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First-principles calculations based on density-functional theory have become an established theoretical
characterization toolkit to understand and predict the structural and functional properties of materials.
In this work, we review recent methodological developments and applications of density-functional
theory techniques that relate to the study of ultra-wide-band-gap semiconductors. The topics we cover
are directly relevant to the fabrication and operation of devices, such as the stability, synthesis, and
doping of semiconductors, along with a survey of work relating to their charge and heat transport,
optical properties, and carrier recombination. We further address how high-throughput calculations and
materials-informatics techniques can aid the discovery of new ultra-wide-band-gap semiconducting
materials with targeted functionalities. Our review highlights how density-functional theory
techniques can work in tandem with experiment to advance the state of the art in ultra-wide-band-gap
semiconductor research.
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Figure 1: Crystal structure of the most actively researched UWBG
semiconductors: (a) diamond, (b) cubic BN, (c) f-Ga,05, and (d) AlGaN
alloys.

DX centers that limit the free-electron concentration. Recently,
B-Ga,0; has attracted significant attention for power-electronics
applications, primarily thanks to the feasibility of n-type doping,
the relatively high electron mobility, and the availability of wide-
diameter native substrates. Yet, the lack of p-type doping and its
low intrinsic thermal conductivity pose fundamental limitations
to the design of devices that can be realized based on Ga,0;.

Understanding the atomistic origin of these intrinsic materials
limitations will guide engineering strategies to mitigate them
and will help guide the design of new materials that surpass the
current state of the art.

First-principles calculations based on density-functional
theory (DFT) and related techniques are a predictive set of com-
putational tools that can aid in the theoretical characterization
of the fundamental properties of UWBG semiconductors. These
quantum-mechanical computational methods have been vali-
dated across a wide range of materials systems. They provide
atomistic and electronic insights into the chemical and physical
properties of UWBG materials that complement experimental
characterization and can probe properties that may be inacces-
sible to experimental techniques. Being inherently predictive
in nature, these computational tools are able to move one step
ahead of experiment and guide the discovery and design of new
UWBG semiconductors with targeted properties for device
applications.

In this work, we review first-principles computational
methodologies based on DFT and related techniques that have
been developed in recent years to understand and predict the
structural and functional properties of UWBG semiconductors
(Table 1). We first discuss computational methods that can theo-
retically characterize the synthesis, stability, and dopability of
semiconducting materials. We then analyze methods that aim to
understand their functional properties, such as the efficiency of
charge and heat transport, their electrical behavior under high
electric fields, and the efficiency of light emission. We conclude
with a discussion on how high-throughput calculations and

TABLE 1: First-principles computational methodologies to characterize the properties of UWBG semiconductors, along with a summary of challenges

and opportunities in each area.

Property

Methodology

Challenges and opportunities

Structure, thermodynamic stability, and

synthesis methods

Vibrations and thermal conductivity

equation
Band gap, effective masses, valley energies, and

Total energy calculations, cluster-expansion

Density-functional perturbation theory, frozen-
phonon supercells, Boltzmann transport

Band-structure calculations with many-body

Accuracy, temperature effects, system scale, and
complexity

Anharmonicity, treatment of different conduction
regimes

Temperature effects, alloy disorder, and carrier

band alignments
Defects and doping

Carrier mobility

Polaron formation
High-field transport and breakdown

Optical properties and excitons
Carrier recombination

Materials discovery

perturbation theory and/or hybrid functionals
Total energy with hybrid functionals

Density-functional perturbation theory,
Boltzmann transport equation

Supercell calculations or perturbation theory

Boltzmann transport equation with Monte-
Carlo simulations

Bethe-Salpeter equation

Calculations of Shockley-Read-Hall, radiative,
and Auger recombination rates

High-throughput calculations, materials infor-
matics

localization

Accuracy of shallow dopant ionization energies,
defect-defect interactions

Accuracy of band structure, scattering by defects,
alloy disorder, quantum transport

Accuracy, polaron transport

Non-equilibrium effects, quantum transport,
system complexity

Finite temperature, phonon screening, phonon-
assisted optics

Coulomb corrections at finite temperature and
carrier concentration

Accuracy of high-throughput data, synergy of
techniques
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materials-informatics techniques can be leveraged to predict
new candidate UWBG semiconductors that may surpass the
current state of the art. In all cases, we highlight examples from
the computational literature that demonstrate the successful
applications of first-principles approaches to understand and
predict the properties of UWBG semiconductors, and we dis-

cuss challenges and opportunities to advance the field.

Materials-modeling techniques based on density-functional
theory (DFT) have become an indispensable theoretical char-
acterization toolkit that complements experimental studies, and
they are widely applied to understand and predict the structural,
mechanical, and thermodynamic properties of materials. The
theoretical foundations of DFT have been extensively discussed
in the literature, and we refer the interested reader to recent
overviews for the technical details [4, 5]. The DFT methodology
has been implemented in software such as Quantum ESPRESSO
[6], ABINIT [7], and VASP [8]. With common approximations
to the exchange—-correlation functional, such as the local density
approximation (LDA) [9, 10] or the Perdew-Burke-Ernzerhof
(PBE) parameterization of generalized gradient approximation
(GGA) [11], DFT calculations balance a high degree of predic-
tive accuracy with a reasonable computational cost. The key
quantity obtained from DFT is the total energy of the electrons
and ions, which corresponds to the thermodynamic enthalpy of
the material. In turn, the equilibrium coordinates of the atoms
are calculated by varying the atomic positions until the total
energy and the forces on the atoms are minimized. In the case
of alloys that lack crystal periodicity, the total energy from DFT
is fitted to cluster-expansion models (e.g., with the ATAT code
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[12]) and the configurational entropy is evaluated with statistical
sampling by Monte-Carlo techniques. In recent years, hybrid
exchange-correlation functionals that mix a fraction of exact
exchange such as the range-separated Heyd-Scuseria-Ernzerhof
(HSE) parameterization [13] have been shown to improve the
quantitative agreement with experiment compared to LDA or
GGA, including properties such as the magnitude of the band
gap (see, e.g., the section on the Electronic Band Structure
below).

DFT methods have been widely applied to uncover the
structural, thermodynamic, and kinetic parameters of UWBG
semiconductors. An illustrative example of thermodynamic
calculations is the study of the enthalpy of mixing of Al Ga, N
alloys [2], which identified alloy compositions that favor the
formation of ordered compounds (Fig. 2a). Calculations along
the same theme for (AL, Ga,_,),05 found that low-Al-content
alloys adopt the monoclinic (B) phase and that Al preferentially
substitutes the octahedral Ga sites [3]. Moreover, the calcula-
tions identified that the thermodynamically most stable phase
at the equimolar composition is the ordered AIGaO, compound
(Fig. 2b). DFT calculations can also investigate kinetic processes
in materials and shed light into the growth mechanisms, e.g.,
the work of Lymperakis and Neugebauer found that the diffu-
sion barriers of Ga and N adatoms on non-polar GaN surfaces
are anisotropic, and explain the growth anisotropy for these
surfaces [14]. These results highlight the capabilities of DFT in
understanding the stability and growth mechanisms of UWBG
semiconductors.

The polarization properties of UWBG semiconductors can
also be predictively described with DFT techniques. Materi-
als that lack inversion symmetry can exhibit a finite electric
dipole moment that gives rise to long-range electric fields and

bound charges at their interfaces. These polarization fields are
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Figure2: Examples of thermodynamic calculations with DFT applied to UWBG semiconducting alloys. (a) Mixing enthalpy of AlGaN alloys as a function
of composition (left panel). The calculations identified alloy compositions that give rise to stable ordered structures (right panel). (b) Calculations for
the mixing enthalpy of (Al,Ga),0; alloys identified the stability of the ordered AIGaO; equimolar compound. Panel (a) reprinted with permission from
Ref. [2], Copyright 2019, APS. Panel (b) reprinted with permission from Ref. [3], Copyright 2018, AIP Publishing.
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an alternative way to realize free carriers without doping and
create a two-dimensional electron (2DEG) or hole gas (2DHG)
at, e.g., GaN/AlGaN interfaces. Calculations for the spontaneous
polarization and piezoelectric constants of materials are based
on the theory of King-Smith and Vanderbilt [15], and determine
the polarization from the positions of the ions and the Berry
phase of the valence-band manifold. Such calculations have been
applied to understand the polarization constants of the group-III
nitrides in order to resolve discrepancies in the reported empiri-
cal values [16]. Similar calculations for the polar epsilon phase
of Ga,0; (e-Ga,0;) predicted the formation of a tunable 2DEG
at its interfaces [17]. Further predictions include the formation
of a 2DEG at the interface between GaN and ScN [18], due to
the large polarization difference arising from the different crystal
structures (wurtzite vs. rocksalt) of the two materials. The ability
to assess the polarization of UWBG materials computationally
is particularly important for device design, as it enables multi-
scale simulations of, e.g., carrier confinement in polar nitride
quantum wells [19].

Despite these successful examples, DFT calculations still
face challenges that limit their predictive power. One set of chal-
lenges revolves around the accuracy of DFT methods. Although
the precision and reproducibility of modern DFT methods has
been verified across different software implementations [20],
there are no systematic recipes to improve the accuracy of DET
in comparison to experiment. In that front, functionals that
account for the exact-exchange interaction, or that are con-
structed to satisfy exact constraints such as the Strongly Con-
strained and Appropriately Normed (SCAN) functional [21],
are promising avenues to increase the DFT accuracy. Another
challenge is the computational cost of DFT calculations for large
and/or complex material systems that involve large numbers of
atoms (on the order of several hundreds or more) such as alloys,
surfaces, interfaces, and nanostructures. Advances in numerical
implementations that harness the power of exascale machines
are promising to enable DFT calculations for such computation-

ally demanding problems.

Although atoms in crystalline semiconducting materials adopt,
on average, a periodic structure in space, the instantaneous
position of the atoms deviates from the perfect periodicity both
due to thermal motion at finite temperature as well as due to
zero-point motion by quantum-mechanical effects. These atomic
vibrations (phonons) play an important role in the structural,
thermodynamic, and functional properties of materials at finite
temperature. For example, the Raman and infrared optical spec-
tra, which arise from the interaction of photons with phonons,
can be used to characterize the microstructure of a material

sample, while the entropy due to thermal motion affects the

©The Author(s), under exclusive licence to The Materials Research Society 2021

thermodynamic stability of materials at high temperature. More-
over, the interactions between electrons and the lattice vibra-
tions scatter charge carriers and affect the mobility of materials
(see, e.g., the section on the Low-Field Transport and Carrier
Mobility below). Last but not least, the anharmonic interactions
between phonons in a material pose a fundamental upper bound
to its thermal conductivity, and thus to the efficiency of heat
extraction from devices.

The properties of phonons in crystalline materials are
investigated with density-functional perturbation theory [24],
which can determine the phonon frequencies and atomic dis-
placements for arbitrary phonon wave vectors solely from the
primitive unit cell, including the long-range polar interactions
[25]. Alternatively, the force constants between atoms can be
determined as derivatives of the total energy with appropriately
constructed supercells as in, e.g., Refs. [26] and [27]. Although
the supercell methods can only study phonons with wave vec-
tors commensurate with the size of the supercell, they have the
advantage that can be combined with any functional that can
supply the total energy (e.g., hybrid functionals). Both of these
techniques can be extended to calculate anharmonic (third and
higher order) interatomic force constants in materials, which
are responsible for phonon-phonon scattering processes. The
anharmonic force constants can be combined with the Boltz-
mann transport equation in software such as almaBTE [23] in
order to determine the thermal conductivity of materials. A
perspective on modern atomistic calculations for the thermal
conductivity of ordered and disordered materials is presented
in Ref. [28].

Atomistic phonon calculations have been instrumental in
uncovering the fundamental vibrational properties of UWBG
semiconductors. In recent years, these techniques have uncov-
ered the full phonon dispersion of f-Ga,O; (including the fre-
quencies of the Raman- and infrared-active modes, Fig. 3a), and
shed light into the directional anisotropy of its thermal con-
ductivity and the important role of optical phonons in thermal
transport in this material (Fig. 3b) [22, 23, 29]. Moreover, ther-
mal-transport calculations in the ordered AlGaO; phase find
that the thermal conductivity increases relatively to f-Ga,Os,
primarily due to its reduced number of three-phonon scattering
processes that satisfy energy and momentum conservation [30].
Calculations have also predicted that the thermal conductivity
of c-BN increases by ~ 128% in isotopically pure samples [31]
(subsequently revised to ~ 90% after the inclusion of four-pho-
non scattering [32]) due to the relatively high abundance of the
198 and !'B stable isotopes, a prediction that was subsequently
verified experimentally [32]. These examples demonstrate the
predictive power of DFT in characterizing lattice vibrations and
thermal transport in UWBG materials.

Although modern calculations offer unprecedented
insights into the vibrational and thermal-transport
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Figure3: Examples of calculated vibrational properties of UWBG semiconductors. (a) The phonon dispersion of 3-Ga,0j; identifies the frequencies of
Raman-active and IR-active phonon modes. (b) The room-temperature anisotropic thermal conductivity of B-Ga,0; as a function of film thickness.
Panel (a) reprinted from Ref. [22]. Panel (b) reprinted with permission from Ref. [23], Copyright 2017, Elsevier.

properties, several challenges and opportunities remain. In
addition to the challenges that stem from the accuracy and
scalability of DFT, the treatment of anharmonicities remains
an active research area. Anharmonicities have a strong
effect on the frequencies of the vibrational modes in certain
semiconductors (as in, e.g., PbTe [33]), while higher-order
anharmonic effects (four-phonon scattering and beyond) play
an important role in the thermal conductivity of numerous
materials including diamond [34] and c-BN [32]. Another
area is the treatment of disorder, particularly in alloys such
as AlGaN [35] and in materials with high concentrations of
point defects. A discussion of methods to treat disorder scat-
tering is presented in Ref. [28]. Last but not least, the devel-
opment of new methods that can describe thermal transport
in crystals and in disordered materials in a unified fashion as
in Ref. [36] offers new opportunities for the study of thermal
transport in UWBG semiconductor alloys.

©The Author(s), under exclusive licence to The Materials Research Society 2021

The electronic band structure of a semiconductor is a crucial
material property that determines its functional properties. The
existence of an energy gap between the highest occupied and
the lowest unoccupied electronic states of a material not only
dictates its fundamental electronic nature (metallic vs. semi-
conducting/insulating), but the magnitude of the gap also deter-
mines the strength of its intrinsic breakdown electric field [37].
In addition, the curvature of the bands near the band extrema
controls the effective masses of free electrons and hence the elec-
trical conductivity. Moreover, the existence of higher-energy fea-
tures such as low-energy secondary valleys or inflection points
affects carrier scattering at high fields and gives rise to oscilla-
tory phenomena in device applications.

Despite the successes of density-functional theory in deter-

mining the structural, chemical, and vibrational properties
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of materials, band-structure calculations that employ local
approximations to the exchange-correlation functionals such
as the LDA or the GGA severely underestimate the band gaps of
semiconductors and insulators. The band-gap underestimation
is typically on the order of 50%, but in extreme cases such as
Ge or InN the gap closes entirely and thus DFT predicts them
to be metals [38, 43]. Yet, over the past decades advances in
electronic-structure theory have enabled the development of
new methodologies that allow the determination of the band
gaps of semiconductors and insulators with a typical accuracy
of 0.1-0.2 eV. These include diagrammatic many-body pertur-
bation theory (e.g., the GW method) [44], which applies quasi-
particle corrections to the DFT band structure, or DFT calcu-
lations with hybrid exchange-correlation functionals such as
the Heyd-Scuseria—Ernzerhof (HSE06) expression [13], which
mix part of exact exchange to improve the description of the
exchange-correlation energy. These two methods can also be
combined by using the HSE wave functions and eigenenergies
as a better starting point for GW calculations. An overview of
these methods is presented in Refs. [45] and [46]. These tech-
niques have been successfully applied to determine, e.g., the

band structures of the group-III nitrides, including consistent
sets of band parameterizations (Fig. 4a) [38] and deformation
potentials that account for the effects of strain [47]. The band
gap of InN in particular, which is non-existent in LDA/GGA, is
predicted to be in excellent agreement with the experiment once
hybrid functionals [40] or GW corrections [38] are applied. GW
calculations have also revealed how the crystalline anisotropy
of f-Ga,O; gives rise to a series of relatively flat valence bands
that are close in energy (Fig. 4e), which in turn gives rise to dif-
ferent onsets of optical absorption in optical spectra and thus to
a broad range of experimentally reported band-gap values (see
section on Optical Properties and Excitons below) [39].

The absolute energies of the electronic bands are another
set of important material parameters of semiconductors that
determine their relative band alignment in heterostructures or
at interfaces with metals and oxides. A common approach to
evaluate the absolute band positions is the methodology of Van
de Walle and Martin [48], which leverages the energy differ-
ence between the plane-averaged electrostatic potential of non-
polar slabs to determine the relative band positions between

two materials or with respect to vacuum. Another method is
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Figure 4: Examples of band-structure calculations for UWBG semiconductors. (a) Quasiparticle band structure of AIN. (b) Quasiparticle band structure of
-Ga,05, demonstrating the flat valence and dispersive conduction band. (c) Band alignments of group-Iil nitrides calculated with the HSE functional.
(d) Bowing of the valence and conduction bands of Al,Ga,_,N calculated with HSE. ((e) Temperature dependence of the band gap of c-BN, including
zero-point-motion corrections. Panel (a) reprinted from Ref. [38]. Panel (b) reprinted with permission from Ref. [39], Copyright 2016, AIP Publishing.
Panel (c) reprinted with permission from Ref. [40], Copyright 2011, AIP Publishing. Panel (d) reprinted with permission from Ref. [41], Copyright 2020,
IOP Publishing. Panel (e) reprinted with permission from Ref. [42], Copyright 2015, AIP Publishing.
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based on the universal charge-transition level between the + 1
and - 1 charge states of interstitial hydrogen (see, e.g., section
on Defects and Doping below) [49]. A third method employs
the branch-point energies of the band structure as determined
from the topmost valence and the lowest conduction bands.
Such methods have been applied to determine the band align-
ment and band-gap bowing of AlGaN alloys as a function of
alloy composition (Fig. 4b, ¢) [40, 41, 50].

Most band-structure calculations are performed at zero
temperature, assuming the atoms are at rest in their equilib-
rium crystalline positions. However, real materials operate at
finite temperature, at which lattice vibrations (see section on
Atomic Vibrations and Thermal Conductivity above) affect
their electronic properties. In addition, UWBG semiconduct-
ing materials contain light elements such as C, N, and O, that
give rise to strong zero-point motion effects. Recent theoretical
developments in the study of electron-phonon interactions have
enabled the study of zero-point motion and finite-temperature
effects on the electronic band structure of UWBG semiconduc-
tors, e.g., Giustino et al. calculated the effects of electron-pho-
non interactions on the direct band gap of diamond as a func-
tion of temperature, and found that zero-point motion reduces
the gap by as much as 0.6 eV [51]. Other calculations found
that zero-point motion and finite-temperature effects reduce
the band gaps of several UWBG semiconductors such as AIN,
diamond, and ¢-BN by several hundreds of meVs [27, 42].
These results point to the important role of electron-phonon
coupling corrections on the electronic properties of UWBG
semiconductors.

In spite of recent breakthroughs, several challenges remain
open to enable accurate band-structure calculations in UWBG
semiconductors at room temperature. Although finite-temper-
ature corrections to the band structure by electron-phonon
interactions have now been established, they are far from rou-
tine and have only been performed for a few materials and/or
for specific high-symmetry points of the Brillouin zone. The
development of new methodologies that enable calculations of
the temperature dependence of the entire band structure, such
as the fully anharmonic non-perturbative theory of Zacharias
et al. [52], will help shed light not just on the temperature evolu-
tion of the band gap, but also on the variation of crucial material
parameters such as effective masses, band velocities, and valley
energies at finite temperature. Moreover, the computational cost
of accurate band-structure calculations with hybrid functionals
or many-body perturbation theory makes them prohibitively
expensive for the large supercells needed to accurately capture
long-range alloy disorder. To enable electronic-structure calcula-
tions that capture the effects of carrier localization by compo-
sition fluctuations in alloys, further advances in the seamless
integration of multiscale techniques that combine accurate band

parameters from hybrid DFT or many-body perturbation theory

©The Author(s), under exclusive licence to The Materials Research Society 2021

with the scalability of methods such as k-p or tight binding [53]

are necessary.

A defining feature of semiconductors is the presence of mobile
free carriers provided by the ionization of intentional dopants or
unintentional defects that enable the conduction of electricity.
However, in semiconductors with ultra-wide band gaps, achiev-
ing the desired polarity or level of doping becomes challenging
if not outright impossible. As the UWBG semiconductors have
relatively small lattice constants, there is a limited number of
dopants that can fit into the lattice without inducing too much
strain. Also, as the UWBG semiconductors have a low-lying
valence-band maximum or a high-lying conduction-band
minimum relative to the vacuum level, even the optimal sub-
stitutional dopants may have activation energies significantly
exceeding the thermal energy at room temperature, preventing
their efficient thermal ionization. In addition, charge-compen-
sating native defects or impurities are easier to form and con-
sume the free carriers. For example, dopant ionization energies
of known substitutional dopants in c-BN, AIN, and diamond
range in the order of a few 100 meV (e.g., 0.24 eV for acceptors
in c-BN [57]), which significantly limits their doping efficiency.
Such high ionization energies also occur for Mg acceptors in
GaN, and lead to high concentrations of non-ionized acceptors
that, among other things, cause strong internal absorption loss
in (In)GaN lasers [58]. Yet, many point-defect properties are
challenging to characterize experimentally, since defect-related
phenomena occur at the length scale of individual atoms and
defect concentrations are often dilute (on the order of parts
per million). For that purpose, modern point-defect calcula-
tions have evolved into a powerful theoretical characterization
framework that can predict the formation and ionization energy
of native point defects, intentional dopants, and unintentional
impurities in order to uncover the efficiency of and limitations
to the doping of UWBG semiconductors.

An overview of the modern methodology for point-defect
calculations based on hybrid density-functional theory is pre-
sented in review articles by Van de Walle and co-workers [59].
The methodology evaluates the formation energy of point
defects as total-energy differences between supercells that con-
tain the investigated defects in the targeted charge state and the
pristine semiconductor, as well as the total energies of refer-
ence states and any secondary phases. Additional methodolo-
gies correct the artificial interactions between periodic images
of charged defects [60]. The resulting formation energies deter-
mine the stable defect charge states as a function of growth con-
ditions (e.g., cation-rich or cation-poor growth) and Fermi-level
position (e.g., under n-type or p-type doping), and can identify

charge-transition levels and dopant ionization energies. The
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methodology can also identify potential charge-compensating
defects that compete with the formation of shallow dopants and
potentially pin the Fermi energy far from the band edges. The
solubility of dopants under the experimental growth conditions
can also be obtained from their formation energy via an Arrhe-
nius equation. Finally, the equilibrium Fermi level and free-
carrier concentrations can be evaluated self-consistently using
as input the charged-defect formation energies and the densities
of states of the conduction and valence bands.

Defect calculations have provided valuable insights into
the doping properties of UWBG semiconductors. For example,
calculations for dopants and defects in Al,Ga,_,N alloys shed
light on the efficiency of n-type and p-type doping, as well as
its dependence on alloy composition, e.g., defects that act as
shallow donors in Ga-rich AlGaN such as Si, Ge, and O become
self-compensating DX centers at high Al concentrations. Calcu-
lations have revealed that Si is the most effective among these
three donors in Al-rich AlGaN, as the formation of Si DX cent-
ers pins the Fermi level at a higher energy (up to ~ 150 meV
below the conduction-band minimum of AIN, Fig. 5a) [54].
With regard to p-type doping, substitutional group-II ele-
ments such as Mg and Be have been shown to act as acceptors
in AIN [61]. However, the acceptor ionization energies are high
(~0.8 €V) [62] and they are compensated by N vacancies [63].
Yet, calculations have also revealed that the doping efficiency can
be improved through Fermi-level engineering, either by growing
the material in the presence of UV illumination with photon
energies above the band gap [64, 65] or by the formation of a

metal-semiconductor junction during molecular beam epitaxy
[55]. Both these techniques shift the Fermi level farther from
the valence-band edge, therefore simultaneously decreasing
the acceptor formation energy and increasing the energy cost
for the formation of compensating N vacancies (Fig. 5b). The
efficiency of p-type doping can also be improved by growing
Al-rich AlGaN under N-rich conditions, which also promote
the incorporation of acceptors while reducing the concentra-
tion of N vacancies (Fig. 5¢) [56]. Similar results have also been
obtained for dopants in BN polytypes, in which group-II ele-
ments have also been predicted to be good candidate acceptors
(Fig. 5d) [57).

The success of point-defect calculations in UWBG semi-
conductor research stimulates further methodological develop-
ments to advance the state of the art in the field. For example,
although the accuracy of point-defect formation energies is suf-
ficient to discern the occurrence of specific defects species, it is
not high enough to enable accurate predictions of defect con-
centrations or diffusion coefficients. This is because both of these
quantities are exponentially dependent on the formation energy
and the migration barrier, respectively, and are thus sensitive
to the intrinsic accuracy of DFT calculations. Moreover, accu-
rate calculations for the ionization energies of shallow dopants
require large supercells (on the order of several nanometers
wide) to prevent the overlap of their delocalized wave functions,
which are intractable using hybrid functionals on modern com-
puters. In this respect, a recently developed tandem approach

that combines hybrid DFT with the long-range potential from
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Figure 5: Highlights of predictive calculations for point defects and dopants in UWBG nitrides. (a) DX center formation by substitutional Siin AIN. Si

is the most effective donor in AIN and Al-rich AlGaN alloys. (b, c) The formation energy and concentration of Mg acceptors in AIN and AlGaN, and
thus the efficiency of p-type doping, can be controlled by (b) engineering the Fermi level through, e.g., junction-assisted epitaxy, or (c) growth under
N-rich conditions. (d) Substitutional Be is a relatively shallow acceptor in wurtzite and zincblende BN. Panel (a) reprinted with permission from Ref.
[54], Copyright 2014, APS. Panel (b) reprinted with permission from Ref. [55], Copyright 2019, APS. Panel (c) reprinted with permission from Ref. [56],
Copyright 2020, Wiley. Panel (d) adapted with permission from Ref. [57], Copyright 2017, APS.
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GGA has produced accurate results for shallow donors in sili-
con [66] and can be generalized to study shallow dopants in
UWBG semiconductors as well. On the other hand, the modern
methodology of point-defect calculations focuses on the dilute
defect-concentration limit and neglects defect-defect interac-
tions that modify the defect energetics. Therefore, obtaining
accurate ionization energies as a function of doping concen-
tration is challenging for shallow dopants (for which the long
exponential tails of their delocalized wave functions overlap and
give rise to impurity bands) or for heavily doped materials (in
which neighboring defects interact and modify the band struc-
ture of the host). Therefore, methodological developments for
the systematic treatment of defect-defect interactions provide

a fruitful ground of research opportunities.

The carrier mobility is a crucial parameter to describe low-field
electronic transport in semiconductors, as it determines the
heat generated by Ohmic losses and controls the efficiency of
devices. Calculations of the carrier mobility require an accurate
description of the electronic band structure in combination with
the evaluation of carrier scattering by phonons and impurities.
Historically, these calculations are performed using empirical
models based on, e.g., k-p, tight-binding, and/or deformation
potential theory that fit the key semiconductor parameters (such
as the band gap, valley energies, effective masses, and deforma-
tion potentials) to available experimental data. However, the
range of validity of these band-structure and scattering mod-
els is limited, while calculations that rely on empirical param-
eters cannot provide mobility values that are independent of
experiment or predictive for new materials. These shortcomings
require ab initio methods that can not only predictively calculate
carrier mobilities in a parameter-free way, but also provide a tool
for characterizing the underlying mechanisms that affect this
important material property.

Recent advances in first-principles methods and code
development aim to understand the mechanisms that limit
the carrier mobility in UWBG semiconductors as a function
of chemical composition, temperature, doping, and strain, as
well as to enable the prediction of new materials with improved
transport properties compared to the current state of the art.
To enable predictive calculations of carrier mobilities, accurate
band structures from many-body perturbation theory or hybrid-
functional DFT (see, e.g., section on the Electronic Band Struc-
ture above) are combined with the first-principles evaluations of
the electron-scattering probability rates from phonons, defects,
and alloy disorder to iteratively solve the Boltzmann transport
equation for carriers and determine their steady-state distri-
bution over energy states [71]. A significant numerical chal-

lenge in evaluating the carrier mobility lies in the fact that free

©The Author(s), under exclusive licence to The Materials Research Society 2021

carriers in semiconductors often occupy only a small fraction
of the first Brillouin zone, and their scattering probabilities over
initial and final states need to be evaluated on fine sampling
meshes. Although performing a single electron-phonon scatter-
ing calculation for the matrix element between a specific pair of
initial and final states is routine, performing the brute-force sum
over all possible combinations of initial and final states becomes
numerically intractable even on the largest available supercom-
puters. A recent development that has drastically accelerated
calculations of materials properties mediated by electron-pho-
non coupling is the efficient interpolation of the band structure,
phonon energies, and, most importantly, the electron-phonon
coupling matrix elements using maximally localized Wannier
functions [72] that has been implemented to iteratively solve
the Boltzmann transport equation in codes such as EPW (73]
and PERTURBO [74], among others. This method even ena-
bles the interpolation of non-analytical contributions such as the
Frohlich [25] and quadrupole [75, 76] corrections. We direct the
reader to Ref. [77] for an in-depth review of the phonon-limited
mobility and conductivity calculations in bulk and 2D semicon-
ductors. In parallel, computational methods based on supercells
have been developed in order to quantify scattering by defects
[78, 79] and alloy composition fluctuations [80], and to evaluate
the carrier mobility in disordered materials.

These developments in first-principles calculations have
enabled numerous computational studies that elucidate and
predict the transport properties of UWBG semiconductors. In
one example, Poncé et al. evaluated the phonon-limited carrier
mobilities in GaN (Fig. 6a) [67, 81]. They demonstrated that
by reversing the sign of the crystal-field splitting of the valence
bands via bi-axial strain, the hole mobility increases by up to
230% due to the reduction of the density of final states available
for hole scattering. In the case of B-Ga,O;, theoretical calcula-
tions reproduce the experimentally measured material proper-
ties and provide additional insights into the factors that limit the
carrier mobility. In contrast to zincblende or wurtzite semicon-
ductors, calculations show that the low-frequency polar-optical
phonon modes induced by the low-symmetry of the $-Ga,0,
structure are thermally active at room temperature and have
a strong effect on suppressing its electron mobility (Fig. 6b)
[22, 68, 82, 83]. Further expanding the first-principles toolbox,
Pant et al. developed a computational method to determine the
electron-scattering rates due to alloy disorder by unfolding the
DFT band structure from the alloy supercell to the primitive
cell [69]. They evaluated the alloy-scattering-limited mobility
of Al Ga,_.N alloys across the entire composition range, and
found that even the lowest value of 186 cm?/Vs is comparable
to the highest mobility expected in the related (AL, Ga,_,),0,
system (Fig. 6¢). In another example, by evaluating contribu-
tions to carrier scattering by phonons, ionized impurities, and

neutral defects in diamond and c-BN, Sanders and Kioupakis
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(c) reprinted with permission from Ref. [69], Copyright 2020, AIP Publishing. Panel (d) reprinted with permission from Ref. [70], Copyright 2021, AIP

Publishing.

demonstrated that neutral defects are an important source of
carrier scattering in these UWBG materials [70]. This is because
the high ionization energy of donors and acceptors in c-BN and
diamond require high dopant concentrations to realize sizable
conductivities, and as a byproduct they introduce high concen-
trations of non-ionized impurities that act as carrier scatterers
(Fig. 6d). This array of results highlights the breadth of insights
that first-principles calculations can provide into the transport
properties of UWBG materials.

While first-principles mobility calculations have demon-
strated numerous successes, there are still many challenges to
overcome and opportunities for further development. One chal-
lenge is improving the accuracy of the predicted mobility values,
as they are sensitive to the calculated DFT material parameters
such as the carrier effective masses. In practice, phonon-limited
mobility values can vary widely even for materials as simple
as silicon, depending on the DFT approximations used [73],

and require a number of higher-order physically motivated

©The Author(s), under exclusive licence to The Materials Research Society 2021

corrections to the DFT properties (e.g., quasiparticle correc-
tions, spin-orbit coupling, corrections to the screening, and
electron phonon renormalization) to reach predictive accuracy.
With regard to defect-limited mobility calculations, emerging
challenges are the inclusion of long-range Coulomb scattering
by defects [79] and the treatment of inelastic scattering, e.g.,
charge trapping effects [84]. Moreover, DFT calculations of
alloy disorder require an accurate description of local atomic
ordering as in, e.g., (AL, Ga,_,),05, and need to be performed for
large supercells in order to capture long-range carrier scatter-
ing and localization. While analytical models can be fit to DFT
data to describe intra-band carrier scattering [69], extensions are
needed to describe multiband scattering and transport. Moreo-
ver, the transport of localized carriers in alloys needs a descrip-
tion of the electronic states and electron—phonon interactions
in disordered systems to describe hopping between localiza-
tion sites [85]. The scale of DFT calculations can be extended
to describe alloys by combining with model Hamiltonians such
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as, e.g., atomistic tight binding [53] at the cost of limiting the
predictive accuracy. Finally, further development in the unified
description of semiclassical and quantum transport is needed to
describe transport in nanoscale devices, in which ballistic effects

become important [86].

Polarons

A challenge with the electronic conduction properties of
certain UWBG materials is that carriers tend to form self-
trapped polarons. The formation of a polaron stems from the
electron-phonon interaction primarily in polar materials and
results in the spatial localization of the carrier wave functions
that is accompanied by a localized distortion of the crystal lattice
(Fig. 7a). Polarons tend to bind more strongly in highly polar
materials (as quantified by a large difference between the static
and the high-frequency dielectric constants) and in materials

with heavy carrier effective masses (since the spatial localization

KS eigenstate densiy (arb. u.) £

6 -4 =2 0 2 4 6
Distance to polaron center A)

of a heavier carrier results in a lower kinetic-energy penalty).
These conditions are more likely to be met in materials with
ultra-wide band gaps, as the carrier effective masses increase
with the increase in band gap and because a larger electronega-
tivity difference between the constituent elements results both in
a stronger bond polarity and in a wider band gap. Also, polaron
formation is more likely to occur for holes as they tend to have
heavier effective masses than electrons in ultra-wide gap materi-
als. In the weak-coupling regime (large Frohlich polarons), the
motion of polarons resembles that of free carriers, albeit with an
increased effective mass. In the strong-coupling regime (small
Holstein polarons), the carriers are localized at the atomic scale
and transport by thermally activated hopping between localized
sites. In both cases, polaron formation is detrimental to the car-
rier mobility compared to free carriers.

The theory of polarons and computational approaches to
polaron properties were recently reviewed by Franchini and
co-workers [87]. In the most direct computational approach,

>
&

L

Figure 7: Highlights of polaron calculations in UWBG materials. (a) Schematic view of the formation of a self-trapped electron polaron. (b) A self-
trapped hole polaron in $-Ga,0s. (c) Hole polarons in MgO. (d) A large polaron in LiF calculated without supercells. Panel (a) reprinted with permission
from Ref. [87], Copyright 2021, Springer Nature. Panel (b) reprinted with permission from Ref. [88], Copyright 2012, APS. Panel (c) reprinted from Ref.

[89]. Panel (d) reprinted with permission from Ref. [90], Copyright 2019, APS.
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polarons are studied by adding an extra carrier (electron or
hole) into a DFT simulation supercell and allowing the atoms
to relax in the presence of the extra carrier [89]. The resulting
atomic distortions create an attractive potential that localized
the extra carrier. The supercell approach works best for strongly
localized polarons, such that the polaron radius is smaller than
the size of the supercell (i.e., on the order of 1 nm) to avoid
artificial polaron-polaron interactions arising from the perio-
dicity of the supercell. Moreover, these calculations are usually
performed with hybrid functionals in order to obtain a more
accurate description of exchange and correlation effects. Such
calculations have been applied to uncover the strongly localized
nature of hole polarons in UWBG oxides such as $-Ga,O; [88,
91] (Fig. 7b) and MgO [89] (Fig. 7c). Large polarons, on the
other hand, are computationally more challenging to capture
with the supercell approach, as artificial interactions between
periodic images affect the polaron energies and wave functions.
In these situations, a computationally efficient approach relies on
expanding the localized carrier wave functions and accompany-
ing lattice distortions onto the basis of the pristine crystal Bloch
functions and phonons, respectively [90, 92]. By iteratively solv-
ing the polaron equations, one can derive the polaron energies
and wave functions without the use of supercells (Fig. 7d).
Despite the successes mentioned above, the quantitative
description of polarons from first principles is a recent devel-
opment, and several challenges remain open. Calculations so
far have focused primarily on the formation and stability of
polarons, while their transport properties remain less explored.
Further advances that simultaneously describe both the hopping
of bound polarons and the diffusive transport of thermally dis-
sociated free carriers would be necessary to describe transport

in materials that host polarons.

The main advantage of ultra-wide-band-gap semiconductors
for electronic devices is that their higher breakdown electric
fields allow them to operate at much higher applied electric
fields than their narrower-gap counterparts. At such high fields,
the carrier drift velocity is not proportional to the applied field,
and electronic transport is better described by the non-linear
velocity—field curves. Moreover, the steady-state distribution of
carriers under high fields deviates far from equilibrium, and
carriers are accelerated to energies that can reach the order of
eV. At these high energies, the bands show strong deviations
from simple models such as the parabolic-band approxima-
tion or k-p parameterizations. It is thus vital to calculate band
structures that accurately describe the energy dispersion of these
highly excited carriers. Moreover, if the energies of these carriers
with respect to the band minimum exceeds the band gap, they

©The Author(s), under exclusive licence to The Materials Research Society 2021

can initiate impact-ionization processes that lead to avalanche
breakdown and the failure of the device. It is thus crucial for
device design to understand the atomistic origin of the funda-
mental limitations to high-field carrier transport in ultra-wide-
band-gap semiconductors.

A quantitative description of high-field transport requires an
accurate description of the electronic band structure for ener-
gies up to several electron-volts away the band extrema. Such
states have wave vectors that may span the entire width of the
Brillouin zone and may involve multiple electronic bands. To
describe these states, the band structure can evaluated accurately
with many-body perturbation theory and/or hybrid functionals,
and subsequently interpolated throughout the Brillouin zone
with the maximally localized Wannier function method [95].
The matrix elements for carrier scattering by phonons can be
evaluated with density-functional perturbation theory and also
interpolated using Wannier functions (e.g., with the EPW code
[96]). Such calculations have been applied to uncover the veloc-
ity—field curves and carrier distributions in ultra-wide-band-gap
semiconductors such as AlGaN [93] (Fig. 8a) and f-Ga, 0, [94]
(Fig. 8b). Impact ionization can be studied by combining the
band structure with the Coulomb-scattering matrix elements.
Kotani and van Schilfgaarde evaluated the impact-ionization
rate using the imaginary part of the GW self energy for a series
of semiconductors that includes GaN [97], while Ghosh and
Singisetti performed a full-band Monte-Carlo simulation to
investigate impact ionization in f-Ga,O; [98]. The breakdown
electric field can also be determined from first principles by
comparing the rate of energy gain from the electric field to that
of energy loss to the phonons [99], a technique that has been
applied to determine the breakdown electric field of p-Ga,O;
as a function of temperature (Fig. 8¢) [83]

First-principles calculations of high-field transport are at
their early stages, and further methodological advances are
necessary in order to enable accurate materials characteriza-
tion and device design, e.g., carrier transport under high electric
fields gives rise to out-of-equilibrium dynamics of carriers and
phonons, and requires the simultaneous description of ultrafast
hot-electron and hot-phonon effects as in Ref. [100]. Moreover,
ballistic-transport phenomena may become relevant in nanom-
eter-thin devices, and further methodological developments
that account for quantum-transport effects may be necessary to

describe device behavior at such short length scales.

The response of UWBG semiconductors to optical excitation
provides valuable characterization insights into their material
properties and facilitates the design of their optoelectronic
devices. Recent developments in both theoretical methodologies

and computational frameworks have enabled the accurate and
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detailed investigation of the optical and excitonic properties of
UWBG materials. A review of predictive frameworks based on
DFT and many-body perturbation theory to calculate the optical
properties of materials is presented in Ref. [101]. Optical calcu-
lations start with the quasiparticle band structure and employ
Fermi’s golden rule to evaluate the complex dielectric function,
accounting for all possible optical transitions between occupied
and empty electronic states. Due to the Coulomb interaction
between photoexcited electrons and the generated holes in the
valence band, accurate simulations of optical properties need to
account for the modification of the optical transition energies
and probabilities due to the formation of excitons, i.e., bound
electron-hole states, within the framework of the Bethe-Sal-
peter equation (BSE) formalism [102]. Continuous improve-
ments in linear-algebra packages and numerical algorithms have
resulted in the development of highly efficient parallel codes
such as BerkeleyGW [44], Yambo [103], and Jena-BSE/ChASE
[104], that enable optical/excitonic calculations for simulation
cells containing hundreds of atoms.

First-principles computational methods have provided
insightful connections between the optical properties of UWBG
materials and their underlying atomic and electronic structure.

Calculations for the near-edge optical absorption spectrum of

©The Author(s), under exclusive licence to The Materials Research Society 2021

B-Ga,0; demonstrated that its absorption onset is direction-
ally anisotropic and dependent on the relative orientation of
the optical polarization with respect to the crystal axes, which
explains the origin behind the relatively broad range of experi-
mentally reported band-gap values measured by optical tech-
niques (Fig. 9a) [39]. In addition, calculations for the optical
spectra of In,O; and Ga,O; found that excitonic corrections are
necessary to obtain good agreement with experimental meas-
urements (Fig. 9b) [105]. Moreover, optical calculations for
metastable ZnO phases demonstrate that the measured optical
spectra can be applied as a materials characterization tool to
identify the underlying structural polytype in thin-film samples
[109]. These examples demonstrate that accurate calculations
of the optical properties of UWBG semiconductors provide a
valuable theoretical characterization tool and can predict the
optical response of candidate materials for device applications.

Many-body calculations with the BSE method are applied
not only to study optical spectra, but also to understand the
exciton properties of materials that are important in carrier
recombination (see section on Radiative and Non-Radiative
Recombination below). The exciton binding energy in most
bulk semiconductors is low (e.g., on the order of 10 meV for
the III-V family), which implies that excitons are thermally
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dissociated around room temperature. However, exciton bind-
ing tends to amplify with increasing band gap into the UWBG
regime, and becomes particularly strong in quantum-confined
heterostructures in which Coulomb effects are enhanced by the
reduced dimensionality. For example, excitonic calculations in
atomically thin GaN quantum wells embedded in Al(Ga)N bar-
riers demonstrated that the strong quantum confinement effect
results in a large enhancement of the exciton binding energy up
to 216 meV, resulting in excitonic emission at room temperature
that may increase the internal quantum efficiency (Fig. 9¢) [106,
110, 111]. Excitonic effects are also strong in hexagonal boron
nitride (h-BN), with a binding energy of ~700 meV [112, 113],
which also demonstrates enhanced electron-hole interactions
due to its layered crystal structure.

Despite these successes, several methodological challenges
remain that limit our predictive understanding of the optical
properties of UWBG materials. For realistic room-tempera-
ture applications it is important to consider the effect of phon-
ons on the optical and excitonic properties of semiconductors
[114]. This is especially true for indirect-gap materials, in which
momentum transfer from phonons to electrons enables optical
transitions across the fundamental indirect gap. Such higher-

order processes are computationally demanding to evaluate,

©The Author(s), under exclusive licence to The Materials Research Society 2021

but novel first-principles approaches for the study of phonon-
mediated optical phenomena have emerged in recent years, e.g.,
the phonon-assisted optical absorption spectrum of indirect-
gap semiconductors can be calculated with methods based on
second-order perturbation theory [115] or finite displacements
of the atoms derived from eigenvalues and eigenmodes of the
dynamical matrix (Fig. 9d) [116, 117]. In the reverse process,
phonon-assisted transitions enable luminescence in indirect-
gap materials, and calculations have been applied to study the
phonon-assisted luminescence of excitons in h-BN based on finite
differences [118, 119] or density-functional perturbation theory,
finding excellent agreement with the experimental spectra. Phon-
ons also contribute to the screening of the electron-hole Coulomb
interactions [120], and the study of such effects from first princi-
ples is still in its early stages. Simple models have been employed
to take into account lattice-screening effects on excitons [108,
121] and found good agreement with the experiment (Fig. 9e).
Further work along the lines of a recent study on exciton-pho-
non interactions in 2D materials from first principles [122] will
help elucidate the role of phonons on the excitonic properties of
UWBG semiconductors. In addition, excitonic corrections can

have a giant effect on the non-linear optical response [123] and
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need to be considered to understand non-linear electron-photon
interactions in UWBG materials.

Carrier recombination in semiconductors occurs when excited
electrons and holes introduced into the active region annihi-
late with each other and release their excess energy as heat or
light. This recombination can be desirable, e.g., in optoelectronic
devices where it is necessary for light emission, or undesira-
ble, e.g., in solar cells and transistors where it is a pathway for
energy loss. Understanding and predicting the recombination
rates from first principles is important in uncovering the micro-
scopic origins of energy loss in ultra-wide-band-gap semicon-
ductor devices, especially since non-radiative processes do not
generate a signal and are thus difficult to study experimentally.
Calculations of recombination rates in wide-band-gap InGaN
materials have provided fruitful insights in the efficiency of vis-
ible optoelectronic devices, and can play an important role in
identifying the source of the low efficiency of ultra-wide-band-
gap UV LEDs.

In the non-radiative Shockley-Read-Hall (SRH) process,
an electron (hole) is captured by a defect level located within
the band gap, followed by the subsequent capture of a hole
(electron) by the same defect. The carrier capture is mediated
by multi-phonon emission which ensures energy conservation
before and after the electronic transition. Calculations of cap-
ture coeflicients from first principles were performed by Shi

and Wang using the adiabatic-coupling theory for the Zng,Vy

complex in GaN [127]. Later, Alkauskas et al. developed a meth-
odology based on the static-coupling theory, which uses the
wave function for a carefully chosen atomic geometry as the
starting point for perturbation theory, that has been applied to
identify a variety of candidate defects in the nitrides that act as
efficient SRH centers [128-131]. Finally, Barmparis et al. have
developed a first-principles formalism to treat inelastic scat-
tering and carrier capture by defects, which they subsequently
applied to calculate the capture cross section of a hydrogenated
vacancy complex in Si [84]. Figure 10a shows an example of
such a calculation for a gallium-vacancy complex with oxygen
in GaN. The SRH recombination rate depends exponentially on
the charge-transition level of the defect with respect to the band
edges. Despite the improved accuracy of GW and HSE calcula-
tions, it remains useful to present the total recombination rate
as a function of the adjusted band gap to account for possible
deviations from experiment that sensitively affect the SRH coef-
ficient. Moreover, rigidly shifting the band gap by a constant
value to match experiment is a computationally efficient method
to simulate SRH recombination in alloys, as such calculations
are computationally demanding in alloy supercells.

In the radiative process, an electron and a hole recombine
via the spontaneous emission of a photon. The simplest way
of calculating the recombination rate is by Fermi’s golden rule,
treating the electromagnetic field semi-classically and evaluating
the dipole transition matrix elements using the single-particle
DFT wave functions. This has been performed successfully by
Kioupakis et al. to calculate the radiative recombination coef-
ficient as a function of temperature and carrier density for bulk
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Figure 10: First-principles calculations of carrier recombination coefficients in the nitrides. (a) Total capture coefficient (left) and Shockley—-Read-Hall
recombination coefficient (for a defect density of 10'® cm™3) of a gallium-vacancy complex with oxygen in InGaN as a function of the band gap. (b)
The radiative coefficient as a function of carrier density for GaN (top) and InGaN (bottom). (c) The Auger recombination coefficient of InGaN for the
electron-electron-hole (top) and hole-hole-electron (bottom) processes. Panel (a) reprinted with permission from Ref. [124], Copyright 2016, APS.
Panel (b) reprinted from Ref. [125]. Panel (c) reprinted with permission from Ref. [126], Copyright 2015, APS.
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(In)GaN in good agreement with experiment (Fig. 10b) [125].
This methodology can be further extended to phonon-assisted
optical transitions, which is required to explain the lumines-
cence characteristics of indirect-gap semiconductors (see sec-
tion on Optical Properties and Excitons above). A drawback
of this approach is that it ignores electron-hole correlations,
which may increase the recombination rate [132]. Recently
developed approaches that treat the Coulomb effects based on
the Bethe-Salpeter equation (see section on Optical Properties
and Excitons above) and account for exciton dissociation are in
good agreement with the low-temperature experimental radia-
tive lifetimes [133].

In the Auger process, an electron and hole recombine while
transferring their excess energy to another electron or hole via
the Coulomb interaction. Auger rates are also calculated via
Fermi’s golden rule in combination with DFT energies and wave
functions [126, 132, 134]. Additional scattering mechanisms due
to alloy disorder or phonons are accounted for with supercell
or density-functional perturbation theory, respectively. First-
principles calculations have been instrumental in identifying
Auger recombination as the source of efficiency drop in InGaN-
based LEDs. Although conventional wisdom suggests that Auger
recombination is only important for narrow-gap materials, pre-
dictive calculations by Kioupakis et al. identified indirect Auger
recombination, assisted by phonons and alloy disorder, as being
dominant in the wide-band-gap InGaN system (Fig. 10c) [126,
132]. Similar to the SRH rate, the Auger rate depends sensitively
on the magnitude of the band gap. As such, band-structure cal-
culations based on many-body perturbation theory have been
successfully applied to calculate the Auger rates in, e.g., bulk
InN and Nal [135, 136].

Current challenges associated with recombination-rate cal-
culations with DFT relate to the system size/complexity and to
the inclusion of many-body effects. Since DFT can typically han-
dle supercells up to the order of 100-1000 atoms, most studies
have focused on bulk materials. However, carrier confinement
in quantum-well heterostructures and carrier localization by
composition fluctuations in alloys enables recombination pro-
cesses that are symmetry-forbidden in the bulk [19, 137]. These
calculations of alloys and heterostructures require supercells
with > 10,000 atoms [53]. Such calculations, which rely on semi-
empirical techniques such as empirical tight binding, empirical
pseudopotential, or modified k - p methods, have been used to
study radiative and Auger recombination in disordered systems
and in quantum wells [19, 138, 139]. Developments in real-space
DFT methods, which can handle systems with ~ 100,000 elec-
trons, could make it possible to predictively calculate recom-
bination rates in large simulation cells, thereby resolving the
open questions regarding the effects of heterostructure confine-
ment and localization [140]. Another challenge is the system-
atic inclusion of many-body effects. Excitonic effects have been

©The Author(s), under exclusive licence to The Materials Research Society 2021

considered for the case of radiative recombination [106, 133],
but their effect on SRH or Auger recombination rates remain
less explored from first principles. Calculations of Auger rates
with excitonic and biexcitonic corrections have been realized
by, e.g., Philbin and Rabani based on the empirical pseudopo-
tential method [141]. The inclusion of such higher-order bound
states is necessary to understand carrier recombination in novel
ultra-wide-band-gap nitride light emitters such as atomically
thin GaN [106, 110, 111].

In addition to theoretically characterizing the properties of
known UWBG compounds, the inherently predictive nature
of DFT calculations enables them to computationally discover
new promising UWBG semiconducting materials and guide
experimental studies. For example, numerous members of the
II-1V nitride family of compounds (e.g., ZnGeN,) are being
investigated as alternatives to the group-III nitrides for UWBG
semiconducting applications. DFT and related techniques have
been applied to understand the electronic structure and defect
properties of II-IV nitrides, including the effects of composi-
tional disorder of the cation sublattice on the band gap [142].
Computational studies based on DFT have also uncovered
semiconducting properties in previously unexplored materials
such as the prediction of shallow donors in LiGaO, [143], the
possibility of p-type doping in metastable rocksalt ZnO [144],
and the formation of 2DEGs in the epsilon phase of Ga,0;
[17]. DFT calculations also revealed that the rutile phase of
GeO, is an UWBG semiconductor that overcomes several of
the limitations of f-Ga,O; due to its predicted ambipolar dop-
ability, higher carrier mobilities, and higher thermal conduc-
tivity [145]. These examples demonstrate how DFT studies can
be applied before experimental techniques to assess the fea-
sibility of materials for UWBG semiconducting applications.
Moreover, a distinct advantage of computational tech-
niques is that they can be deployed at scale by leveraging high-
throughput calculations and materials-informatics techniques.
DFT materials data have been calculated for tens of thousands
of materials and made openly accessible in materials-genome
databases such as the Materials Project [146], which can be
mined to identify as-yet unexplored UWBG semiconductors.
Such techniques have been applied to, e.g., discover new ther-
moelectric and transparent conducting materials among the
entire materials genome [147]. In addition, materials databases
have been combined with analytical models for carrier trans-
port and breakdown to identify candidate materials with a high
Baliga figure of merit for power electronics [148]. Similar tech-

niques could be applied to predict new UWBG semiconductors
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for targeted applications such as ambipolar dopability or efficient
deep-UV light emissions.

Yet, despite these successes several open challenges still
remain with theoretical materials discovery. Although targeted
studies tend to focus on a limited set of materials features (e.g.,
the dopability or the carrier mobility), the feasibility of a mate-
rial in semiconductor device applications also needs to consider
the challenges with its growth in high-quality thin-film form,
such as the availability of substrates, the competition with other
unfavorable crystalline or amorphous phases, and the occur-
rence of unintentional defects that may hinder the conductivity.
For high-throughput and materials-informatics studies, a set of
challenges revolves around the accuracy of available database
parameters, as they are most often obtained with less accurate
DFT functionals such as PBE. This is particularly important
for band gaps, which are severely underestimated by PBE, and
for carrier effective masses, since they are critical in determin-
ing the material dopability and carrier transport. In that area,
the recent availability of accurate band-gap data obtained with
hybrid functionals [149], and the development of techniques
to determine accurate carrier scattering rates at scale [150] are
promising new avenues that will enable the efficient discovery
of new candidate UWBG semiconductors.

In summary, we present a survey of computational techniques
based on DFT that aim to predict and understand the properties
of UWBG semiconductors. We highlight key results from the
literature that successfully addressed open questions in UWBG
semiconductor research, and we identify open questions for
method development to further advance the field. Our review
illustrates how DFT techniques have evolved into an indispen-
sable materials characterization tool that can support, comple-
ment, and guide experimental studies with the goal to improve
the performance of devices and to discover new materials that

surpass the current state of the art.
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