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ABSTRACT

Ultrawide bandgap semiconductors (UWBGs) provide great promise for optical devices operating in the near to deep ultraviolet, and recently
they have become a viable semiconducting material for high power electronics. From the power grid to electronic vehicles, the intention is to
replace massively awkward components with the convenience of a solid state electronic “chip.” Unfortunately, the challenges faced by wide
bandgap electronic materials, such as GaN and SiC, increase as the bandgap increases. A point defect, for example, can take on more charge
states and energy configurations. This perspective describes a method to investigate the many charge states and their associated transitions—
photo-induced electron paramagnetic resonance (photo-EPR) spectroscopy. Although not new to the study of defects in semiconductors,
photo-EPR studies can probe the entire ultrawide bandgap given the appropriate light source for excitation. Examples provided here cover
specific defects in UWBGs, AlN, and Ga2O3. The discussion also reminds us how the rapid pace of discovery surrounding this newest class of
semiconductors is due, in part, to fundamental research studies of the past, some as far back as a century ago and some based on very differ-
ent materials systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0189934

INTRODUCTION TO THE MATERIALS AND POINT
DEFECTS

Ultrawide bandgap semiconductors (UWBGs) comprise a rela-
tively new class of materials designed to address the growing need for
device-level solutions to high power electronics and ultraviolet (UV)
emission and detection. With a bandgap exceeding 5 eV, diamond, gal-
lium oxide (Ga2O3), aluminum nitride (AlN), and cubic boron nitride
(c-BN) are among the most heavily studied materials of this class.
Because of the overwhelming maturity of diamond and the limited
advancement of cBN films to date, we leave the significant progress
made in the diamond devices and the challenges of c-BN growth to a
brief mention at the end. Rather, this perspective focuses on Ga2O3

and AlN. Specifically, we describe optical transitions of specific point
defects in these materials using photo-induced electron paramagnetic
resonance (photo-EPR). While certainly not a benchtop technique,
which generates tables of defect configurations and ionization energies,
photo-EPR provides a unique approach to optical absorption by

monitoring transitions of identifiable defect structures. After a brief
description of the materials, this perspective discusses the advantages
and challenges of UWBGs and then illustrates the utility of photo-EPR
for selected defects in Ga2O3 and AlN. In addition to a review of the
technique and materials, we remind the reader how fundamental
research over the past 100 years has enabled and accelerated the
UWBG studies and will likely continue to do so for many different
materials in the foreseeable future.

The players

b-Ga2O3

Considering the 75þ years of semiconductor history,
b-Ga2O3with a bandgap of �4.8 eV is a relative newcomer. Flooding
the literature about 25 years ago, b-Ga2O3 offers controlled n-type con-
duction and a high breakdown field.1,2 These properties combined
with the ability to grow reasonably pure mm-thick material to serve as
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a substrate for homoepitaxial growth have justified an enormous
amount of research.3 The material may be grown in five different crys-
tal structures, but the monoclinic b phase offers one of the highest
bandgaps and is the most thermodynamically stable. Throughout the
discussion below, the term Ga2O3 will be used exclusively to indicate
the b-phase shown in Fig. 1, and most often will refer to crystals grown
by the Czochralski (Cz) method.3 The low symmetry structure offers a
rich environment for defect studies. To date, magnetic resonance has
identified gallium vacancy centers, along with at least eleven different
impurities, the most technologically relevant being Fe.4,5 In addition,
an EPR spectrum characteristic of a neutral donor was identified in
Sn-doped and unintentionally doped crystals and is now commonly
associated with the Sn or Si dopant.6 Perhaps the most consequential
EPR observation was that of self-trapped hole (STH).7 The experimen-
tal observation of the STH indicates that, as predicted, holes prefer to
locate on an oxygen rather than remain in the valence band.8 Clearly,
self-trapping of holes implies that p-type conductivity will require an
“out-the-box” approach. Nevertheless, prototype devices based on
Schottky barrier diodes and field effect transistor structures have been
demonstrated.2

Hexagonal AlN

The hexagonal crystal structure is shown in Fig. 1(b), where the
aluminum is shown as the larger blue circles and the nitrogen as
smaller yellow circles. Commonly grown by either physical vapor
transport (PVT) or hydride vapor phase epitaxy (HVPE), AlN is a part
of the nitride family long recognized for its direct bandgap and conse-
quent emission efficiency in the visible and ultraviolet (UV).9

Presently, all ranges of the UV spectrum, UV-A, UV-B, and UV-C,
may be addressed by AlN wafers, with some limitations. These limita-
tions generally manifest themselves as unwanted absorption in the visi-
ble and ultraviolet region of the electromagnetic spectrum due to point
defects. For example, as seen in Fig. 2, the transmission is severely
compromised as evidenced by the near two-order of magnitude
decrease approaching 5 eV. In this particular example, the feature in
the spectrum at 2.9 eV has been attributed to various transitions
involving the nitrogen and aluminum vacancies.10,11 Absorption at 4.7
and above 5 eV are sometimes associated with C and VN, respec-
tively,12,13 while others attribute an absorption peak near 4 eV to an

ON-VAl complex.14,15 However, none of these assignments are univer-
sally accepted, and there is little confirmation by traditional defect
identifying techniques such as magnetic resonance or positron annihi-
lation spectroscopy. Magnetic resonance studies include the optically
detected magnetic resonance (ODMR) measurements of Mason et al.,
as well as EPR identification of the neutral nitrogen vacancy in electron
irradiated AlN and the ON-VAl complex seen in AlN ceramics.16–18 Of
these, the D5 center, originally seen by ODMR, appears to be the most
prevalent and is thought to be an isolated oxygen donor, ON. VAl and
VAl-O complexes have also been identified with positron annihilation
spectroscopy.15 Defect identification and crystal purity are essential if
AlN is to move beyond an optical material into the world of high
power electronics.19 Recent advances in doping this UWBG semicon-
ductor create a promising future in both optoelectronic and high
power devices.20

Whether promoting AlN, Ga2O3, or any UWBG semiconductor,
eliminating the undesired absorption and minimizing the types of trap-
ping/compensating centers are the practical aim of all programs.
However, it will be argued here that understanding the source of the
absorption or trapping is necessary to achieve these goals. Understanding
provides direction for optimizing growth methods and device design, as
well as accelerating potential development of future materials.

FIG. 1. (a) Monoclinic crystal structure of
bGa2O3. Ga1 (light green) is tetrahedrally
coordinated and Ga2 (dark green) is octa-
hedrally coordinated with O-atoms. O1
(light blue) is bonded to two Ga2 and one
Ga1, O2 (brown) to two Ga1 and one Ga2,
and O3 (pink) to three Ga2 and one Ga1.
(b) Hexagonal structure of AlN. Each Al
(blue) is bonded to four N (yellow) and
each N, four Al in a distorted tetrahedra.

FIG. 2. Transmittance measured on a 0.5 mm thick amber-colored AlN crystal.
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THE FUNDAMENTAL STUDIES OF POINT DEFECTS
IN UWBGs

To appreciate the fundamental role and, eventually, the practical
role of point defects in electronic or optical materials, one must be
introduced to the concept of the defect level or thermodynamic transi-
tion level (TTL). Researchers have developed this concept to visualize
excitation of electrons or holes from the defect to the band edges and
to assist with the understanding of carrier trapping in devices. The two
diagrams presented in Fig. 3 illustrate this important concept: (a) for
transitions that occur thermally and (b) for those that occur during
illumination. In Fig. 3(a), the dashed horizontal line labeled X�/0 rep-
resents the defect level and may be thought of as the energy required
to remove an electron from defect X in its ground state and place it in
the conduction band (X� ¼> X0 þ ec) while allowing the lattice to
arrive at a new thermodynamic equilibrium configuration. In this pic-
ture, the defect is in the vibrational ground state before and after the
transition. For semiconductors with bandgaps �1 eV or less, most
defect transitions may be accessed thermally and the defect level sketch
of Fig. 3(a) could be sufficient. For UWBGs, where identification of
many defect transitions requires visible or UV illumination, one must
consider the configuration coordinate diagram shown in Fig. 3(b). In
this idealized drawing, each curve represents the total energy of the
system (electronic and vibrational) with the defect in a specific charge
state, X0 for the lower and X� for the upper. Both the vertical and
slanted arrows represent charge transitions. The former (the Frank–
Condon transition) is the one most easily detected optically and may
be associated with the peak of an absorption spectrum. The second
represents the TTL and may be approximated by the threshold of the
absorption. As will be highlighted below, such an interpretation can be
misleading, and the lattice relaxation, ER, must be considered. A more
detailed discussion of the optical transitions is presented in Ref. 21.

Before discussing point defects further, one should stop and ask
“Why spend time on the significance of point defects in semiconduc-
tors again? The issues related to semiconductors has been around for
more than half a century. What is so special about the UWBG semi-
conductors?” The answer is straightforward—the ultrawide bandgap
creates room for a greater number of charge states of previously identi-
fied defects as well as possibilities for different types of defects.

For example, the nitrogen vacancy (VN), a commonly discussed defect
in the nitrides, is predicted to have at most one charge transition very
close to the valence band edge in InN,22,23 but 2–3 such transitions
may occur throughout the bandgap in the 6 eV bandgap of
AlN.12,18,24–26 These different charge states introduce new sources for
trapping as well as electrical compensation. As another example, oxy-
gen substituting for nitrogen (ON), a common impurity in GaN and
AlN, is a simple shallow donor with stable neutral and positive states
within the 3.5 eV bandgap of GaN. However, substitutional oxygen
becomes a more complex “negative U” or “DX” defect in the wider
bandgap AlN.27,28 The situation is illustrated in Fig. 4 where the slopes
of the lines represent the charge state of ON. Figure 4 shows the forma-
tion energy of theþ (positive slope),� (negative slope), and neutral (0
slope) charge states of ON in N-rich AlN and GaN calculated using the
density functional theory (DFT). ON

þ remains the lowest energy
charge state of oxygen in GaN until very near the conduction band
edge where it transitions to the neutral state. In AlN, on the other
hand, at about 5 eV above the valence band edge, the charge state with

FIG. 3. (a) Schematic of conduction band edge (Ec) and valence band edge (Ev) showing position of hypothetical defect level (dashed line labeled X�/0). The vertical axis is
electron energy. (b) Hypothetical configuration coordinate diagram of defect X showing the two potential wells: the lower well representing the total energy of the system with X
in the neutral state and an electron in the valence band, and the upper well the total system energy with the defect in the negative charge state. The vertical line represents the
Franck–Condon transition and the slanted arrow the thermodynamic transition. ER is the structural relaxation that occurs as the negative charge state relaxes to its equilibrium
configuration.

FIG. 4. DFT formation energy calculations for ON in (a) AlN (bandgap 6 eV) and (b)
GaN (bandgap 3.5 eV) for N-rich conditions. In AlN, the horizontal line (neutral
state) is never the lowest energy indicating a defect with a negative correlation
energy. Reproduced with permission from Gordon et al., Phys. Rev. B 89, 085204
(2014). Copyright (2014) American Physical Society.
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the lowest formation energy switches from positive to negative and the
neutral state is never stable. The latter describes the situation for a
defect with negative electron correlation energy, where the negative
charge state is lower in energy than the neutral state. This creates dou-
ble trouble as a positively charged defect prefers to trap not one, but
two, electrons. In this situation, the traditional effective mass donor is
replaced by a deeper, less effective, DX- defect.

Defect levels in many semiconductors have been investigated
experimentally and theoretically using a wide range of techniques,
some of which were modified to address the greater than 5 eV
bandgap. For example, optical excitation replaces the usual thermal
stimulation in deep level optical spectroscopy (DLOS), so that a por-
tion of the bandgap larger than that accessible in deep level transient
spectroscopy (DLTS) may be probed.29,30 The results of these measure-
ments may be translated fairly smoothly to practical parameters for
device development. Often, however, the nature of the defect is
unknown. Identification of the isolated point defects both structurally
and chemically relies on techniques such as positron annihilation spec-
troscopy (PAS) and magnetic resonance.31–33 Although neither tech-
nique may be considered “benchtop characterization,” the efforts put
forth in the measurement produce an abundance of fruitful fundamen-
tal knowledge of the material, knowledge that could be helpful to
growers as they tweak temperatures and gas flow rates, and knowledge
that might be useful to device engineers as the look for the most effec-
tive design. However, by far the most fruitful use of the knowledge is as
a guide to the development of the next generation of materials.

It is clear that progress in material and/or device development
proceeds at a much faster pace than 50 or 100years ago. Of course,
ease of communication and the accelerated rate of data production
contribute to this rapid progress, but much may also be attributed to
the vast pool of knowledge left to us by those studying fundamental
properties decades ago. How is it that a self-trapped hole, a hole which
tends to trap onto atoms in the crystal rather than remain in the
valence band, was identified in Ga2O3 so early in the research? In the
1950s, fundamental studies of alkali halides identified selected defects
as V centers in which the removal of an electron from a halide ion
may be best viewed as a hole associated with the halide ion rather than
a complex involving another point defect such as a vacancy or impu-
rity.21,34 Armed with the concept, as well as somewhat more powerful
computational tools, Varley et al. predicted the existence of the center
in Ga2O3.

8 This was soon followed by the experimental observation of
a self-trapped hole by Kananen et al. using EPR.7 Figure 5 shows the
defect structure, where the blue lobes represent the pz orbital of the
hole situated on an oxygen in an otherwise perfect crystal. Recognition
of the self-trapping property has redirected the search for traditional
methods of producing p-type Ga2O3 since holes apparently tend not to
remain in the valence band as necessary for traditional p-type conduc-
tion. Thus, studies on a completely different materials system, the
alkali halides, provided the necessary fuel that then accelerated our
understanding of Ga2O3 and is guiding the path to p-type
conductivity.

AN EXAMPLE: DETERMINATION OF A DEFECT LEVEL
USING PHOTO-EPR

We will now illustrate the value of fundamental research into
point defects using two examples from our own work—identification
of a defect and determination of a defect level in ultrawide bandgap
semiconductors using photo-EPR. The work highlights how much the

analysis of defects and optical excitation has benefited from fundamen-
tal work reported almost 100 years ago on very different systems. In
the first example, photo-EPR is used as a supporting tool to eliminate
several possible defect structures. In the second, photo-EPR is applied
to a previously identified point defect so that the defect level (TTL)
may be determined.

The main strength of magnetic resonance is the formation of a
structural and chemical picture of the defects. Basically, the technique
is based on the Zeeman effect where the energy of the spin state of an
electron may be separated by a magnetic field. Typically, microwaves
are used to excite a “spin down” state to a “spin up” state, and appro-
priate circuitry can detect the spin flip. Technical considerations
demand that the spectroscopy consists of sweeping through a range of
magnetic fields using a constant microwave frequency. The spin flip is
detected when the following condition holds:

lBBg ¼ hf ; (1)

where lB is the Bohr magneton, B is the applied magnetic field at the
peak of the microwave absorption, h is Planck’s constant, and f is the
microwave frequency. “g” is the spectroscopic splitting factor or, sim-
ply, “g value,” which may be used for initial identification of the defect.
One can find numerous reviews and textbooks on the technique.
Those pertinent to point defects in crystals include Refs. 32 and 33.
Equation (1) represents the simplest situation—the case of a single
unpaired (S¼ 1/2) electron in an isotropic medium. Of the many addi-
tional factors contributing to an EPR spectrum, the most pertinent one
for this work is the interaction of the “unpaired electron” with the mag-
netic field caused by the surrounding nuclei with non-zero nuclear spin
(I). While this nuclear hyperfine interaction is critical for defect identifi-
cation, as we will see, it is not always sufficient.

The photo-EPR approach, introduced by Godlewski, is applied
here to defects in AlN and Ga2O3.

35 A crystal is illuminated with light
of selected photon energy, much like an optical absorption measure-
ment. However, in photo-EPR, the sample is placed in a microwave
cavity during the illumination, and the amplitude of the magnetic reso-
nance signal is monitored, rather than the transmitted light intensity.
The intensity of the EPR signal is proportional to the number of
defects in a particular charge state, so changes in the signal at selected
wavelengths is interpreted in terms of a change in number of defects in

FIG. 5. Model for the self-trapped hole in b-Ga2O3. The blue lobes represent the pz
orbital of the oxygen atom on which the hole is trapped. Reproduced with permis-
sion from Kananen et al., J. Appl. Phys. 122, 215703 (2017). Copyright 2017 AIP
Publishing LLC.
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a particular charge state. Thus, the technique may be used to identify
an absorption peak and at least one defect involved in the optical tran-
sition. After considerable analysis, the defect level may be determined.

The ultimate power of photo-induced EPR is realized when the
interpretation of the EPR spectrum is rigorously confirmed. This is the
situation for the example involving Ga2O3, where the well-accepted
spectrum of neutral Mg substituting for Ga is used to determine the
�/0 charge transition level. However, first, we consider a defect in
AlN. Unfortunately, the only defect rigorously identified is the neutral
nitrogen vacancy, VN

0, in electron irradiated AlN. Perhaps this is not
surprising since the high nuclear spin and atomic abundance of Al and
N tend to create broad featureless signals and provide limited spectro-
scopic information. At least, one signal, however, has sufficient charac-
ter for reasonable, though not definitive, identification. In this
situation, photo-EPR is used to assist with defect identification—
eliminating some and introducing other possible candidates. First seen
by optically detected magnetic resonance, the EPR signal depicted as
the black or red trace in Fig. 6(a) was referred to as D5.16 As typical of
EPR, the spectrum represents the derivative of an absorption because
phase sensitive detection is used to increase sensitivity. From the analy-
sis of the EPR spectrum, one knows that the signal is primarily due to
the interaction of the paramagnetic electron with one Al. Electron
nuclear double resonance studies clarify that the hyperfine observed in
EPR involves the one axial Al and identifies three additional hyperfine
lines, presumably the basal Al’s.36,37 Significantly, the EPR spectrum
reveals no features related to the 100% abundant I¼ 1 N nearest
neighbors. The absence of N hyperfine pointed to a neutral nitrogen
vacancy (VN

0) as an initial suggestion for the defect, but as mentioned,
others have convincingly identified a different EPR signal observed
after electron irradiation as the VN

0.17 With the nitrogen vacancy elimi-
nated as a source of the signal shown in Fig. 6(a), the missing N hyper-
fine must be reinterpreted as a common impurity with zero nuclear
spin, which is substituting for a lattice N. Many suggest oxygen sitting
on a nitrogen site (ON

0) as the logical choice because O easily incorpo-
rates into AlN during growth. Preliminary density functional theory
(DFT) calculations show that for oxygen sitting on a nitrogen site a sig-
nificant spin density resides on the axial Al, consistent with the EPR
analysis.

Photo-EPR is presently being used to further test the validity of
the assignment of the spectrum to a ON

0. Spectra obtained before illu-
mination (blue), during excitation at 265nm (black) and subsequent
quenching with 730 nm (red), are shown in Fig. 6(a). All were taken at
room temperature with the c-axis parallel to the magnetic field.

The steady state photo-EPR obtained by monitoring the amplitude of
the spectra during illumination is shown in Fig. 6(b). As seen, the sig-
nal decreases after exposure to photon energy between 1.5 and 3 eV
and increases again from 3.5 eV to above 4.7 eV. The threshold for the
decrease and subsequent increase provides a starting point for examin-
ing the transition and associated defect level.

A working model for the transition is shown in the inset of
Fig. 6(a). Assuming the defect is ON

0, the first threshold between 1.2
and 1.7 eV could be interpreted as an electron excited from the defect
to the conduction band, creating the EPR inactive charge state, ON

þ.
Subsequent illumination at about 4 eV re-excites the paramagnetic
charge state by exciting an electron from the valence band edge to the
defect. The transition levels between various charge states of ON

0 are
calculated by several different groups to be about 1 eV below the con-
duction band edge,25,26,28 within a reasonable range of that suggested
by the photo-EPR data. Typically, for a donor like ON, this would be
the 0/þ transition. An important distinction here is that the calculated
energy, which matches the photo-EPR data most closely is aþ/� tran-
sition. ON

0 has a negative correlation energy (negative U), meaning the
negative charge state is the lowest energy state and the neutral charge
state should be, at most, metastable.

While illumination could excite the neutral state (and thus the
EPR spectrum), the spectrum should not be detected prior to illumina-
tion. Yet, in one AlN sample with slightly different coloration, the
spectrum is present in the dark. Thus, although the thresholds indi-
cated in the photo-EPR are consistent with the ON

0 assignment, the
presence of the defect without illumination suggests that another defect
with zero nuclear spin must be responsible. At present, CN

0 appears to
be a reasonable option based on the photo-EPR data. Theory predicts
the CN

�/0 level to be 1.9–2.0 eV above Ev with no negative U charac-
ter.12,38 However, it is not clear whether the substitutional carbon cen-
ter would produce a significant spin density on the axial Al as
indicated by the EPR spectrum. Work, both experimental and compu-
tational, is ongoing.

Before proceeding to the second example, it is worth pointing out
the relationship between the steady state photo-EPR data and tradi-
tional optical absorption where the transmittance through the sample
is measured while illuminating with a range of wavelengths. One can
think of the first decrease in the photo-EPR data between 2 and 3 eV
as corresponding to an absorption curve in a similar energy range.
Similarly, the increase starting around 4 eV and peaking at an energy
greater than 5 eV would be associated with a traditional absorption
peak with threshold at about 4 eV. The significant difference between

FIG. 6. (a) EPR spectrum in amber-
colored AlN obtained with the c-axis paral-
lel to the magnetic field in the dark (blue),
during 265 nm illumination (black) and
during subsequent 730 nm illumination
(red). Inset: Possible transition of the ON

impurity during quenching: ON
0 þ hf ¼>

ON
þ þ ec. (b) Steady state photo-EPR

data obtained from the sample shown in
(a). The dashed vertical lines represent
the onset of quenching and excitation.
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the measurements is the photo-EPR monitors only a specific defect,
while traditional absorption measurements reflects transitions of any
and all defects that happen to get excited at a particular energy. For
this sample, for instance, the decrease seen in the photo-EPR data
likely reflects the commonly observed 2.9 eV absorption and the
increase beyond 4 eV, the 5 eV peak. One should be careful, though,
not to take the comparison between photo-EPR and transmittance
measurements too far. For instance, we never see a “band edge”
absorption in photo-EPR since a defect must be involved in the transi-
tion, not simply conduction and valence band edges.

In the first example, the steady state photo-EPR measurement is
used as an additional tool with which to identify the defect associated
with the EPR signal. In our second example, the defect was adequately
identified through analysis of the EPR spectrum, and photo-EPR was
used to determine the defect level. For this, we monitor the time
dependence of the EPR signal intensity to extract the kinetics of the
charge transition process. The details of the measurements and analy-
sis may be found in various publications on SiC, GaN, and Ga2O3 as
well as the original work by Godlewski et al.39–41 Here, we illustrate the
effectiveness of the time-dependent photo-EPR method by determin-
ing the defect level of Mg in Ga2O3.

The time dependence of an EPR spectrum is obtained by moni-
toring the amplitude of the EPR curve during illumination. In the case
of the neutral Mg acceptor, one of the multiple peaks of the spectrum
shown in the inset of Fig. 7(a) is chosen. The resulting time-dependent
data are shown in Fig. 7(a) for Mg-doped Ga2O3 illuminated at
730nm (black), 660nm (red), and 590 nm (blue). The change in the
number of Mg0 shown on the y-axis is obtained by comparison of the
intensity of the EPR curve to a calibrated standard. The following solu-
tion to a first order kinetic equation is fit to the time dependent data,

NMg0Ga
tð Þ ¼ NMg0Ga

0ð Þe�t=s; (2)

where NMg0Ga
0ð Þ is the amount of Mg0Ga at the start of the quenching

process and s is a time constant related to intensity of incident photons
(I) and optical cross section (r) as r ¼ 1=Is.

Obtaining s and converting to the optical cross section, the
energy dependence of rmay be obtained. Figure 7(b) shows the results
for three different samples: floating zone grown (blue triangles) and
two pieces of a CZ grown crystal (unfilled triangles and filled stars).
The data are similar to that produced by an optical absorption mea-
surement except that all of the points in Fig. 6(b) represent a transition
involving Mg0. In addition to Mg, monitoring other impurities with

steady state photo-EPR indicates charge state changes for Fe and Ir
above 3 eV (not shown). In this region, Gaussians were fit to the data
for the CZ and floating zone crystals. Interestingly, absorption for all
samples peaks near 3.3 eV, but the cross section for the FZ sample is
different from that of the CZ samples. The difference must be related
to the absence of Ir in the FZ samples, but further details cannot be dis-
cerned. The data below 3 eV provide much information because par-
ticipation by other EPR detected defects was not observed. In this
region, a modification of an equation developed by Passler is fit to the
data.42 Unlike the Gaussian fits, the equation is based on a well-known
model of the electronic cross section coupled with the lattice relaxa-
tion, which accompanies the electronic transition. The fit is shown as
the red curve in Fig. 7(b) and yields a defect level of 1.2 eV above the
valence band edge, along with a lattice relaxation of 1.3 eV. Both agree
well with those calculated from DFT.43,44

In the spirit of this perspective, it is important to point out how
much of the photo-EPR analysis is borrowed from concepts developed
in the past for different material systems. For example, the configura-
tion coordinate model shown in Fig. 3, which we have used to evaluate
a defect level, is based on the 1920s work of J. Frank and, separately,
E. Condon whose main concern was photochemical dissociation and
the relative absorption intensities of various molecules.21,45,46 Several
groups studying electronic transitions in semiconductors developed
the idea into the form of an optical cross section. Early work borrowed
the ideas from nuclear physics to address the electronic cross section.47

Later, several groups recognized the need to incorporate lattice relaxa-
tion and convoluted the electronic and lattice excitations into one tran-
sition probability.42,48,49 Significantly, such ideas need not be limited to
situations involving optical excitation. Lattice relaxation has been used
to interpret hysteresis seen during electron tunneling in metal insulator
semiconductor devices.50 Thus, the studies, which supply answers to
today’s problems, were accelerated by ideas developed from completely
different materials systems almost a century ago!

LIMITATIONS OF PHOTO-EPR

Of course, no technique is without limitations. The primary con-
cern when interpreting the photo-EPR data is whether the transition
observed is a direct defect-to-band transition as seen in the Mg-doped
Ga2O3 example or an indirect process involving a second defect.
Monitoring the time dependence helps sort this out, but still, there are
many variables to account for during an optical transition, so one
needs to carefully consider several factors: what are the likely intrinsic
defects, what other impurities are present, and ultimately, what types

FIG. 7. (a) Time-dependent photo-EPR
traces obtained from Ga2O3:Mg at different
photon energy. INSET: MgGa

0 EPR spec-
trum. (b) Cross section obtained from time-
dependent photo-EPR data of Ga2O3:Mg
grown by different methods: floating zone
(blue triangles) and two separate pieces of
a CZ grown (unfilled triangles and filled
stars). The blue and green solid lines are
Gaussian fits to the data greater than 3 eV.
The red line is obtained from a fit based on
a model of Passler42 using a defect level of
1.2 eV above the valence band edge and
lattice relaxation of 1.3 eV.
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of transitions and defects are predicted from theory. Fortunately, posi-
tron annihilation and sometimes EPR can account for the intrinsic
defects, EPR and SIMS may be used to detect impurities, and today,
there are a multitude of calculations that provide an excellent guide to
interpretation of the photo-EPR spectra.31,51,52 Nevertheless, even after
considering all the other defects as was done in the case of Ga2O3:Mg,
one must acknowledge that only those transitions with time constants
within the resolution of the EPR spectrometer will be detected.
Unfortunately, EPR is practically a static technique, with a minimum
time resolution of our equipment on the order of 100’s of microsec-
onds. Thus, only those charge transfer processes, which can be slowed
by the presence of other factors (indeed, defects!) can be detected.53,54

After detailed analysis, though, one can show that only the magnitude
of the cross section, not the energy dependence, is affected by the pres-
ence of intermediate transitions.

Another challenge that faces any technique based on magnetic
resonance is sensitivity. While EPR is touted for being able to detect
defect concentrations as low as 1 ppb, as much as 0.1 cm3 of material
may be required.32 This is because EPR detects the total number of
spins, not concentration, and because the detection limit depends
strongly on the linewidth. For a relatively narrow line (�0.1mT), 1012

spins is a typical detection limit,32 but for lines in Ga2O3 and AlN
where linewidths are often at least 1mT, the detection limit increases
to 1014. Thus, for a reasonable electronic grade material with defect
concentration of 1017 cm�3, at least 10�3cm3 of material is required.
The size restriction implies that monolayer films and nanomaterials,
which dominate the interest of most semiconductor applications
today, are challenging for EPR. In such cases, ODMR and electrically
detected magnetic resonance may be successful, particularly for defects
involved in spin-sensitive recombination processes. EPR may also be
useful when material quantity is limited because the point defects iden-
tified through EPR are not unique to the bulk materials in which they
are measured. A quick study of SiO2 films on Si highlights that an
enormous amount of knowledge gained about the oxide layer of
a MOSFET originated in studies of bulk quartz and high purity
silica.55–57 In particular, radiation damage defects and hydrogen
related centers were quickly identified in this critical layer of modern
technology due to the detailed studies of its bulk counterpart.57–60

Surely, the same translation will apply to the Ga2O3 and AlN films
grown today for future high power or UV sensitive devices.

CLOSING REMARKS

The focus on only two of the prominent UWBGs is not meant to
single these out as the most promising or realistic choices for future
growth. Nor are these the only ones in which point defects dominate
the functionality. Throughout scientific research, diamond has served
both as the source and recipient of our fundamental knowledge of
point defects in semiconductors. It would take a tome to cover all the
studies utilizing concepts from the past, and the reader is directed to
the many comprehensive reviews.61–63 Today, one need only look to
single photon emission (SPE) to see how the fundamental studies of
diamond have yielded truly new directions of research which has
spread to many other semiconductors. The NV center was first identi-
fied as a vacancy adjacent to a substitutional nitrogen impurity
through the analysis of the EPR signal by Davies.64 Later optically
detected magnetic resonance studies revealed the unique level spacing
of the spin system.65,66 During the ensuing decades, the requirements
for SPE evolved and the basic concepts have been used to identify SPE

in several other semiconductors.67–69 The source of the emission in
some of these newer systems is being actively investigated, and those
responsible for the less-studied emission are yet to be identified. In
AlN, in particular, the source of the emission is unclear. The defects
presently identified by EPR and, more importantly, ODMR, should
provide a rich library of paramagnetic centers, which one might con-
sider as sources of the SPE.

Unlike diamond, investigation into c-BN for electronics is just
beginning, largely due to the difficulty growing films with 100% cubic
phase. While the production of pure mm-sized crystals may be
achieved by high temperature high pressure methods,70 avoiding
incorporation of the many less desirable phases during growth
presents a large hurdle to advancement.71,72 On the other hand, the
dopability and band structure predicted from DFT is promising, and a
few groups have investigated sulfur and silicon doping.73,74 Identifying
defects in BN and other high nuclear spin materials using EPR is prob-
lematic for reasons mentioned earlier in this perspective, but advances
can be achieved. ENDOR measurements would likely be beneficial to
studies of the EPR active defects in cBN as they have been in AlN.
Also, n-type doping, when it is realized, is likely to be a fruitful avenue
of study for EPR, providing the same insights about transport and dop-
ant stability as has been demonstrated in GaN and AlN. Hopefully, the
“lessons learned” from other material systems will be successful in
growing functional c-BN films so that the plusses of this UWBGs may
eventually be realized.

With the emphasis on EPR, this perspective naturally has focused
on bulk material. Crucial to all applications, however, is the layering of
one material on top of another forming an interface. Being essentially
two-dimensional, the interface is not a natural for EPR studies.
Nevertheless, interfacial point defects consisting of dangling bonds are
within reach of magnetic resonance if a sufficient amount of interface
can be supplied. Studies of the Si dangling bond in the technological
giant, the Si/SiO2 interface, demonstrated the utility of EPR for interfa-
ces. For the future, perhaps studies of the Ga2O3/Si or diamond/Ga2O3

systems will yield similarly fruitful results.
We end with a reminder that fundamental studies form a strong

driving force for advances in material and technology. Clearly, one
should not think that they are the only driving force behind the under-
standing of the materials, nor should one feel that “there is nothing
new under the sun.” Rather, we want to emphasize how, with time,
basic knowledge becomes the facts that feed a generation of new
knowledge and, ultimately, new materials and technologies.
Considering again the alkali halides, one can reasonably say, that the
main contribution of the research in the alkali halides is the research
itself because the concepts developed were so successfully applied to
many semiconductors, but very little technological advancement based
on alkali halides ever emerged. The studies of the alkali halides and
other systems have fueled most defect research today and, most likely,
will continue to do so well into the future as we tackle new, as yet unre-
alized UWBGs such as such as the recently predicted rutile GeO2 and
SiO2, which, by the way, are ideal materials for spin resonance.75,76
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