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ABSTRACT

While the properties of β-Ga2O3 continue to be extensively studied for high-power applications, the effects of strong electric fields on the
Ga2O3 microstructure and, in particular, the impact of electrically active native point defects have been relatively unexplored. We used cath-
odoluminescence point spectra and hyperspectral imaging to explore possible nanoscale movements of electrically charged defects in Ga2O3

vertical trench power diodes and observed the spatial rearrangement of optically active defects under strong reverse bias. These observations
suggest an unequal migration of donor-related defects in β-Ga2O3 due to the applied electric field. The atomic rearrangement and possible
local doping changes under extreme electric fields in β-Ga2O3 demonstrate the potential impact of nanoscale device geometry in other high-
power semiconductor devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0124543

INTRODUCTION

The ultrawide bandgap semiconductor β-Ga2O3 has a very
high predicted critical breakdown electric field (Ebr∼ 8MV/cm),
making it very promising for high-power electronics.1–5 In power
devices, electric fields concentrated at electrode edges often result
in permanent failure before reaching a uniform distribution of the
intrinsic Ebr within the device, thus limiting the ability to reach the
maximum expected Vbr. The field engineering challenges are exac-
erbated in Ga2O3 since the material system does not afford a high-
quality p–n junction capable of avalanche yet. However, breakdown
voltages for vertical device architectures can be substantially
improved by integrating a dielectric fin/trench structure at the
metal anode–semiconductor interface.6–11 In vertical trench
Schottky barrier diodes (SBDs), a reduced surface electric field
(RESURF) reduces the leakage current, thereby enabling higher Vbr

as demonstrated by our group.7,11,12 With continued improvements
in device design to apply even stronger electric fields, the micro-
scale changes in such highly non-equilibrium environments

become even more important to understand. In particular, strong
electric fields together with high thermal load are expected to move
intrinsic electrically active point defects, resulting in atomic scale
rearrangement within high-power device structures in general.
Here, we investigate the effects of electrical stressing on β-Ga2O3

vertical trench Schottky barrier diodes by spatially resolved catho-
doluminescence (CL) spectroscopy. The changes in CL before and
after bias suggest that the electric field most likely induces the
migration of point defects, specifically donor species that move
below trench corners. These results demonstrate the need to con-
sider defect electromigration in β-Ga2O3 device design for opera-
tion in extreme environments.

EXPERIMENTAL

Figure 1 outlines the experimental sequence beginning with
Ga2O3 vertical device fabrication, which first involves etching a
fin/trench pattern in the hydride vapor phase epitaxy (HVPE) over-
layer followed by the deposition of an insulating 100 nm Al2O3
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layer via atomic layer deposition (ALD) and patterning to coat the
base and sidewalls of the trenches, forming the dielectric layer.
A Ni/Pt layer forms the top (anode) contact, and an ohmic Ti/Au
back contact forms the cathode. Detailed sample growth and device
fabrication details can be found in Li et al.7 Figure 1(a) presents the
schematic of the vertical Schottky barrier diode (SBD) array and
representative cross section geometry. This design enables a
RESURF effect, which modifies the electric field distribution, reduc-
ing the electric field strength at the metal–Ga2O3 interface, thereby
increasing Vbr under reverse bias as shown by the simulated electric
field distribution in Fig. 1(b). All devices tested in this study first
underwent forward bias from 0 to 3–5 V to verify the expected
Schottky barrier turn-on. Subsequently, electrically stressed devices
were subjected to quasi-static reverse current–voltage measure-
ments from 0 V to breakdown (Vbr≈−2 kV) with a typical mea-
surement time of approximately tens of seconds. Devices not
subjected to breakdown voltages were tested under reverse bias
from 0 to −50 V. We refer to these devices as “unstressed” given
the nearly 2 orders of magnitude smaller applied field relative to
stressed devices. Moreover, under the moderate bias conditions

(−50 to +3–5 V), we have confirmed that charge trapping near the
metal–insulator–Ga2O3 interface in these vertical trench power
diodes is negligible.13

After stressing, device cross sections were exposed by 30 keV
focused Ga ion beam milling at 45° relative to the sample surface
as shown in Fig. 1(c). This geometry enables cathodoluminescence
(CL) imaging of a 45° angled cross section, effectively along the
device’s working axis when viewed from above, perpendicular to
the sample surface, with a parabolic collection mirror in position.
This is shown schematically in Fig. 1(d). Imaging of failed devices
reveals that the visible damages, i.e., craters of materials as a result
of destructive breakdown, occur along the device periphery due to
unoptimized edge field management, while no morphology
changes are observed in the device center. Thus, all the exposed
device cross sections subject to CL in this study are taken away
from the device peripheries to minimize the impact of dramatic
mass transport associated with the highly localized destructive
breakdown of the device (SEM images can be found in the supple-
mentary material). The CL penetration depth for Eb = 10 keV is
approximately 200 nm, which extends well past the ion beam

FIG. 1. Experimental sequence. (a) Representative schematic of the device array and the vertical geometry in cross section. (b) Schematic showing electrical stressing
carried out under reverse bias with simulated electric field distribution. The RESURF effect shifts the maximum electric field away from the anode–semiconductor interface.
Imaging of broken devices reveals that the visible damages, i.e., craters of materials as a result of destructive breakdown, occur along the device periphery due to unopti-
mized edge field management, while no morphology changes are observed in the device center. (c) Focused ion beam (FIB) milling schematic. Cross sections of electri-
cally stressed and as-grown devices were exposed by Ga ion milling 45° relative to surface normal. All the exposed device cross sections subject to cathodoluminescence
(CL) in this study are taken far away from the device peripheries to minimize the impact of dramatic mass transport associated with the highly localized destructive break-
down of the device. (d) Cathodoluminescence (CL) acquisition setup showing Ga2O3 vertical SBD angled cross section with parabolic collection mirror in position. (e)
HVPE/EFG stack cleave and CL acquisition geometry.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 133, 035701 (2023); doi: 10.1063/5.0124543 133, 035701-2

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


implantation depth of 30 nm for the 30 keV Ga ion beam used in
device cross sectioning (Fig. S1 in the supplementary material).
Thus, any potential surface damage induced by the milling should
have a minimal impact on the CL spectra. The CL spectra were
acquired in a JEOL 7800F ultrahigh vacuum (UHV) scanning elec-
tron microscope (SEM) equipped with an aluminum parabolic
mirror and connected to an optical train consisting of a Czerny–
Turner configured spectrometer with an Andor air-cooled charge
coupled device (CCD). Hyperspectral images (HSIs) were generated
by modulating the scan rate and dwell time of the SEM electron
beam to create a pixelated grid, wherein each pixel contains an
entire CL spectrum. This allows CL peak amplitude maps to be
generated that are normalized by the total CL intensity at each
pixel, removing potential ambiguities that could arise from differ-
ences in optical path length along the sloped cross section. A
second normalization was carried out with respect to the inherent
emission of the edge-defined film-fed growth (EFG) substrate. The
sample was cleaved to expose a clean HVPE epilayer and EFG sub-
strate cross section without ion milling artifacts and without the
influence of electrical stressing as shown in Fig. 1(e). CL spectra
obtained from the substrate portion of this cleaved cross section
were used as the second, global normalization reference. In other
words, the intensity maps show the UV peak intensities relative to

the untouched EFG substrate, where values >(<) 1.00 signify inten-
sities greater than (red) vs less than (blue) corresponding substrate
intensities.

RESULTS

Figure 2(a) shows the representative CL spectrum for the
Ga2O3 devices measured. The spectra can be deconvolved into four
Gaussian distributions centered at 2.85, 3.2, and 3.6 eV with a
shoulder at 3.9 eV. Artifacts from the diffraction grating second
order peak replicas generate the emission between 1.6 and 1.9 eV.
The dominant CL peaks are in the ultraviolet (UV) at 3.2 and
3.6 eV. Hyperspectral images of the UV emission for the cross
section of an SBD after electrical stressing are shown in Figs. 2(b)
and 2(c). Hyperspectral images for a similar, unstressed device are
shown in Figs. 2(d) and 2(e). Each CL spectrum in the HSI 3D
array is first normalized by its integrated total CL intensity to
account for absolute peak intensity variations and then renormal-
ized by a global reference obtained from the respective UV emis-
sions of the EFG substrate. Figures 2(b) and 2(c) show the clear
redistributions of the dominant 3.2 and 3.6 eV UV peak intensities
in the lower portion of the device HVPE epilayer, within a micro-
meter below the trenches, with only minor variations in the fin

FIG. 2. (a) Representative CL spectra of Ga2O3 vertical SBD deconvolved with four Gaussian peaks at 2.85, 3.2, 3.6, and 3.9 eV. (b) and (c) Hyperspectral images (HSIs)
of an electrically stressed Ga2O3 vertical device showing relative redistributions of 3.2 and 3.6 eV features. Highly segregated 3.6 vs 3.2 eV CL defect intensities are
evident near the trench corners with pronounced gradients extending 1 μm below, while the fins exhibit only minor variation. (d) and (e) HSI of an unstressed device
showing uniform peak distributions before electrical stressing. Since the bandgap emission for Ga2O3 was not observable, the spectra are normalized with respect to each
spectrum’s total integrated CL intensity and then normalized by the intensity of the respective UV emissions of the EFG substrate. The larger fin width for the unstressed
device is due to different device geometries.
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region. This is in contrast to the UV distributions for the
unstressed device in Figs. 2(d) and 2(e) showing uniform peak dis-
tribution prior to high biasing, indicating that redistributions are
unique to trench diodes that have been subjected to electrical
stressing. Indeed, we find vertical peak redistribution, parallel to
the applied field, in all electrically stressed devices measured, occur-
ring predominantly below device trenches as shown in Fig. S2 in
the supplementary material. The specifics of the fin/trench geome-
tries and proximity to macroscale device failure influence the exact
nature of peak redistribution. The HSI maps in Figs. 2(b) and 2(c)
represent a dramatic example of UV peak redistribution and dem-
onstrate the influence of the fin/trench geometry on the electric
field distribution within the vertical devices that leads to a RESURF
effect where the maximum electric field at the metal (anode)–semi-
conductor interface decreases14,15 and shifts down the working axis
toward the trench corners and below, while the electric field in the
fins is significantly reduced as shown in Fig. 1(b). Indeed, the UV
peak redistributions in Figs. 2(b) and 2(c) occur throughout the
HVPE cross section from the Ni/Ga2O3 interface and into the bulk,
with the most pronounced redistribution primarily below the

trench corners rather than the top of the fins. As will be shown
in the point spectra from within the diodes, the extracted spectra
in the fin region are nearly uniform, while the spectra extracted
from below the trench corners have appreciable UV peak redis-
tribution. Magnified HSI maps of the fin region for a similar
device (Fig. S3 in the supplementary material) show nearly
uniform CL peak distributions above the trench after electrical
stressing.

Figure 3 plots the HSI maps for the Ga2O3 stack (the HVPE
epilayer on the EFG bulk substrate) cross section exposed by
sample cleaving rather than the focused ion beam. Not only do
these plots eliminate potential ion milling induced artifacts, they
allow for the direct comparison of HVPE vs EFG grown Ga2O3.
The normalized UV peak distributions in Figs. 3(a) and 3(b) show
that the 3.2 eV emission is uniformly distributed in both the epi-
layer and bulk, while the 3.6 eV peak is slightly more pronounced
in the HVPE epilayer. A stronger contrast is evident in Fig. 3(c),
showing an increased total CL intensity in the HVPE epilayer rela-
tive to the EFG substrate and may be indicative of improved crys-
tallinity in the HVPE layer, as discussed further below.

FIG. 3. Hyperspectral images of cleaved Ga2O3 stack with the HVPE epilayer on the EFG bulk substrate for the 3.2 (a) and 3.6 eV (b) peak distributions. (c)
Hyperspectral image of cross section for total integrated CL intensity. (d) Secondary electron image. (e) Schematic of cleaved cross section and measurement setup. The
HVPE epilayer and the EFG substrate have uniform UV distributions prior to biasing.
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Since the high field during reverse bias introduces excess band
bending and increases current flow in the HVPE region, the contri-
butions from Joule heating in Fig. 2’s HSI are likely significant. The
applied field and elevated current increase electron–phonon scatter-
ing, increasing the temperature locally. This effect is more pro-
nounced in Ga2O3 due to its poor thermal conductivity and
inefficient heat dissipation compared with other high-power semi-
conductors. As described in the Experimental section, the apparent
device morphology changes result from current filament formation
during destructive breakdown and occur at one or a few spots
along the device periphery, while most of the active device region
away from these spots appears to show no morphology changes
where the cross-sectional CL studies were taken. Nonetheless, the
device regions studied by CL underwent a thermal shock during
breakdown. Since Ni/Ga2O3 Schottky devices reportedly fail when
annealed above 350°C,16,17 we carried out 400 °C rapid thermal
annealing under Ar flow for 5 min to best approximate a limiting
case for the thermal environment induced by the reverse biasing.
To minimize the effects of carrier gas choice and edge diffusion,
the sample was annealed first and then subsequently cleaved
to reveal the HVPE/EFG interface far from any exposed edges.

The cross-sectional HSIs for the annealed sample are shown in
Figs. 4(a)–4(c). The variation in the total CL intensity in Fig. 4(c)
is likely a result of imperfect cleaving and variation in the sample–
mirror distance as both the HVPE and EFG layers exhibit the same
increase in the intensity from bottom-left to top-right. Point
spectra in Fig. 4(d) compare the annealed and as-grown samples,
while point spectra in Fig. 4(e) compare the electrically stressed
and as-grown samples. The annealed sample has a marked decrease
in 3.6 eV intensity [Fig. 4(d)] similar to the spectra for the electri-
cally stressed device taken below the trenches [spot 30 in Fig. 4(e)].
However, the HSI in Figs. 4(a) and 4(b) shows that both 3.6 and
3.2 eV peaks are uniformly distributed in the annealed sample with
no trends toward the Ni/Ga2O3 interface. Likewise, the behavior of
the 3.2 eV peak is distinct from the stressed device and exhibits a
relatively uniform distribution before and after annealing that con-
trasts the increased 3.2 eV peak intensity in the electrically stressed
device extending away from the Ni/Ga2O3 interface and into the
bulk. Additionally, the blue emission between 2.5 and 3.0 eV is sig-
nificantly more pronounced in the annealed case vs electrically
stressed case and displays an apparent red shift that is absent in the
stressed device. While the CL spectra and HSI in Fig. 4 suggest that

FIG. 4. CL hyperspectral images (HSIs) and point spectra of the rapid thermal annealed sample at 400 °C in Ar for 5 min. (a) 3.2 and (b) 3.6 eV HSI maps showing
uniform distribution after annealing. (c) Total CL intensity map. The intensity gradient from bottom-left to top-right is an artifact of the cleaving process. (d) Point spectra of
the as-grown sample vs annealed sample. (e) Point spectra of the electrically stressed sample vs as grown. Spot 1 is taken at the top of the device, near the Ni/Ga2O3
interface, and spot 30 is taken approximately 2 μm below the trench corner.
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some contribution from thermal effects during reverse biasing are
present, they cannot completely account for what are likely the
electric field-induced redistributions shown in Fig. 2.

DISCUSSION

To understand the electric field-driven CL peak distributions
in Fig. 2, we must consider the possible origins of the UV emis-
sions in Ga2O3, which have been attributed both to self-trapped
excitonic (STE) recombination and to recombination involving
native point defects. We discuss three interpretations for these
emissions below.

The first interpretation is STE recombination, which in Ga2O3

arises from the O 2p nature of the valence band, a heavy hole effective
mass, and small dispersion, leading to the formation of small Ga2O3

polarons. This results in both holes that are believed to become local-
ized (self-trapped) on nearby oxygen atoms and self-trapped excitonic
recombination with emission energies below Eg.

2,18–21 Moreover, due
to the low symmetry monoclinic crystal structure, holes localized at
inequivalent lattice sites would split this energy band into distinct
optical signatures. Accordingly, Fig. 5 defines the threefold coordi-
nated oxygen sites as OI (2 ×GaII, 1 ×GaI) and OII (2 ×GaI, 1 ×GaII)
and the fourfold coordinated site as OIII (3 ×Ga2, 1 ×Ga1). Holes are
theoretically predicted to stabilize at the threefold coordinated OI and
OII sites giving rise to multiple UV peaks in the 3.2–3.6 eV range,
where the lower energy peak is attributed to recombination involving
a self-trapped hole (STH) at OII and the higher energy peak to an
STH at OI.

19,22–24 Electron paramagnetic resonance (EPR) spectro-
scopy observations provide evidence for self-trapped holes via the
angular dependence of the g matrix,25 while polarization-dependent
photoluminescence (PL)26 and the convergence of PL Urbach tails27

attribute UV emissions to STHI and STHII. Similar peak assignments
have been carried out via temperature dependent CL with comparable
peak splitting between 300 and 400meV as shown here.2,28,29

Since STHs are measured to be thermally unstable at room
temperature,25,28 holes generated by or present at the time of elec-
trical stressing would have lifetimes too short to manifest in the
post-operando CL spectra. Therefore, the holes involved in the STE
recombination would need to be extrinsic in nature, generated by
the incident electron beam during CL acquisition with subsequent
hole localization. In order for the STE recombination to account
for the redistribution of the UV emissions, it must be inherently
linked to a species that is room temperature stable and that directly
reflects the density of hole-localizing oxygen atoms. Thus, a likely
mechanism for the changes in the UV emission is redistribution in
local oxygen vacancy (VO) concentrations (and thereby local
oxygen atom configuration), which are electrically active and
mobile under the applied reverse bias. Kyrtsos et al.30 and Blanco
et al.31 have reported that the inequivalent lattice positions in
Ga2O3 lead to unequal migration barriers for both cation and
anion vacancies (VGa and VO). Given the polarity of the electrical
stressing under reverse bias, the positively charged VO can be
expected to migrate and accumulate near the trench corners in spa-
tially different distributions. In this STE model, the UV emissions
are not a direct manifestation of VO—they are attributed to
STH-related recombination. However, the changes in the UV emis-
sion are linked to the concentration and configuration of electri-
cally active VO and, thereby, the configuration of the remaining OI

vs OII atoms. In general, Krytsos et al. calculate lower migration
barriers for VO

I vs VO
II and VO

III with the lowest barrier of 1.2 eV
along the b-axis. These barriers could decrease by up to 0.2 eV in
the presence of applied electric fields.31 Based on the VO

I ’s lower
migration barrier, one could expect the preferential migration of
VO
I vs VO

II, changing the relative 3.6 and 3.2 eV peak intensities.
Indeed, Figs. 2(b) and 2(c) show a more pronounced 3.6 vs 3.2 eV
peak redistribution. Oxygen vacancy accumulation might also
reduce the overall STH peak emissions and account for the reduc-
tion in the CL intensity shown in Fig. S4 in the supplementary
material.

The second UV peak interpretation and alternative consider-
ation of the UV emissions directly involves theoretically predicted
charge state transitions of the native point defects themselves at
energies, which correspond closely to the approximate optical tran-
sition energies observed experimentally here and previously.32,33

VO is theoretically predicted to have three charge state transitions
with energies ranging up to 3.5 eV,34–36 close to the 3.6 eV emission
shown here. Room temperature remote oxygen plasma treatments
have provided evidence to correlate a ∼3.5 eV UV emission with
VO from its systematic decrease in the normalized spectral inten-
sity. Analogous experiments involving forming gas (FG) anneals
and neutron irradiation have provided evidence for the hydrogen
passivation of gallium vacancies in order to attribute a ∼3.0 eV
transition to VGa.

32,33 These assignments agree in principle with
defect level energies measured via deep level transient spectroscopy
and deep level optical spectroscopy (DLTS and DLOS, respectively)
for trap state energies below the conduction band.37,38 Indeed, the
EC −1.29 eV DLTS defect agrees well with the previous VO assign-
ment of (EG = 4.8 eV) – 1.29 eV = 3.5 eV. Likewise, the EC −2.0 eV
DLTS trap state measurement agrees well with the previous VGa

assignment of (EG = 4.8 eV) – 2 eV = 2.8 eV, close to the 2.85 eV
peak energy shown in Fig. 2(a). However, this emission is most

FIG. 5. The β-Ga2O3 crystal structure. The two inequivalent threefold coordi-
nated oxygen sites are defined as OI (2 × GaII, 1 × GaI) and OII (2 × GaI,
1 × GaII). The fourfold coordinated site is OIII (3 × Ga2, 1 × Ga1). Visual repre-
sentations of potential self-trapped hole (STH) localizations are shown in blue,
with STHI occurring at an OI site and STHII between two adjacent OII sites.
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often attributed to VO–VGa donor–acceptor pair (DAP)
recombination.24,39–45 Given the 0.4 eV disparity between the
3.2 eV feature and the DLTS associated Ec – 2.0 eV VGa defect level,
the physical nature of the 3.2 eV peak appears distinct from the
3.0 eV VGa attributed peak reported previously.32,33 Since emission
in the 2.8–3.2 eV range is often attributed to VO-related
defects,36,42,46 such an assignment for the 3.2 eV peak would
explain the inverse behavior to the 3.6 eV peak where oxygen atom
migration along one direction (increase in 3.6 eV toward trench)
corresponds to an oxygen vacancy migration in the opposite direc-
tion (decrease in 3.2 eV toward trench). Nevertheless, given the
association of oxygen vacancy filling by a remote oxygen plasma
and FG passivation of a 2.85–3.0 eV peak, as well as the agreement
between the 3.6 and 2.85 eV cathodoluminescence peak energies vs
density functional theory (DFT) charge state transitions and DLTS/
DLOS defect state energies, there is some evidence to suggest a pos-
sible native point defect related nature for the dominant optical
emissions.

The blue emission should be considered within this point
defect framework. Figure 6(a) displays the representative spectra
along a vertical line cut in a stressed device and a slight increase in
the “blue” 2.85 eV shoulder. This peak could be related to oxygen
vacancy (VO–R) sites via donor–acceptor pair (DAP) recombina-
tion, with VGa being the typical (deep) acceptor.24,39–44 As VO

potentially accumulates near the trench corners, the 2.85 eV VO–R
peak intensity increases, although the effect is not as pronounced
as the change in the 3.6 vs 3.2 eV emission. However, this is not
unexpected as VGa have low migration barriers30,31 and as acceptors
would likely migrate away from the trench corners. Thus, the com-
peting migration between the anion and cation vacancies could

reduce the overall intensity of this emission. Furthermore, a
decrease in VGa-related defects could further increase the local free
carrier density since VGa-related deep levels are known compensat-
ing centers. The pronounced increase in blue luminescence that is
observed with annealing shown in Fig. 4(d) is consistent with the
literature reporting reduced ND–NA and increased VGa formation
after annealing.47,48 This suggests that even relatively low tempera-
ture RTA can generate additional point defects for short annealing
times. However, a full elucidation of the thermal processing effects
on Ga2O3 optical signatures is beyond the scope of this work.
Likewise, further research is needed to fully elucidate the nature of
VGa-related migration under strong electric fields.

The third interpretation for the UV peaks considers impurity
species and point defect reconfiguration. Although the applied elec-
tric field under reverse bias may be sufficiently large to overcome
the migration barriers of the native point defects, the contributions
to the UV emission by potential impurity species either directly or
indirectly by reconfiguration of the native defect species must also
be considered. Moderate Si shallow donor doping has been shown
to directly contribute to the UV emission in Ga2O3 via donor–
acceptor pair (DAP) recombination; however, the doping density
where this becomes relevant is above ND–NA = 3 × 1017 cm−3,44 an
order of magnitude higher than the doping density of the vertical
devices here with ND–NA≈ 2 × 1016 cm−3.12 As such, DAP recom-
bination by Si is not likely responsible for the UV emission. On the
other hand, hydrogen species present during growth can incorpo-
rate in the lattice in various charge states both as interstitial and
substitutional atoms and as passivating species, thus altering the
configuration of the potentially UV emitting native defects.
Moreover, the expected migration barrier for interstitial hydrogen

FIG. 6. Cathodoluminescence spectra along a vertical line cut of an electrically stressed Ga2O3 device. (a) CL spectra along a vertical line cut showing the uniform peak
intensity in the fin region (top set of 10 spectra) and an increase in 3.6 vs 3.2 eV peaks approaching the trench corner from below (bottom set of 20 spectra).
Normalization is with respect to each spectrum’s total integrated CL intensity. The insets show the raw, unnormalized spectra. (b) SEI showing the location of the line cut.
The slight horizontal changes in contrast are due to extended e-beam exposure. (c) Normalized 3.6 and 3.2 eV peak intensities plotted spatially along the line cut.
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Hi
+ is quite small at 0.34 eV with the barrier for the dissociation of

HO
+ into Hi

+ and VO
0 only 1.33 eV.35,49 Thus, both species are

expected to be mobile at moderate temperatures and under the
applied electric field. Combined with the shallow donor nature of
HO

+ and Hi
+, hydrogen migration, diffusion, and accumulation in

Ga2O3 devices can be significant. For example, such accumulation
or depletion of donor species and corresponding changes in the
local doping density would affect the device nature and operation.

Atomic hydrogen is amphoteric and can act exclusively as a
donor impurity in some materials.50 In Ga2O3, interstitial hydrogen
is almost always a shallow donor and in the positive charge state
Hi

+, with the ε (±) transition occurring just above the conduction
band minimum (CBM).35 This is relevant when considering the
electromigration of preexisting hydrogen as the migration would
predominately involve positively charged Hi

+ and HO
+ rather than

H− (or neutral H). For the latter, the subsequent passivation of VGa

is unlikely since migrating hydrogen would not be in the appropri-
ate charge state for bonding with the nearby oxygen atoms. The
formation of mobile H− by the disassociation of preexisting VGa–H
is also unlikely as these complexes are expected to be quite stable
with large activation energies between 3.2 and 3.4 eV.51 Indeed, the
expected broad emission lines between 1.9 and 2.6 eV for VGa–H
complexes22,32 are not observed in any of the CL spectra used in
the construction of the HSIs in Fig. 2. A more likely scenario is the
migration of Hi

+ into preexistent VO
0 forming HO

+ , effectively con-
verting the VO from a deep to shallow donor.35,49,52 If the 3.6 eV
emission is attributed to VO, as postulated above, then the migra-
tion of Hi

+ into VO would decrease the intensity of the associated
3.6 eV emission. This agrees well with the 3.6 eV peak distribution
shown in Fig. 2(c) and corresponding reduction in the 3.6 eV emis-
sion intensity below the trench corners and the predicted electric
field distribution shown in Fig. 1(b). However, just as the case with
VO, the migration of Hi is highly anisotropic, with the lowest
barrier along [010],49 in the direction of the vertical device fins and
perpendicular to the biasing field, which is along [001]. As such,
the barrier for Hi, but not necessarily HO, is increased.

Table I summarizes the peak energies and origins from the
three interpretations presented above. There are experimental and
theoretical justifications for all of the proposed UV peak interpreta-
tions, and the broadness of the UV peaks makes possible the coex-
istence of several luminescence mechanisms. Indeed, the true
nature of the UV emissions may involve a combination of STE and

point defect related processes. However, given the increased total
CL intensity for the HVPE epilayer vs EFG substrate shown in
Fig. 3(c), it seems likely that these peak intensities correlate with
overall sample crystallinity. The reported trap density for HVPE
overlayers is 1–2 orders of magnitude lower than the bulk sub-
strate,53 translating to an increased crystallinity for the HVPE layer
and, thus, improved self-trapping of holes by oxygen atoms.
Typical metrics for assessing the HVPE epilayer quality like x-ray
diffraction and electrical characterization show the comparable
quality of the regrown HVPE epilayer to the host substrate.54,55

Thus, the spectral intensity comparison by CL under identical
acquisition parameters may be an advantageous characterization
metric to supplement typical structural and electrical characteriza-
tion techniques.

The CL taken along a vertical line cut in Fig. 6(a) shows
two distinct UV peaks with a clear systematic variation along
the device’s working axis. The top set of spectra (spots 1–10) in
Fig. 6(a) show nearly uniform UV distributions in the fin region,
while the bottom set of spectra (spots 11–30) show a pronounced
increase in 3.6 vs 3.2 eV approaching the trench corner from below.
The approximate positions along the line cut are shown in
Fig. 6(b). Although a gradient exists from the Ni/Ga2O3 interface
and into the bulk as shown in Figs. 2(b) and 2(c), the majority of
the spectral redistribution occurs between spots 11 and 30, which
correspond to the termination of the trench corners and below.
This is most apparent in Figs. 6(a) and 6(c), which show the 3.2
and 3.6 eV peak intensity variation from the Ni/Ga2O3 interface
and into the bulk. Up to spot 10, the peak intensities are relatively
constant. Between spots 11 and 30, the peak intensities diverge as
the beam probes below the trench corner. Comparing the spectra
of spots 1 and 30 with the as-grown sample, the 3.6 and 3.2 eV
peaks exhibit a crossover. Near the Ni/Ga2O3 interface, the peak
intensity is greater than that of the as-grown sample, dropping
below when probing down the device’s working axis, toward spot
30, as shown in Fig. 4(e). This shows that the peak redistribution is
a defect migration effect rather than a gradient in defect creation/
injection. Another important distinction is that the peak energies
in the HSI are invariant and change only in their relative intensi-
ties. Since each device was subjected to a small forward test voltage,
some injected electrons from the n-Ga2O3 layer might trap at the
MIS interface,11,13 which, under strong reverse bias, could detrap
and redistribute. This would lead to a distribution in the charge

TABLE I. Summary of luminescence energies and underlying mechanisms discussed in peak interpretations.

STH SiGa VO VGa VGa–VO

3.2–3.6 eV (STH)29 3.2–3.6 eV29 2.8–3.0 eV29

3.4 eV (STH)21

3.5 eV (STHI), 3.1
eV (STHII)

56

3.3 eV (STHI), 3.0
eV (STHII)

28,45
2.8 eV28,45

3.5 eV32,33 3.1 eV32,33

3.7 eV57 3.2 eV57

2.7 eV39 3.0 eV39
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state configurations and, hence, optical emission energies of nearby
point defects. However, we observe no variation in optical transi-
tion energies that would arise from a variation in the point defect
charge state.

It is important to note that, regardless of the specific spectral
assignment, all of the above UV peak interpretations indicate an
electrical field-driven redistribution of either intrinsic or extrinsic
point defects. This is significant because the rearrangement of
charged defect species after or during biasing could lead to changes
in local doping density. In this case, the increase in defect-/donor-
related emissions near the trenches shown in Figs. 2 and 6 would
increase the Ga2O3 effective doping in this region, either by oxygen
vacancy or vacancy-cluster accumulation that enables hopping
between donor clusters,56,58 or by the accumulation of shallow
donors Hi

+ and HO
+ , with the latter converting deep donor VO to

shallow donors. The normalized 3.6 eV peak intensity in Fig. 6(c)
changes from .0047 to .0056, increasing by a factor of 1.2×. This
could mean an increase in the effective carrier density (ND) by up
to 1.2×, and a decrease in the depletion width (W) by up to
1/

ffiffiffiffiffiffiffiffiffi
1:2x

p
for the same voltage drop in Ga2O3 since W is inversely

proportional to
ffiffiffiffiffiffi
ND

p
. With the narrowing of the depletion region,

the electric field would fall across a narrower combined dielectric
separation, i.e., across the combined Al2O3 insulator plus thinner
Ga2O3 depletion region thickness. This is shown schematically in
Fig. S5 in the supplementary material. In terms of device dielectric
breakdown, the total insulator plus Ga2O3 depletion width would
decrease with this donor accumulation, increasing the electric field
proportionally at the trench corners where the field is already maxi-
mized via the RESURF effect.12,59 Alternatively, as the vertical
device undergoes breakdown, excess heat generated by the high
currents could induce the UV peak redistributions via defect diffu-
sion during thermal runaway. Indeed, the decrease in the 3.6 eV
peak observed for the rapid thermal annealed sample is similar to
the same peak decrease observed for the reverse biased device.
Interestingly, since the electrical stressing was carried out quickly,
on the order of a few tens of seconds, this would suggest that any
breakdown-induced defect redistribution happens very abruptly.
The possibility that defect redistribution occurs in-operando under-
scores the importance of field-induced defect migration. However,
to fully elucidate this causality, future studies to obtain in situ lumi-
nescence spectra would be needed while simultaneously biasing to
understand whether defect peaks redistribute leading up to break-
down or upon device failure. The geometry constraints involving
FIB processing limit simultaneous biasing and CL acquisition for
this work’s devices. Future studies using simpler device geometries
that allow for in situ CL acquisition while applying large reverse
bias are currently underway.

The electric field-induced migration of point defects presents
an interesting challenge for Ga2O3 devices, and it may be necessary
to target the removal of kinetic donor species prior to device fabri-
cation and processing. In wide bandgap oxides, it is possible to
form a defect-rich layer via thermal processing driven by impurity
migration toward the sample surface, wherein the sacrificial layer is
removed by chemical or mechanical polishing.60 This would enable
bulk sample processing to remove mobile donors prior to individ-
ual device fabrication, effectively treating many devices simultane-
ously. Hydrogen impurities present a more difficult problem to

address. It has been shown that H can be driven out under UHV
conditions,61 reducing the reservoir of potential donor species, but
the challenge remains of limiting the reabsorption of H during sub-
sequent handling outside vacuum and extreme care would be
needed to process materials into devices without excess H exposure.
The removal of hydrogen, if possible, would also minimize the
impact of VO-related defects by inhibiting the reconfiguration of
VO from a deep to shallow donor via the migration of Hi or VO.
Alternatively, rather than donor removal, one could increase the
local density of compensating species, for example, by implanting
acceptor ions62 at targeted depths where the electric field is
expected to be high, and the impact of donor species is expected to
be large. For the devices here, compensating impurities implanted
in the HVPE layer ∼1 μm below the surface, prior to device fabrica-
tion, could locally compensate the elevated donor concentrations
resulting from the electric field-induced migration. But perhaps a
convenient solution is to simply take advantage of Ga2O3’s low
crystal symmetry. Since the migration barriers of VO and Hi are
highly anisotropic, a selective choice of the contact geometry (and
thus biasing direction) with respect to the crystal orientation can
put the electric field along a direction where the migration of VO

and Hi are least favorable. In particular, the migration barriers are
expected to be large along the [100] direction for both VO and Hi,
up to 2.6 and 2.95 eV, respectively.49 Other considerations include
the bandgap and, thus, critical field anisotropy in Ga2O3 as well as
3D field distribution in a fabricated device. Work by some of our
authors has already demonstrated that the device geometry with
respect to crystal orientation affects the interfacial state density63

and thermal distribution during device operation.64 The overall
device design for reliability will need to take into account all the
aforementioned discussions.

CONCLUSIONS

In summary, we used CL point spectra and HSI mapping to
demonstrate how point defect related donor species in β-Ga2O3

vertical Schottky diodes migrate and redistribute upon high reverse
electrical bias. The low crystal symmetry of the monoclinic crystal
structure likely results in unequal migration energies for point
defects on inequivalent lattice sites and along inequivalent crystal-
lographic directions, suggesting a preferential migration of specific
threefold coordinated oxygen vacancies and/or migration of posi-
tively charged hydrogen species, altering the relative intensity of
the UV emissions that we observe via spatially resolved CL maps
and linecuts. Together, the local electrical field maximum under
reverse bias resulting from the fin/trench design and the potential
for donor-related defect accumulation near SBD trench corners
could lead to a local doping increase that would affect in-operando
devices. More generally, defect migration and local doping changes
under extreme electric fields in β-Ga2O3 demonstrate the potential
impact of the nanoscale device geometry in other high-power semi-
conductor device structures. Several suggestions are made to curb
the adverse impact of defect migration.

SUPPLEMENTARY MATERIAL

See the supplementary material for electron and ion beam
implantation profiles, secondary electron and hyperspectral images
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of vertical device cross sections, hyperspectral images of the fin
region of the electrically stressed device, raw cathodoluminescence
spectra along the line cut of the electrically stressed device, and
band bending due to potential donor accumulation
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