
applications because of a trade-off: low breakdown field at low on-
state resistance, or high on-state resistance at high breakdown 
field.5 Low breakdown field limits the range of possible applications, 
and high on-state resistance reduces the efficiency of power 
conversion. Despite these drawbacks, Si presently constitutes ~95% 
of the PE devices.4  SiC and GaN address this trade off but their non-
negligible defect densities and high synthesis costs have been a 
limiting factor for large-scale applications. More recently, Ga2O3 has 
emerged as a low-cost6, 7 alternative, but its poor thermal 
properties have been a critical impediment.8 Materials such as 
diamond-C9, cubic-BN10, AlN11, ZnO11 have also been considered, 

but power electronic devices based on these compounds either 
have not been attempted or have not reached their full potential. 
Some of these PE materials are highlighted in Fig. 1, in addition to 
10,600 stoichiometric and ordered structures reported in the 
Inorganic Crystal Structure Database (ICSD) spanning oxide, 

Fig. 1 Stoichiometric and ordered structures (10,600) from the ICSD, 
comprising oxides, sulphides, nitrides, carbides, silicides, and borides, 
are represented by the number of atoms in the primitive cell and the 
standard deviation in Pauling electronegativity of the constituent 
elements. Si, SiC, GaN, and Ga2O3 are prominent power electronic 
(PE) materials while diamond-C and AlN have been considered in lab-
scale studies. For SiC, 2H-8H denote polytypes.
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sulphide, nitride, carbide, silicide, and boride chemistries. Presently 
employed PE materials constitute only a miniscule fraction of 
known materials, as illustrated in Fig. 1, which is the key reason to 
explore for alternatives beyond the handful of materials that 
dominate current power electronics. 

One potential approach to such exploration is a broad 
computational search to identify novel materials for power 
electronics. Computations have proven to be a powerful tool in 
accelerating materials discovery beyond the conventional trial-and-
error approach. With continued improvements in ab initio methods 
and software, and the rapid advances in computational resources, 
high-throughput (HT) computations have become a viable tool to 
explore large material spaces and identify promising candidates.12 
Such HT computational approaches rely on material descriptors 
and/or figures of merit that can be rapidly determined from first-
principles calculations and from simplified models.12, 13 To expedite 
searches, often various approximations are employed without 
overly sacrificing accuracy. Assumptions such as those related to 
material dopability i.e. whether a semiconductor can be doped with 
a desired charge carrier type and concentration, may also be 
needed for computational tractability. In spite of the assumptions 
and approximations, HT computations have been quite successful in 
unravelling novel materials for solid-state batteries14, 15, 
thermoelectrics13, 16, photovoltaics14, 17 etc. The deployment of HT 
computations in materials discovery has also popularized the public 
sharing of data and development of open-access materials 
databases,18-21 including properties necessary to enable materials 
discovery for a wide variety of applications. In spite of the promise 
of computations, surprisingly, no such efforts exist within power 
electronics. 

Here, we computationally screen materials from the ICSD and 
compute the Baliga figure of merit (FOM) of 863 materials with 
finite calculated band gaps. Since the Baliga FOM does not account 
for heat dissipation as a performance factor, we also explicitly 
calculate the lattice thermal conductivity (L) as a screening 
parameter in our search. As such, we focus on the performance of 
the pristine material that depends on the intrinsic properties; 
extrinsic factors such as doping would have to be appropriately 
tuned for the most promising candidates that are identified from 
the screening. To compute the parameters that determine the 
Baliga FOM and lattice thermal conductivity, we utilized ab initio 
methods in conjunction with semi-empirical models of transport 
properties and phenomenological model of critical breakdown field. 
Our computational search has revealed several promising 
candidates that exhibit the desirable combination of high figure of 
merit and high lattice thermal conductivity. Candidates include 9 
oxides, 4 nitrides, and 3 carbides with n-type Baliga FOMs and 
lattice thermal conductivities larger than that of Ga2O3. We propose 
the identified materials as candidates for further experimental and 
computational investigations.

2. Figures of Merit
Figures of merit have been derived for thermoelectrics,16 
topological insulators,22 photovoltaics,17 power electronics23 etc. As 
mentioned in the Introduction, FOMs can serve as practical material 

descriptors in HT computational searches, provided that the input 
material parameters can be rapidly and reliably determined with 
computational methods and models. In this section, we briefly 
review the desirable traits of materials for power electronics, the 
various FOMs that are cast in terms of the desirable properties, and 
the computational models to determine the input parameters.

2.1. Desirable Traits of Materials for Power Electronics

Most critically, the semiconductor must possess a large breakdown 
field (Eb), which depends on intrinsic as well as extrinsic factors.5 
Typically, semiconductors with wide (Eg >3 eV) to ultra-wide (Eg>5 
eV) band gaps, large dielectric constants (static >10), and strong 
electron-phonon coupling (as described in the electron avalanche 
theory by Hippel24, Frohlich25) exhibit large intrinsic breakdown 
field. Next, the semiconductor must support large current densities 
(J), especially for high-power devices. Since J is directly proportional 
to the electrical conductivity  = ne (where  is the charge carrier 
mobility, n the concentration of charge carriers, and e the 
fundamental electronic charge), materials with high carrier 
mobilities and large carrier concentrations are desirable.4 While  
can be treated as an intrinsic material property, n is typically 
controlled by extrinsic doping. Finally, the material must efficiently 
dissipate the thermal energy produced by Joule heating in the 
device26 – a high lattice thermal conductivity (L) is, therefore, 
advantageous. 

2.2 Power Electronic Figures of Merit

Several FOMs have been used to quantify the intrinsic performance 
of materials for power electronics, including those proposed by 
Johnson,27 Baliga,23, 28 Kim,29 and Huang.30 These FOMs are 
generally applicable to unipolar switching power devices. Baliga 
proposed FOMs for low-frequency23 and high-frequency28 power 
electronic devices. The widely used low-frequency Baliga FOM 
(BFOM) is given by . The BFOM is derived assuming 𝑩𝑭𝑶𝑴 =  𝝐𝝁𝑬𝟑

𝒃

that the power losses are solely due to power dissipation in the on-
state of the device. Thus, the BFOM applies to materials operating 
at lower frequencies, where the conduction losses are dominant.23 
Given its widespread usage, we consider only the low-frequency 
BFOM for the computational search in this work. 

Efficient thermal management i.e. heat dissipation, is necessary 
to avoid overheating and consequently, mechanical failure of the 
power electronic material and associated contacts and interfaces.  
The BFOM does not take into account the role of thermal 
conductivity that is critical for dissipation of Joule heating. In this 
study, we explicitly calculate the lattice thermal conductivity and 
consider it as one of the screening parameters along with the 
BFOM. Carrier concentrations in power electronic materials are 
generally low enough (non-degenerate) so the electronic 
component of thermal conductivity can be neglected.

2.3 Models for Evaluating FOM Parameters

To computationally evaluate the Baliga FOM of a material, we need 
to determine the dielectric constant, charge carrier mobility, and 
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the critical breakdown field. Dielectric constant (), including both 
ionic and electronic contributions, is calculated with first-principles 
density functional theory perturbation theory,5 as described in 
detail in the Methods section. 

In doped semiconductors, depending on the temperature, both 
electron-phonon and ionized impurity scattering limit carrier 
mobility.31 Here, we focus on the intrinsic, phonon-limited carrier 
mobility because it represents the upper limit of mobility. The 
intrinsic mobility () can be directly calculated with ab initio 
methods by computing the electron-phonon coupling matrix.5, 32 
However, these calculations are computationally intensive and have 
so far been demonstrated only for simple elemental and binary 
semiconductors.5 To circumvent the challenges associated with 
direct calculation of , we have previously developed a 
computationally-tractable, semi-empirical model of  by combining 
measured room-temperature  and density functional theory (DFT) 
calculations for a range of materials.16 Motivated by the 
relationships describing electron-phonon scattering in band 
conductors, the charge carrier mobility is modelled as:

(1)𝝁 = 𝑨𝑩𝒔(𝒎 ∗
𝒃 ) ―𝒕

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

and t are fitted constants. To compute the electron and hole 
mobilities using the semi-empirical model (Eq. 1), one needs to 
compute B, and  of conduction (electron) and valence (hole) 𝒎 ∗

𝒃

bands.  is obtained from the density-of-states (DOS) effective 𝒎 ∗
𝒃

mass  and band degeneracy (Nb) as , (𝒎 ∗
𝐃𝐎𝐒) 𝒎 ∗

𝑫𝑶𝑺 =  𝑵𝟐 𝟑
𝒃 𝒎

∗

𝒃
assuming parabolic carrier pockets and isotropic transport. B is 
determined by fitting the Birch-Murnaghan equation of state to a 
set of energies and volumes computed with DFT.33, 34 We have 
demonstrated that this model predicts the room temperature  
within half an order of magnitude of the measured values.16 
Knowing that even measured  can exhibit orders of magnitude 
variations depending on the synthesis conditions and sample 
preparation, the prediction accuracy of the semi-empirical model is 
acceptable for rapid screening of intrinsic properties of large 
number of materials. 

We also need to evaluate the critical breakdown field (Eb) to 
determine BFOM. Like , it is possible to directly compute Eb with 
ab initio methods but this involves the computationally intensive 
calculations of electron-phonon coupling matrices,5 which makes it 
computationally intractable for broad searches. Empirical models 
that solely depend on the band gap of the material have been 
developed to estimate Eb.35, 36 These empirical models were fitted 
to a small number of materials belonging to specific material 
families; extrapolation to other materials may not be as accurate. A 
more general and accurate phenomenological model of Eb has been 
recently proposed by fitting material parameters such as band gaps 
and phonon frequencies to critical breakdown fields calculated 
from fully ab initio calculations.5, 32  The fitted model for Eb is:

(2)𝑬𝒃 = 𝟐𝟒.𝟒𝟒𝟐𝒆𝒙𝒑(𝟎.𝟑𝟏𝟓 𝑬𝒈𝝎𝒎𝒂𝒙)

where, Eg is the band gap in eV, ωmax is the phonon cutoff frequency 
in THz, and Eb is the breakdown field in MV/m. The band gap is 
related to the electronic excitations and the cutoff frequency to the 
scattering of excited electrons by phonons. Eg is calculated with  
DFT-GGA functional and generally underestimated (see Methods for 
computational details). Here, the cut off frequency  is taken as 𝝎𝒎𝒂𝒙

the frequency of the highest optical mode at  (see Methods for 𝜞
details). It must be noted that both the empirical and 
phenomenological models of Eb ignore the effects of impurity 
doping that can lower the breakdown field. Here, we focus on 
evaluating the performance of the intrinsic material. As is typically 
done in broad computational searches, extrinsic factors can be 
assessed in detail on a case-by-case basis via follow-up 
computational and experimental investigations. 

We estimated the lattice thermal conductivity (κL) with a 
computationally tractable semi-empirical model that we have 
previously developed,37 and is expressed as

(3)𝜿𝑳 =  𝑨𝟏
𝑴𝒗𝒚

𝒔

𝑻𝜸𝟐𝑽𝒛𝒏𝒙 + 𝑨𝟐 
𝒗𝒔

𝑽𝒛(𝟏 ―
𝟏

𝒏𝟐/𝟑)

where, M is the average atomic mass, vs is the speed of sound, 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, 
and z are fitted parameters. The speed of sound is approximated 
from the bulk modulus (B) and the density (d), as . This 𝒗𝒔≅ 𝑩/𝒅
model predicts κL within an average factor of 1.5 of the 
experimental value, over 4 orders of magnitude in κL.37

Page 3 of 10 Energy & Environmental Science



ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

3. Results
We performed the computational search among materials 
documented in the Inorganic Crystal Structure Database (ICSD). In 
this search, we considered only stoichiometric, and ordered 
compounds with less than 50 atoms in the unit cell. Additionally, we 
limited the search to oxides, sulphides, nitrides, carbides, silicides, 
and borides for the following reasons: (1) known power electronic 
materials (Fig. 1) span these chemistries, and (2) they are generally 
expected to exhibit larger band gaps and higher lattice thermal 
conductivities compared to other pnictides (P, As, Sb, Bi), and 
chalcogenides (Se, Te). Even though halides are typically wide band 
gap materials, doping is known to be quite challenging. For this 
reason, we excluded halides from this search. Compounds 
containing transition metals (except Sc, Y, Ti, Zr, Hf, Cu, Zn, Cd, Ag, 
Au, Hg) are also not included in this search – the ground-state 
structure of these materials may be magnetic i.e. exhibit magnetic 
ordering. At typical operational temperatures, magnetic disorder 
can deteriorate carrier transport,38 which is detrimental for power 
electronic applications.

Based on these restrictions, in total we considered 863 
materials from the ICSD that have finite DFT-calculated band gaps in 
their lowest-energy crystal structures (based on total energies 
reported in NREL Materials Database, materials.nrel.gov). For some 
compounds, we found that the DFT-calculated total energies to be 
equal in two different structures. In such cases, we considered both 
structures in our search. Note that the well-known underestimation 
of band gaps in DFT-based methods can lead to erroneous closing 
of band gap. However, this does not pose significant problems here 
because it usually occurs in relatively small band gap materials, 
typically with Eg<1 eV, which are not of interest in this study. To be 

clear, this analysis does not include stability against decomposition 

into competing phases, but such decomposition can be avoided 
because the materials are reported in ICSD (mostly experimental). 
The complete list of the 863 materials along with their computed 
properties and BFOM are provided in the electronic supplementary 
information. 

3.1 Trends in Figure of Merit and Material Properties

The performance of power electronic materials, as quantified by 
the figure of merit, depends on several inter-dependent material 
properties. It is, therefore, instructive to examine the trends in 
these material properties to understand the composition-property-
performance relations.

Fig. 2. Critical breakdown field (Eb) of 863 materials calculated with a 
phenomenological model, given by Eq. (2). In this model, Eb depends on 
the band gap Eg (x-axis) and the phonon cutoff frequency ωmax (color). Eb 
strongly depends on both Eg and ωmax. Known power electronic materials 
are labelled for reference. Marker labels:  d-C = diamond-C, h-C = 
lonsdaleite C, SiC(3C) = cubic SiC. Symbols within parenthesis denote the 
polytype.

Fig. 3. A comparison of the computed Baliga figure of merit (FOM) of 863 
materials, assuming the materials are doped n-type (y-axis) and p-type 
(x-axis). The Baliga FOMs are normalized with the FOM of n-type Si, a 
widely used power electronic material. Marker colours denote the lattice 
thermal conductivity. Materials in the upper (lower) triangle i.e. above 
(below) the y = x line, have higher n-type (p-type) Baliga FOM.  For most 
materials considered in this study, the n-type FOM is higher because 
electron mobilities are generally higher than hole mobilities. 
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The calculated critical breakdown fields (Eb) as a function of 
band gap (Eg) of the 863 materials are shown in Fig. 2. Known 
power electronic materials such as diamond-C, Si, SiC, GaN, and 
Ga2O3 are marked for reference. The predicted Eb are in fairly good 
agreement with experimentally measured values. For instance, 
calculated Eb for diamond-C is 1.3×107 V/cm; in comparison, the 
measured value9 is 1-3×107 V/cm. The calculated Eb of Si is 6.4×105 
V/cm, which is in good agreement with the upper bound of 
measured Eb (6×105 V/cm).32 The computed Eb shown in Fig. 2 span 
2.5 orders of magnitude (~0.2-250×106 V/cm). While previous 
empirical models of Eb depend solely on the band gap, the 

phenomenological model32 used here provides additional nuance 
by including features of the phonon dispersion, through the cutoff 
frequency (ωmax). While Eb still correlates with the band gap, the 
effect of the phonon frequency contribution is quite evident in Fig. 
2. For a given band gap, Eb can vary over 1.5 orders of magnitude 
because of the differences in the cutoff frequency. Materials with 
ωmax >200 meV (48.4 THz), consisting of carbides and nitrides, 
exhibit unusually large breakdown fields. Since materials with 
higher cutoff frequency are expected to be stiffer, ωmax may be 
correlated to the bulk modulus (B). 

In Fig. 3, the Baliga FOMs of the 863 materials are compared if 
the materials are doped n-type (y-axis) and p-type (x-axis). Whether 
a material can be actually doped with the desired charge carriers 
and to the necessary concentrations will depend on the defect and 
dopant formation energetics, as discussed in more detail in Section 
4. We observe in Fig. 3 that more materials lie in the upper triangle 
above the dotted line (represents equal FOM of n- and p-type) – the 
Baliga FOM of most n-type doped materials is higher than that of p-
type doped. The differences in n- and p-type Baliga FOM arise from 
the differences in electron and hole mobilities (, Eb are same for 
both doping types). Electron mobilities are generally higher than 
hole mobilities,16, 18 which result in higher n-type Baliga FOM for 
most materials.

Materials that lie on or near the dotted y = x line in Fig. 3 and 
have high BFOM are particularly promising: (1) if a material is 
ambipolar i.e. can be doped both n- and p-type, junction devices 
can be fabricated with the same material, and (2) if the material is 
unipolar doped, i.e. only n- or p-type, it still leads to the 
identification of high-performing materials for specific doping types.  

Commercially used power devices utilize n-type Si, SiC, and 
GaN.4 Therefore, it is useful to focus on n-type doped materials for 
future power electronics for two reasons: (1) they will likely exhibit 
a higher FOM compared to their p-type doped counterparts, and (2) 
provide replacement for the n-type material in existing power 
device architectures. In the following sections, we focus on 
materials assuming only n-type doping.  We also identify and 
discuss some of the promising p-type candidates in Section 3.4. 

3.2 Validation of Computational Approach

While the predicted breakdown fields (Eb) are in good agreement 
with measured values, we must also validate the computational 
approach by assessing if the computed FOMs correctly identify and 
appropriately rank the known power electronic materials. In Fig. 
4(a), the n-type Baliga FOM, normalized by the FOM of n-type Si, is 
plotted as a function of the lattice thermal conductivity. The marker 
colours denote the intrinsic electron mobilities. For power 
electronics, materials with high FOM and high lattice thermal 
conductivity are desirable. Materials in the upper right quadrant of 
Fig. 4(a) exhibit these traits. We find that all known power 
electronic materials, that are either used in commercial devices (Si, 
SiC, GaN) or have been considered (Ga2O3, BN, AlN, ZnO), fall inside 
the shaded upper right quadrant in Fig. 4(a), which provides 
credence to the computational approach utilized in this work. The 
shaded region is extended in a way to include Si, which has the 
lowest normalized Baliga FOM of 1, and Ga2O3 with the lowest 

Fig. 4 (a) Calculated Baliga figure of merit (normalized with the FOM of n-
type Si) of 863 materials shown in relation to the computed lattice 
thermal conductivity (L) and assumed to be doped n-type. The colour 
schema represents the electron mobility. Known power electronic 
materials, bounded by the grey shaded region, are labelled for reference. 
(b) Zoomed-in view of the shaded region. A selected list of candidate 
materials is labelled. Known power electronic materials are marked by 
grey squares. Marker labels:  d-C = diamond-C, h-C = lonsdaleite C, h-BN 
= hexagonal BN, c-BN = cubic BN, SiC(3C) = cubic SiC. Symbols within 
parenthesis denote the polytype.
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lattice thermal conductivity of ~20 W/mK among the materials in 
this validation set. 

Table 1 Computed and measured lattice thermal conductivity (L) in W/mK and 
computed Baliga FOM of known power electronic materials. SG denotes the space 
group number. The Baliga FOM values are normalized by the Baliga FOM of n-type Si, a 
widely used power electronic material. Refs. a,39 b,40 c,41 d,42 e,43 f.44 

The computed FOM of known power electronic materials seem 
to capture the general performance expectations expressed in the 
experimental literature (Table 1). For instance, the FOMs of all 
other well-known power electronic materials are higher than that 
of Si. Diamond-C has the highest computed FOM as well as lattice 
thermal conductivity (Table 1). This material has been long 
recognized and pursued as one of the most promising power 
electronic materials9 but growth of large single crystals remains a 
major bottleneck. Both n- and p-type doping of diamond has been 
experimentally demonstrated in CVD-grown diamond thin films.45 
While n-type Ga2O3 has a similar or higher FOM compared to SiC 
and GaN, the lattice thermal conductivity is much lower, which is 
known to present challenges for thermal management of Ga2O3-
based devices.7

Unlike thermoelectric materials,13 both high carrier mobilities 
and high lattice thermal conductivities are desirable for power 
electronics. In general, materials that exhibit high carrier mobilities 
tend to also have high lattice thermal conductivities.16, 18 Fig. 4(a) 
illustrates this trend – materials with high L (on the right side) also 
generally have higher . 

3.4 Emerging Candidates for Power Electronics

To identify promising n-type candidates, we focus on the materials 
that reside inside the shaded region in Fig. 4(a). In Fig. 4(b), we 
present a zoomed-in view of only the shaded region. For clarity, the 
known power electronic materials are shown in Fig. 4(b) as grey 
squares. We observe that there are a large number of materials 
with FOMs and lattice thermal conductivities that surpass those of 
Si, and even SiC, GaN, and Ga2O3. The top 30 n-type candidates 
identified from this search are listed in Table S1 in the descending 
order of their normalized n-type Baliga FOM, and the full list of 
screened materials and their properties is also provided in the ESI. 
The top candidates are dominated by oxides (14 out 30) comprising 
primarily silicates and germanates, followed by carbides (9/30) and 
nitrides (7/30), with chemistries spanning binaries to quaternaries.

Oxides: Among the candidate binary oxides, ZnO has been 
extensively considered for various applications,46 including 
photovoltaics, and transparent electronics (thin-film transistors). 

ZnO is also an interesting material for high-temperature, high-
power electronics.11, 47,48 In particular, good n-type dopability and 
reasonable electron mobility of ZnO are favourable for power 
electronics, but its lack of stable p-type doping is less desirable 
compared to SiC and GaN, and the presently available single-crystal 
fabrication procedures49 are more complicated than for Ga2O3.50, 51 
Other binary oxides that emerge as candidate materials are MgO, 
CaO, and Al2O3, which are all insulators; MgO exhibits low hole 
conductivity only at elevated temperatures.52  Among the ternary 
oxides, IVA-IVB oxides such as HfGeO4, HfSiO4, and ZrGeO4 are 
identified as promising candidates. Silicates with 2-2-7 chemistries 
(Y2Si2O7, In2Si2O7, Sc2Si2O7) and their derivatives (CaZrSi2O7) are the 
other notable ternary oxide candidates. Both of these oxide classes 
are studied as scintillator host materials.53, 54 Ba2ZrO4, Al2MgO4, 
ZnSiO3, and Al4CaO7 are the other oxides among the top 30 n-type 
candidates (Table S1). While we have identified a number of 
candidate oxides, we must be cognizant of the fact that extrinsic 
doping of wide-gap oxides is often challenging. It is possible that 
many of these candidate oxides are insulators and cannot be 
suitably doped to introduce sufficient charge carriers. The role of 
dopability of materials in realizing the predicted power electronic 
performance is discussed in more detail in Section 4.  

Carbides: SiC derivates – GeC and SnC, emerge as the most 
promising binary carbides, if they can be doped n-type. While GeC, 
that has been studied for tribological and mechanical coatings,55  
may not be an economically viable candidate due to the high cost of 
Ge, SnC is composed of earth-abundant elements. However, the 
breakdown field (Eb) of SnC is lower than SiC, primarily due to its 
smaller band gap. Other promising binary carbides include B4C, 
Be2C, and its ternary derivate BeB2C. Both B4C and Be2C are known 
for their superior mechanical properties.56, 57 Interestingly, Sc3C4 is 
identified as a p-type candidate while Al3C4 as as n-type; the Baliga 
FOM of p-type Sc3C4 is comparable to the best n-type candidates 
(Table S2).  Among the best candidate ternary carbides are the two 
polymorphs of ScAl3C3, which are derivatives of their binary 
counterpart Al4C3. 

Nitrides: Hexagonal and cubic BN have been previously 
considered as promising materials for high-power electronics,10 
although not routinely discussed in the power electronics literature. 
We identify both polymorphs of BN as candidate materials in our 
search. Both polymorphs exhibit Baliga FOM higher than that of SiC, 
GaN, and Ga2O3.  Fabrication of cubic-BN is known to be quite 
challenging because of the high synthesis temperatures and 
pressures;58-60 it is more practical to consider the ground-state 
hexagonal-BN as a candidate material for power electronics. The 
predicted breakdown fields of BN polymorphs are comparable to 
that of diamond-C and therefore, can be considered for high-
performance applications. Spinel-type group IV nitrides, including 
the two polymorphs of Si3N4, and Ge3N4 are among the predicted 
candidate binary nitrides. Both Si3N4 and Ge3N4 have been 
previously investigated for application to light emitting diodes 
(LEDs)61 and photoelectrochemical water splitting.62 Ternary II-IV-N2 
materials related to III-N compounds, such as ZnGeN2 and MgSiN2 
are identified as promising n-type candidates;63 ZnGeN2 is an 
emerging material for optoelectronic applications.64  Other notable 

Material SG L (calc.) L (exp.) FOM (n) FOM (p)

Si 227 130 130a 1100 4.910-1

4H-SiC 186 235 330b 1.1105 6.0103

GaN 186 60 130c 1.2104 6.1101

-Ga2O3 12 21 14d 1.8104 8.3100

d-C 227 1106 1050e 8.8106 9.2106

AlN 186 153 285f 2.0106 2.2104
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candidates are silico-nitrides such as Ca2Si5N8, which have also been 
studied for application in LEDs.65 

Decomposition into competing phases is an important 
consideration for material synthesis. To assess the stability of the 
candidate materials, we extracted the first-principles calculated 
stability and the energy above the convex hull (ΔEhull) from the data 
available in computational databases, including the NREL Materials 
database (materials.nrel.gov) and the Materials Project database 
(materialsproject.org).19 ΔEhull are reported in Tables S1 and S2 for 
the n- and p-type candidate materials, respectively. We find that 
out of the 30 candidate materials in Table S1, 5 carbides and 2 
oxides lie above the convex hull – these materials are predicted to 
be unstable against decomposition into competing phases. All 5 
materials in Table S2 lie on the convex hull and are stable. 

4. Discussion
The purpose of the computational search presented in this work is 
to perform down selection of candidate materials from a large 
search space of thousands of materials to a few tens of promising 
candidates. So that the search is computationally tractable, we 
focus on the performance of the pristine material that depends on 
the intrinsic material properties; however, additional factors related 
to defects and doping of the material that can influence the 
performance need to be considered. Subsequent to the down 
selection, these additional factors can be evaluated for the 
candidate materials with detailed calculations and experiments. 
Here, we discuss three such critical factors:

Minimizing deep defects states by single-crystal growth: The 
phenomenological model (as well the empirical models) of 
breakdown field (Eq. 2) depends only on intrinsic material 
properties, such as band gap and phonon frequency. However, the 
breakdown field of a material may be lowered by the presence of 
appreciable concentrations of deep defects with mid-gap states, 
which facilitate carrier hopping. Deep levels can arise from both 
native defects as well as extrinsic impurities. Identifying materials 
with only shallow native defects69 or adopting synthesis routes to 
fabricate single crystals with low concentrations of deep defects can 
mitigate the detrimental effect of deep levels. In particular, 
materials that lend themselves to simple and inexpensive crystal 
growth methods can produce high-quality crystals of particular 
interest. As an example from established power electronic 
semiconductors, large-size, high-quality Ga2O3 wafers can be 
fabricated by crystal growth from the melt,50, 51 whereas far more 
complicated methods are required for GaN (amonothermal 
synthesis)66 and SiC (physical vapor transport).67 Besides lower 
defect density and large wafer size, such melt-grown methods are 
projected to be less expensive (e.g. 3-5x less for Ga2O3 compared to 
SiC),6 leading to lower cost and broader adoption of wide gap 
power electronics.

Selecting defect-tolerant materials from electronic structure and 
defect calculations:  Another approach to deal with deep defects is 
to avoid them all together by identifying “defect-tolerant” 
materials68-70 that contain only shallow defect levels. The concept of 
defect tolerance has been explored primarily in the context of 
searching for novel photovoltaic absorbers,68 where the absence of 

deep levels is beneficial in suppressing Shockley-Read-Hall 
recombination rates.71, 72 Since the absence of deep levels is also 
beneficial for power electronics, “defect-tolerant” materials are 
suitable candidates provided they possess the desired intrinsic 
properties i.e. high Baliga FOM and high L. Defect concentrations 
can be estimated through state-of-the-art first-principles defect 
calculations.73-75 These defect calculations will also reveal the 
presence/absence of deep defect levels such that the “defect 
tolerance” of a material can be assessed. While defect calculations 
are computationally expensive, recent methodological advances73 
and emergence of software for defect calculations74 has enabled 
assessment of defect properties of larger number of materials.

Tuning carrier concentrations by doping: High-power electronics 
necessitate high carrier mobility as well as high electrical 
conductivity. Since electrical conductivity depends on both the 
carrier mobility as well as the carrier concentrations, extrinsic 
doping is typically employed to enhance the carrier concentrations. 
For sufficient electrical conductivity, it is imperative that the 
material can be at least moderately doped, typically higher than 
~1017 cm-3.  Whether a material can be actually doped with the 
desired charge carriers and to the necessary concentrations is 
dictated by the native defect and dopant formation energetics. In 
this work, we assume that the materials can be doped. However, 
material dopability needs to be additionally assessed on a case-by-
case basis. First-principles defect calculations can be used to gauge 
material dopability and reliably estimate defect/dopant and carrier 
concentrations of the candidate materials. The success of first-
principles defect calculations in assessing dopability has been 
extensively demonstrated in thermoelectrics, photovoltaics73, 76 etc.

We performed initial computational assessment of the 
dopability of three candidate materials from Table S1 with high 
Baliga FOM, namely, HfGeO4, MgSiN2, and Y2Si2O7. The calculated 
formation energetics of native defects in these materials are shown 
in Figures S1, S2, and S3, respectively. Details of the computational 
methodology for the defect calculations are also provided in the 
supplementary information. We predict the existence of low 
formation energy native donor and acceptor defects with deep 
transition levels in HfGeO4 and MgSiN2. The equilibrium Fermi 
energy is pinned around mid-gap suggesting these candidate 
materials will be insulators, like MgO and Al2O3. The existence of 
low formation energy native donors and acceptors also limits the 
possibility of extrinsic n- or p-type doping.
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In Y2Si2O7 (Fig. S3), the native defect energetics is such that the 
equilibrium Fermi energy is pinned closer to the conduction band 
under Y-rich, Si-rich, and O-poor growth conditions. As a result, 
Y2Si2O7 is predicted to be natively lightly n-type under these growth 
conditions. Furthermore, the native defect energetics allows for 
extrinsic doping. We estimate that under equilibrium conditions, 
approximately 1017 cm-3 free electron concentration could be 
achieved provided an effective extrinsic dopant is identified. The 
doping challenges of wide to ultra-wide band gap materials are well 
known and the calculated defect energetics of HfGeO4, MgSiN2, and 
Y2Si2O7 further emphasize the historical trends. To overcome the 
doping limits of wide band gap semiconductors, it may be necessary 
to use non-equilibrium growth techniques.  For example, p-type 
doping of GaN for blue light emitting diodes (LEDs) was achieved by 
non-equilibrium hydrogen passivation.77, 78 For other materials, 
recent studies have shown that non-equilibrium growth techniques 
for thin film fabrication can produce defect concentrations, and 
presumably, carrier concentrations that are orders of magnitude 
larger than expected from thermodynamic equilibrium.79 Resolving 
the doping challenge holds the key to realizing the predicted 
performance of the candidate materials.  

5. Conclusions
Utilizing ab initio methods in conjunction with semi-empirical and 
phenomenological models, we undertook a broad computational 
survey to identify novel semiconducting materials for future power 
electronic devices.  Through this search, we re-discover materials 
such as SiC, GaN and Ga2O3 that are being currently investigated for 
power electronics applications, and reemphasize the promise of a 
few related compounds such as ZnO and BN. More importantly, we 
identify several novel oxides, carbides, and nitrides that are 
promising candidates based on their Baliga FOMs and lattice 
thermal conductivities. Future efforts will have to include first-
principles defect calculations in conjunction with experiments to 
assess the material dopability. Some of the identified candidate 
materials have ternary chemical compositions, which may offer 
additional chemical knobs to tune the material properties 
compared to the well-known binary semiconductors. We hope that 
our computational survey will inspire both deeper investigations 
and broader searches to discover novel power electronic materials.  
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Methods
The computational workflow is schematically presented in Fig. 5. 
The crystal structures from the Inorganic Crystal Structure Database 
(ICSD)80 were relaxed with the generalized gradient approximation 
(GGA) of Perdew-Burke-Ernzerhof (PBE)81 in the projector 
augmented wave (PAW) formalism82 as implemented in the plane-
wave Vienna Ab-initio Simulation Package (VASP).83 A plane-wave 
cut-off energy of 340 eV was used. A suitable on-site correction in 
the form of Hubbard U in the rotationally invariant form84 was 
applied for transition elements, following the methodology in Ref. 
85. The dense k- grid, density functional perturbation theory (DFPT), 
and equation of state calculations were all performed for the 
relaxed structures. 

Calculation of the band degeneracy (Nb), density of states (DOS) 
effective mass (m*

DOS), and band gap (Eg) were all undertaken on a 
dense k-point grid with a fixed number of k-points per atom, as 
determined by the equation N   nkpts = 8000, where N is the 
number of atoms in the primitive cell and nkpts are the number of k-
points. The k-point grid is equivalent to a 141414 k-point grid for 
diamond Si, which is sufficiently dense for determining effective 
masses and band degeneracy. The DOS effective mass was 
determined from the electronic density of states within the 

Fig. 5 Workflow for the calculation of Baliga figure of merit (FOM) and 
lattice thermal conductivity (L). Nb denotes band degeneracy, m*

DOS 
the density of states effective mass, Eg the band gap, and  the carrier 
mobility, max the phonon cutoff frequency at ,  the dielectric 
constant, Eb the critical breakdown field, B the bulk modulus, N the 
number of atoms in the primitive cell, V the primitive cell volume, and d 
the density. SE stands for semi-empirical, DFPT for density functional 
perturbation theory. The Baliga FOM and L are used as screening 
parameters to identify candidate power electronic materials.
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parabolic band approximation16 such that the equivalent parabolic 
band reproduces the same number of states as the computed DOS 
within a 100 meV energy window from the relevant band edges. An 
energy window of 100 meV is chosen in this study because the 
same energy range is used in Ref. 16 to fit the semi-empirical model 
to measured room-temperature carrier mobilities (Eq. 1). To 
provide insights into how the calculated electronic structure 
properties vary with the choice of the energy window, we report 
the DOS and band effective masses and band degeneracies for the 6 
known power electronic materials listed in Table 1 for different 
energy windows (100 meV, 150 meV, 200 meV). The results are 
provided in Table S4 of the supplementary information. Ultimately, 
the band effective mass (m*

b) is the key electronic structure 
parameter that determines carrier mobility (Eq. 1). For the choice of 
different energy windows, we observe relatively small (factor of 2 
or less) changes in m*

b; consequently, the predicted mobilities are 
not expected to change appreciably. 

For the DFPT calculations, the structures were further relaxed 
with stricter energy and force convergence criteria by using larger 
plane-wave cut-off energies (540 eV), and denser k-point grids (N   
nkpts ~ 1000). Bulk modulus (B) was calculated by fitting the Birch-
Murnaghan equation of states [c] to a set of total energies 
computed at different volumes. The number of atoms in the 
primitive cell (N), volume (V), and density (d) were obtained from 
directly computed from the relaxed structure. 

The calculated electronic structure properties (band gaps, 
effective masses) and therefore, the predicted performance of the 
candidate materials may be sensitive to the choice of the 
computational methodology. To further refine our predictions, we 
calculated the electronic structure of 7 n-type candidate materials 
(Table S1) with more accurate many-body GW method. GW 
calculations are performed with VASP using the set of PAW 
pseudopotentials supplied with the VASP. Following the 
methodology in Ref. 86, we use DFT wavefunctions as inputs to the 
GW calculations. The GW eigen-energies are iterated to self-
consistency to remove the dependency of the G0W0 result on the 
initial DFT single-particle energies. The input DFT wavefunctions 
kept constant during the GW calculations, which allows 
interpretation of the GW quasi-particle energies in terms of shifts 
relative to the DFT Kohn-Sham single particle energies. In defect 
calculations, this allows the correction of the underestimated band 
gap by applying individual band edge shifts, as demonstrated in Ref. 
86. For the 7 candidate materials listed in Tables S3, we find that, 
compared to PBE values, the GW-calculated band gaps are 
significantly larger, relevant density-of-states effective masses are 
smaller, and the band degeneracies remain unchanged, except for 
HfSiO4 (increases). Consequently, the calculated critical breakdown 
fields will be larger (Eq. 2) and the carrier mobilities higher (Eq. 1), 
and overall, the Baliga FOM will be even larger for those candidate 
materials. This provides further confidence in the robustness of the 
predicted performance of the candidates. 
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