
ECS Journal of Solid State
Science and Technology

     

OPEN ACCESS

In Situ Transmission Electron Microscopy Observations of Forward Bias
Degradation of Vertical Geometry β-Ga2O3 Rectifiers

To cite this article: Zahabul Islam et al 2020 ECS J. Solid State Sci. Technol. 9 055008

 

View the article online for updates and enhancements.

This content was downloaded from IP address 128.227.130.219 on 13/10/2020 at 01:02

https://doi.org/10.1149/2162-8777/ab981d
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstuVWBuncAZHPcURIL1QZzOYHXpF1zfxMhhuSLHsdTM4MlJdKI8ezgCjPf8krYEle_LhNR68RYQPoW1SB-9OU5xa-ymxGXXUS7NW8HukRhFohYm_9BTRM07M_d4g0ClajQJmUs19f-vHa_3Ixq6XUK_N2WGAlVCMTTmoyRHGHbQaPEQQyH_xxFoE4qceP3-Rfc0ANV-7jHB9aXXwRYbSR1T2SrgzrJqJeiJHTf4gd17J1Md4VWA&sig=Cg0ArKJSzMf0fP4MzbLR&adurl=https://www.electrochem.org/prime2020/registration-info


In Situ Transmission Electron Microscopy Observations of
Forward Bias Degradation of Vertical Geometry β-Ga2O3
Rectifiers
Zahabul Islam,1 Aman Haque,1 Nicholas Glavin,2 Minghan Xian,3 Fan Ren,3,* Alexander
Y. Polyakov,4 Anastasia Kochkova,4 Marko Tadjer,5 and S. J. Pearton6,*,z

1Department of Mechanical Engineering, The Pennsylvania State University, University Park, Pennsylvania 16802, United
States of America
2Air Force Research Laboratory, Wright Patterson Air Force Base, Dayton, Ohio 45433, United States of America
3Department of Chemical Engineering, University of Florida, Gainesville, Florida 32611,United States of America
4National University of Science and Technology MISiS, Moscow 119049, Russia
5U.S. Naval Research Laboratory, Washington, DC 20375, United States of America
6Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611, United States of
America

The microstructural changes and degradation under forward bias of vertical β-Ga2O3 rectifiers were observed by in-situ
transmission electron microscopy. The devices show both a voltage dependence for the onset of visible degradation as well as a
time dependence at this threshold voltage, suggesting a defect percolation process is occurring. The degraded rectifiers show a large
decrease in forward current and different types of crystal defects are present, including stacking fault tetrahedra, microcracks,
Ga-rich droplets and Au inclusions from the top electrode. Continued forward bias stressing is known to lead to macro-cracks
oriented along the [010] crystal orientation and eventual delamination of the epitaxial drift layer, but this study is the first to provide
insight into the appearance of the smaller defects that precede the large scale mechanical failure of the rectifiers. The initial stages
of bias stressing also produce an increase in deep trap states near EC−1.2 eV.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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β-Ga2O3 is attracting considerable attention for high power
electronics with low switching losses.1–10 The wide bandgap
(∼4.8 eV), demonstrated breakdown field of >5 MV. cm−1 1 and
availability of large area, relatively inexpensive substrates suggests this
material may play a role in future power conditioning systems,11–25

providing SiC-like performance at near Si -like cost.26,27 The absence
of provable p-type doping limits the technological applications of this
material to unipolar devices such as rectifiers and MOSFETs.4–25

While both enhancement- and depletion-mode lateral and vertical
MOSFETs have been demonstrated,4–12,14 the most promising early
technology insertion point appears to be vertical geometry
rectifiers.13,15–25 Breakdown voltages of 2.9 kV have been achieved
in trench design vertical rectifiers23 and 2.3 kV in field-plated planar
vertical designs,16 the latter with high current. When driven to failure
under high reverse bias voltages, the devices breakdown at the contact
periphery,28 indicating that the edge termination designs are still not
optimized. Under high forward current densities, post-mortem studies
show cracking of the Schottky contact region along preferred orienta-
tions and eventually delamination of the epitaxial drift layer from the
underlying conducting substrate.18 However, the initial stages of
rectifier degradation have not yet been captured.

In this paper, we report on real-time, in-situ studies of vertical
rectifier failure under forward bias conditions using electron trans-
parent functional devices operated within a transmission electron
microscope. This allows observation of the microstructural and
chemical changes occurring in the drift region under high forward
current density conditions. Electrical measurements also show an
increase in deep trap states in the early stages of degradation.

Experimental

The epitaxial layer structure and rectifier fabrication have been
described elsewhere.16–19 Edge termination consisted of a bilayer

field plate and the vertical Schottky diodes were fabricated on a
20-μm thick Si-doped n-type (∼1016 cm−3) Ga2O3 drift layer grown
on 650-μm thick β-Ga2O3 substrate using halide vapor phase epitaxy
(HVPE). The β-Ga2O3 substrate was a Sn-doped Ga2O3 single
crystal wafer with (001) orientation grown by the edge-defined film-
fed method with a carrier concentration of 3.6 × 1018 cm−3. A full-
area backside Ohmic contact was formed with electron beam
deposited Ti/Au, followed by rapid thermal annealing at 550 °C
for 30 s in N2. Next, 40 nm of SiO2 and 360 nm of SiNx were
deposited as the field plate dielectric layers. The dielectric
contact windows (0.2 mm diameter circles) were opened using
1:10 diluted buffered oxide etchant (BOE). E-beam evaporated Ni/
Au (80/420 nm) metallization was used for the Schottky contacts,
which overlapped the dielectric windows by 10 μm. Figure 1 shows
a schematic of the completed device.

Deep Level Transient Spectroscopy (DLTS) was performed on
the as-fabricated rectifiers, which were 800 μm square, as well as
after bias stressing under forward bias at 1 V forward bias for 5 min
to produce a reduction in breakdown voltage from 600 V to 20 V.
The purpose was to observe changes in defect spectra in the early
stages of degradation before complete failure of the device.

Electron transparent (∼100 nm thick) β-Ga2O3 coupons were
prepared and lifted out from the completed rectifiers using a Ga+

Focused Ion Beam (FIB) in a Helios Nanolab DualBeamTM scanning
electron microscope.29–31 This process involved wire bonding of the
micro-electromechanical system (MEMS) device on a TEM chip
carrier and transfer of the sample onto this MEMS device.29,30 At
first, a coupon was lifted out from the bulk β-Ga2O3 rectifiers and
attached on a copper TEM grid, which was further thinned down to a
100 nm thick electron transparent state using the Ga+ FIB. Thinning
down of the coupon involves a series of ion beam accelerating
voltages and a wide range of current steps from 21nA–72pA. The
thickness of the sample was monitored at regular intervals during the
thinning process, and both accelerating voltage and currents were
adjusted depending on the sample thickness. Then the sample was
transferred from the TEM copper grid to the MEMS device and then
mounted on an in-situ TEM holder. Electrical characterization waszE-mail: spear@mse.ufl.edu
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performed inside a field emission 200 kV FEI Talos F200X TEM
equipped with energy dispersive spectroscopy (EDS) with 1.2 Å
resolution. The purpose of these experiments was to observe the time
dependence of changes in crystallinity and extended defects as the
device were driven to failure. We examined three different coupons.

Results and Discussion

The rectifiers were examined by TEM for the presence of defects
in the as-fabricated devices prior to any biasing. Figures 2 and 3
show cross-sectional images of the rectifiers, in which a variety of

defects are observed. These include threading dislocations, rod-
shaped defects common to β-Ga2O3 and stacking faults.32–44 The
high resolution image does not reveal the presence of any divacancy-
interstitial complexes that have been reported in Sn-doped bulk
Ga2O3.

45 Previous work has also identified extended defects (e.g.,
twin boundaries and screw dislocations)32,33 and some atomic-scale
defects in bulk and epitaxial Ga2O3.

34,35 However, as will be seen
below, once the rectifiers are biased, new defects appear. We
observed quantitatively similar results for all coupons tested,
although for consistency, we show all the images from one device
since we had a complete set of images for this and for the others we
had less complete data.

The 100 nm electron transparent β-Ga2O3 rectifiers were tested
under accelerated forward biasing conditions, in which the forward
bias was increased in intervals of 20 mV until device failure occurred
at 0.48 MV cm−1 (4.81 V). Each biasing step was followed by a one
minute delay for relaxation. Figure 4a shows the current-voltage (I-V)
characteristics under forward biasing conditions, with the Schottky
contact at various forward biases and the substrate grounded.
Figures 4b–4g shows the low magnification TEM bright field images
to capture microstructural changes during the forward biasing at
the different bias points labelled in Fig. 4a. Up to 2.25 V forward
bias, no microstructural changes were observed. We also did not
observe any abrupt changes in the I-V characteristics below this bias.
The calculated current density at this point is approximately
2.24 10 A cm .4 2´ - This current density is sufficient enough to
introduce thermal stress35,36 in the sample which could further initiate
microstructural changes, as shown by pink color dotted rectangular

Figure 1. Cross-sectional schematic of initial rectifier. After device mea-
surements are performed, this is sectioned into lamellae for in-situ biasing.

Figure 2. TEM cross sectional views of rectifier prior to forward bias stressing, showing presence of extended defects.
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box and cyan color dotted circle in Fig. 4c. As the forward bias is
increased to 2.45 V (corresponding I-V characteristic is indicated by
point (d) on Fig. 4a), a change in the slope of the I-V characteristic is

evident. This slope change signals the onset of crystal defect
generation due to the high current density (3.24 × 104 A.cm−2),
which further increases the series resistance of the sample.33–35

Figure 3. TEM cross sectional images taken near the top Au contact prior to bias stressing, showing stacking faults.

Figure 4. (a) I-V characteristics under forward biasing condition; TEM bright field images at different biasing voltages: (b) 0 V, (c) 2.25 V, (d) 2.45 V,
(e) 2.61 V, (f) 4.35 V, and (g) 4.81 V.
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Points (d) to (e) in Fig. 4 show an abrupt and sharp current density
increment from 2.45 V to 2.61 V. This behavior may be explained by
increased defect generation rate due to heating and increased carrier
energy. At high forward biases, carriers gain sufficiently high energy,
and both barrier potential and bandgap are reduced37 which could
counter-balance the rate of defect generation at this moderate current
density (compared to the breakdown current density). Beyond 2.61 V,
the current density is high enough to introduce more defects in the
device, which is even visible at low magnification, as shown in Fig. 4f.
The increase of bias from 2.61 to 4.35 V(points (e) to (f) on Fig. 3a)
clearly indicates an additional change in slope of the I-V curve, which
could be attributed to the more pronounced effect of carrier traps and
series resistance in the device. At 4.35 V forward bias current density
is 1.65 10 A cm ,5 2´ - which could induce sufficiently high thermal
stress and micro-structural defects due to the moderate thermal
conductivity of Ga2O3. This is reflected by point (f) in Fig. 4a where
current drops sharply. After 4.35 V forward bias, the output current
value slightly increased as marked by point (g) on Fig. 2a. However,
series resistance at this point is a maximum during forward biasing. At
4.81 V, current density is more than two orders of magnitude higher
than the reported21,34 threshold value for failure, and current drops, as
shown in Fig. 4a. At this stage current density is high enough to
introduce structural degradation due to the thermomechanical field, as
shown by pink color dotted rectangular box and cyan color dotted
circle in Fig. 4g.

For clarity, Fig. 5 shows a side-by-side cross-sectional compar-
ison of the rectifier before (left) and after (right) biasing to 4.7 V,
where the current shows the device has significantly degraded. Note
the appearance of extended defects near both the anode and cathode,
as well as a degradation of the selected area diffraction pattern.

High resolution images taken in the center of the epitaxial layer
for different forward biases are shown in Fig. 6. The pristine crystal
quality prior to bias application is evident in the 0 V image.
However, various degrees of lattice disorder become apparent as
the bias is increased up to 4.8 V. Note that changes are already
obvious at 2.45 V (current density of 3.24 × 104 A.cm−2). This
correlates with electrical measurements, which shows that irrever-
sible damage to the rectifiers occurs for temperatures in the drift
region above ∼ 270 °C and at temperatures above 350 °C the Au-
based metallization fails.38

A more detailed view of the spatial variation in defect introduc-
tion is shown in Figs. 7 and 8, which show cross-sectional images
take from near the cathode (Fig. 6) and anode (Fig. 7), respectively,
as a function of forward bias. Near the cathode (Ti/Au contact), the
appearance of defect clusters are apparent as the bias increases until
the appearance of an extended defect at the failure point. A similar
trend is obvious near the Au anode, where defects with size
∼100 nm appear at the failure point. We subsequently performed
EDS to gain insight into the chemical composition of these defects.
It is also worth noting that the diffraction patterns at the failure point,

Figure 5. Cross sectional images and SAED patterns from rectifier before and after bias stressing at 4.7 V to induce degradation.
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even away from the extended defects, showed significant changes.
Figure 9 shows diffraction patterns taken at three different locations
near the top of the rectifier structure where the heating during
forward biasing will be most severe. There is even an indication of a
change in zone axis in this region.

A time series analysis of the sample at 4.81 V prior to the failure
is shown in Fig. 10. This provides an insight on how and where the
degradation starts and propagates inside the rectifier. The green and
cyan color arrows indicate regions near the anode and cathode
electrode, respectively, whereas pink color arrow indicates the
direction of gradual migration and evaporation. In Figs. 10a–10d,
both green and cyan color dotted arrow show contrast change near
the cathode, indicating microstructural changes under high current
density, which further degrades after 15.5 s biasing time at 4.81 V.
Pink color arrow indicates the direction of gradual contrast change
with experiment time. This contrast change could be attributed to the
evaporation/migration of atoms from cathode to anode side under
very high current density i.e. 1.65 × 105 A cm−2. Due to the low
thermal conductivity of Ga2O3 and applied high forward current
density, metal pools that are Au or Ga -rich can form in the drift
layer39 as captured by scanning transmission electron microscope
(STEM) image in Fig. 10f and confirmed by the EDS scans. The
formation of Au- or Ga-rich metal particles might also result from
surface diffusion of the respective elements on the surface of the thin
TEM sample. At this point, we can’t confirm the mechanism.

At very high current density (bias of 4.81 V, current density
1.25 × 105 A.cm−2), the rectifier is seen to undergoes severe lattice
damage and degradation, as shown in Fig. 11. The extent of the
degradation during the high forward biasing could be understood
using selected area electron diffraction (SAED) patterns. Such
a SAED pattern is shown in Fig. 11b. Appearance of a ring
(as indicated by yellow color dotted arrow) in SAED pattern clearly

indicates the device has undergone severe lattice damage. This
observation is supported by Figs. 11c–11f where lattice damage and
defects are evident. Figure 11g shows different types of defects,
including multiple stacking fault tetrahedrons (SFT) which could
be an outcome of thermal stress, and Fig. 11f shows an individual
stacking fault tetrahedron at high resolution. SFT defects are obvious
indicators of vacancy generation in the rectifier drift layer under high
current density. These vacancies further accumulate to form SFT
defects as shown in Figs. 11e and 11f. Similar types of stacking fault
defects in Ga2O3 has been reported recently.32–35

It is known from proton irradiation studies that the dominant
center in β-Ga2O3 is a VGa(1)–2H complex.40,41 Electron
Paramagnetic Resonance of radiation damage centers in β-Ga2O3

has identified a VGa(1) center with a structure very similar to this
VGa(1)–2H complex except with two bound holes instead of two
hydrogen atoms.42–44 This type of structure has also been observed
using scanning transmission electron microscopy.45 Thus it appears
that VGa complexes form, probably due to the high thermal load in
the epitaxial layer and these agglomerate into different types of
extended defects that are observed in the TEM and which are the
signatures of the impending failure of the rectifier.

β-Ga2O3 rectifiers can suffer generation of generate cracks and
defects at electrodes as well as in the device layer under forward
biasing conditions.18,36,38 Figure 12 illustrates such defect evolution
in the drift layer during the forward biasing. Additional extended
defects observed as the forward bias was increased included voids
and microcracks. We did not notice any crystal defects before
forward biasing, as shown in Fig. 12a. Beyond the threshold current
density of 2.24 × 104 A cm−2, minor crystal defects starts to arise,
as indicated by the circular regions in Fig. 12b. These defects are
more evident at 6.69 × 104 A cm−2 as shown in Fig. 12c. Figure 12d
shows a magnified view of Fig. 12c, where both extended defects

Figure 6. Higher resolution cross-sectional images as a function of forward bias on the rectifiers, showing the change in crystal quality.
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Figure 7. Cross-sectional images near the Ti/Au cathode, as a function of forward bias during electrical stressing.

Figure 8. Cross-sectional images near the Ni/Au cathode, as a function of forward bias before and after electrical stressing at 4.81 V.
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and clusters are evident. These defects near the anode could affect
Schottky barrier height at the interface,37 which would further affect
forward output current. Above 2.61 V forward biasing, which
corresponds to 6.69 × 104 A cm−2, thermal stress induces a
significant amount of crystal defects, which further reduce forward
current. This is supported by the corresponding I-V characteristic,
which showed an increase in sheet resistance. With increased
forward bias voltage, the rectifier failure is accompanied by
formation of vacancy enriched areas, as indicated in Figs. 12 d
and 12e. We also noticed a disruption in crystal structure and
formation of small crystallites. This indicates the single crystal
Ga2O3 disintegrates to a polycrystalline structure, which signifi-
cantly affect the device performance. These defects act as carrier
traps and might increase series resistance of the rectifiers. Thus,
defects induced series resistance increment further degrades forward
output current. During the failure both metal pool (green color dotted
circle) and discernable cracks (pink color dotted rectangle) formed in
the device layer near the cathode as shown in Figs. 12e and 12f. A
magnified view of the crack is shown in Fig. 12f. This current
density is higher than the reported breakdown value, which could
induce sufficient amount of thermal stress in the device layer and
initiate mechanical cracking.21,34 The formation of pores and cracks
could also be related to surface diffusion and bending of the thin
TEM lamellae, although as discussed earlier, the lamellae behave in
a similar fashion to the large area, ex-situ devices.

Let’s address the possible influence of the probe beam in the
TEM affecting the results. It might be suggested that β-Ga2O3 is a
very beam-sensitive material and many of the effects observed could

also be caused by radiation damage. In particular, the SFT defects
observed in the HRTEM images and the breakdown into nanocrys-
talline particles could also be indicative of an agglomeration of point
defects caused by the electron beam. However, under our beam
conditions, we have not seen any obvious creation of stacking faults,
transformation into nanocrystallites or agglomeration of point
defects. The lamellae behave the same as large area devices under
similar current densities. While there are potential issues under
electron beam irradiation, but we haven’t seen them under our
conditions. The TEM sample preparation was done to minimize the
total beam energy density. Similarly, while some of the changes may
be due to thermally induced effects caused by Joule heating of the
sample and not to the forward bias current induced effects, we have
spent a lot of time quantifying the effects of Joule heating under
forward bias in the original diodes from which the lamellae for TEM
were cut and we feel we have a good handle on how that is
manifested. That’s not what we are seeing in the devices biased in
the TEM. The changes we see in these lamellae are basically similar
to those seen in ex-situ devices where we maintain the temperature
below the point of thermal failure.

Deep level transient spectroscopy measurements were used to
observe any changes in deep traps as a result of the bias stressing. Ax
shown in Fig. 13, the spectra in the as-fabricated rectifier shows the
standard E1 (level near Ec−(0.57–0.63) eV, electron capture cross
section of σn = (3.6–4.5)×10–14 cm2), E2 (level near Ec−0.83 eV,
σn = 1.4 × 10–14 cm2) electron traps, shoulder belonging to the E2*
trap, and, at high temperature, the trap similar to E4 trap in radiation
experiments, but with slightly altered parameters (Ec−1.4 eV,

Figure 9. SAED from three regions near the top Ni/Au contact after forward bias stressing at 4.81 V.
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Figure 10. Time series TEM BF images of defects evolution prior to the failure at 4.81 V: (a) 0 s, (b) 5 s, (c) 10 s, (d) 14 s, (e) 15.5 s, and (f) HAADF STEM
image after failure.

Figure 11. (a) Low magnification TEM BF images after failure i.e. at 4.81 V, (b) SAED pattern after failure, (c)–(d) magnified view close to the center area as
shown by pink color dotted rectangle, (e) HRTEM images showing SFT defects in a defected region of the sample, and (f) HRTEM images of an individual SFT
defect.
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σn = 6 × 10–12 cm2), trap E4*, observed in some HVPE films.46–49

The only solid identification of these traps is that E2 is due to the
Fe3+/Fe2+ acceptor.46 The other states are thought to be point defect
related.47–49 After degradation the spectra in the low temperature
part were virtually unchanged, but the magnitude of the E4* peak
greatly increased and the peak was converted to the standard
radiation defect peak E4 (Ec-1.2 eV, σn = 1.1 × 1014 cm−2). The
E4* peak is peculiar because we have also observed it being
transformed by neutron irradiation into E4 and slightly anneal at
temperatures higher than 450 oC. Since the E4 state is introduced by
neutron, proton and alpha particle irradiation,47–49 it is expected to
be related to native point defects or their complexes with impurities

and its increase in bias-stressed samples may indicate the creation of
these states provides percolation sites for the more extended defects
found by TEM after higher bias stressing.

Summary and Conclusions

This work demonstrates an in-situ technique to investigate
accelerated failure of β-Ga2O3 rectifiers inside a TEM. There are a
number of key points that emerge from this study:

(i) During device operation, high current densities induce a
significant concentration of crystal defects in the drift layer,
which in turn increases series resistance and may increase
carrier trapping.

(ii) At high current density, the electrode metal can also degrade,
thus introducing inhomogeneous Schottky contact at the metal-
semiconductor interface.

(iii) Metallic pool formation during the failure of the device
indicates temperature plays a role in the rectifier breakdown.

(iv) Reduction of Ga and O atom near the cathode area may be a
result of the migration of atoms under high current density.

(v) Very high current density can also generate cracks in the drift
layer prior to the failure of the rectifier. This can eventually
lead to delamination of this layer from the substrate.

The existing literature considers only post failure analysis to
predict the failure modes, whereas the current study allows us to
probe defects evolution and failure modes during real-time operation.
This will also be interesting for looking at reverse bias degradation
mechanisms, since recent results suggest near-ideal reverse leakage
current and maximum electric field can be obtained in some existing
material.50 Given our knowledge of the end result of forward bias

Figure 12. Defect evolution during the forward biasing at: (a) 0 V, (b) 2.25 V, (c) 2.61 V, (d) magnified view at 2.61 V, and (e) HAADF image at 4.81 V, and (f)
TEM BF image at 4.81 V.

Figure 13. DLTS spectra measured before (red lines) and after (blue lines)
degradation at −5V, with forward bias pulse +1 V (50 ms long), the data
shown for time windows 150 ms/1500 ms (solid lines) and 1500 ms/
15000 ms (dashed lines).
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degradation on large devices, in our observations, the lamellae end up
with the same failure mechanisms. The TEM experiments allow us to
see the evolution of that, rather than just the end result.50,51

Acknowledgments

The work at UF is partially supported by HDTRA1-17-1-0011
(Jacob Calkins, monitor), the DTRA Interaction of Ionizing
Radiation with Matter University Research Alliance and also by
NSF DMR 1856662 (James Edgar). The work at NUST MISiS was
supported in part by the Russian Science Foundation, grant no. 19-
19-00409 and grant К2А-2018-051 Ministry of Education and
Science of the Russian Federation in the framework of Increase
Competitiveness Program of NUST “MISIS” supporting Nastya
Kochkova. Research at the NRL was supported by the Office of
Naval Research (ONR).

ORCID

Alexander Y. Polyakov https://orcid.org/0000-0001-6898-6126
S. J. Pearton https://orcid.org/0000-0001-6498-1256

References

1. X. Yan, I. S. Esqueda, J. Ma, J. Tice, and H. Wang, Appl. Phys. Lett., 112, 032101
(2018).

2. S. J. Pearton, J. Yang, P. H. Cary IV, F. Ren, J. Kim, M. J. Tadjer, and M.
A. Mastro, Appl. Phys. Rev., 5, 011301 (2018).

3. M. A. Mastro, A. Kuramata, J. Calkins, J. Kim, F. Ren, and S. J. Pearton, ECS J.
Solid State Sci. Technol., 6, 356 (2017).

4. M. H. Wong, K. Goto, H. Murakami, Y. Kumagai, and M. Higashiwaki, IEEE
Electron Device Lett., 40, 431 (2019).

5. A. Green et al., IEEE Electron Dev. Lett., 37, 902 (2016).
6. K. Zeng, A. Vaidya, and U. Singisetti, IEEE Electron Dev. Lett., 39, 1385 (2018).
7. M. H. Wong, K. Sasaki, A. Kuramata, S. Tamakoshi, and M. Higashiwaki, IEEE

Electron Dev. Lett., 37, 212 (2016).
8. K. Zeng, J. S. Wallace, C. Heimburger, K. Sasaki, A. Kuramata, and U. Singisetti,

IEEE Electron Dev. Lett., 38, 513 (2017).
9. Y. Lv et al., IEEE Electron Dev. Lett., 40, 83 (2019).

10. K. D. Chabak et al., IEEE Electron Dev. Lett., 39, 67 (2018).
11. K. Chabak et al., Appl. Phys. Lett., 109, 213501 (2016).
12. M. J. Tadjer, N. A. Mahadik, V. D. Wheeler, E. R. Glaser, L. Ruppalt,

A. D. Koehler, K. D. Hobart, C. R. Eddy Jr, and F. J. Kub, ECS J. Solid State
Sci. Technol., 5, 468 (2016).

13. K. Konishi, K. Goto, H. Murakami, Y. Kumagai, A. Kuramata, S. Yamakoshi, and
M. Higashiwaki, Appl. Phys. Lett., 110, 103506 (2017).

14. Z. Hu, K. Nomoto, W. Li, N. Tanen, K. Sasaki, A. Kuramata, T. Nakamura,
D. Jena, and H. G. Xing, IEEE Electron Dev. Lett., 39, 869 (2018).

15. Z. Hu et al., IEEE Electron Dev. Lett., 39, 1564 (2018).
16. J. Yang, F. Ren, M. Tadjer, S. J. Pearton, and A. Kuramata, ECS J. Solid State Sci.

Technol., 7, 92 (2018).
17. J. Yang, F. Ren, S. J. Pearton, and A. Kuramata, IEEE Trans. Electron Dev, 65,

2790 (2018).
18. J. C. Yang et al., ECS J. Solid State Sci. Technol., 8, Q3028 (2019).

19. J. C. Yang et al., Appl. Phys. Lett., 114, 232106 (2019).
20. C.-H. Lin et al., IEEE Electron Dev. Lett., 40, 1487 (2019).
21. W. Li, Z. Hu, K. Nomoto, R. Jinno, Z. Zhang, T. Q. Tu, K. Sasaki, A. Kuramata,

D. Jena, and H. G. Xing, “2.44 kV Ga2O3 vertical trench schottky barrier diodes
with very low reverse leakage current.” IEDM Tech. Dig., 218, 8.5.1 (2018).

22. Z. Hu et al., Appl. Phys. Lett., 113, 122103 (2018).
23. W. Li, K. Nomoto, Z. Hu, D. Jena, and H. G. Xing, IEEE Electron Dev. Lett., 41,

107 (2020).
24. N. Allen, M. Xiao, X. D. Yan, K. Sasaki, M. J. Tadjer, J. Ma, R. Zhang, H. Wang,

and Y. Zhang, IEEE Electron Dev. Lett., 40, 1399 (2019).
25. J. Yang, F. Ren, Y. Chen, Y. Liao, C. Chang, J. Lin, M. J. Tadjer, S. J. Pearton, and

A. Kuramata, IEEE J. Electron Dev. Soc., 7, 57 (2019).
26. S. B. Reese, T. Remo, J. Green, and A. Zakutayev, Joule, 3, 903 (2019).
27. M. J. Tadjer, The Electrochemical Society Interface, 27, 49 (2018).
28. J. Yang, C. Fares, R. Elhassani, M. Xian, F. Ren, S. J. Pearton, M. Tadjer, and

A. Kuramata, ECS J. Solid State Sci. Technol., 8, Q3159 (2019).
29. Z. Islam, A. Haque, and N. Glavin, Appl. Phys. Lett., 113, 183102 (2018).
30. B. M. Wang, Z. Islam, A. Haque, K. Chabak, M. Snure, E. Heller, and N. Glavin,

Nanotechnology, 29, 31LT01 (2018).
31. Z. Islam, A. L. Paoletta, A. M. Monterrosa, J. D. Schuler, T. J. Rupert, K. Hattar,

N. Glavin, and A. Haque, Microelectronics Rel., 102, 113493 (2019).
32. K. Nakai, T. Nagai, K. Noami, and T. Futagi, “Jpn.” J. Appl. Phys., 54, 051103

(2015).
33. A. Fiedler, R. Schewski, M. Baldini, Z. Galazka, G. Wagner, M. Albrecht, and

K. Irmscher, J. Appl. Phys., 122, 165701 (2017).
34. Z. Galazka, R. Uecker, K. Irmscher, M. Albrecht, D. Klimm, M. Pietsch,

M. Brützam, R. Bertram, and S. Ganschow, Cryst. Res. Technol., 45, 1229
(2010).

35. P. Ravadgar, R.-H. Horng, S.-D. Yao, H.-Y. Lee, B.-R. Wu, S.-L. Ou, and
L.-W. Tu, Opt. Express, 21, 24599 (2013).

36. M. Ahn, A. Sarracino, A. Ansari, B. Torralva, S. Yalisove, and J. Phillips, J. Appl.
Phys., 125, 223104 (2019).

37. Y. Y. Son and R. L. Peterson, Semicond. Sci. Technol., 32, 12LT02 (2017).
38. M. Xian, R. Elhassani, C. Fares, F. Ren, M. Tadjer, and S. J. Pearton, J. Vac. Sci.

Technol. B, 37, 061205 (2019).
39. Y. Matsukawa, Y., and S. J. Zinkle, Science, 318, 959 (2007).
40. P. Weiser, M. Stavola, W. B. Fowler, Y. Qin, and S. Pearton, Appl. Phys. Lett., 112,

232104 (2018).
41. Y. Qin, M. Stavola, W. B. Fowler, P. Weiser, and S. J. Pearton, ECS J. Solid State

Sci. Technol., 8, Q3103 (2019).
42. D. Skachkov, W. R. L. Lambrecht, H. J. von Bardeleben, U. Gerstmann, Q. D. Ho,

and P. Deak, APL Mater., 7, 022521 (2019).
43. D. Skachkov, W. R. L. Lambrecht, H. J. von Bardeleben, U. Gerstmann, Q. D. Ho,

and P. Deák, J. Appl. Phys., 125, 185701 (2019).
44. H. J. von Bardeleben, S. Zhou, U. Gerstmann, D. Skachkov, W. R. L. Lambrecht,

Q. D. Ho, and P. Deak, APL Mater., 7, 022521 (2019).
45. J. M. Johnson et al., Phys.Rev., X9, 041027 (2019).
46. M. E. Ingebrigtsen, J. B. Varley, A. Kuznetsov, B. G. Svensson, G. Alfieri,

A. Mihaila, U. Badstübner, and L. Vines, Appl. Phys. Lett., 112, 042104 (2018).
47. M. E. Ingebrigtsen, A. Kuznetsov, B. G. Svensson, G. Alfieri, A. Mihaila,

U. Badstubner, A. Perron, L. Vines, and J. B. Varley, APL Mater., 7, 022510
(2019).

48. J. Kim, S. J. Pearton, C. Fares, J. Yang, F. Ren, S. Kim, and A. Y. Polyakov,
J. Mater. Chem. C, 7, 10 (2018).

49. A. Y. Polyakov et al., Appl. Phys. Lett., 113, 092102 (2018).
50. W. Li, D. Saraswat, Y. Long, K. Nomoto, D. Jena, and H. G. Xing, Appl. Phys.

Lett., 116, 192101 (2019).
51. S. Gao, Y. Wu, R. Kang, and H. Huang, Mat Sci. Semicond. Proc., 79, 165 (2018).

ECS Journal of Solid State Science and Technology, 2020 9 055008

https://orcid.org/0000-0001-6898-6126
https://orcid.org/0000-0001-6498-1256
https://doi.org/10.1063/1.5002138
https://doi.org/10.1063/1.5006941
https://doi.org/10.1149/2.0031707jss
https://doi.org/10.1149/2.0031707jss
https://doi.org/10.1109/LED.2018.2884542
https://doi.org/10.1109/LED.2018.2884542
https://doi.org/10.1109/LED.2016.2568139
https://doi.org/10.1109/LED.2018.2859049
https://doi.org/10.1109/LED.2015.2512279
https://doi.org/10.1109/LED.2015.2512279
https://doi.org/10.1109/LED.2017.2675544
https://doi.org/10.1109/LED.2018.2881274
https://doi.org/10.1109/LED.2017.2779867
https://doi.org/10.1063/1.4967931
https://doi.org/10.1149/2.0061609jss
https://doi.org/10.1149/2.0061609jss
https://doi.org/10.1063/1.4977857
https://doi.org/10.1109/LED.2018.2830184
https://doi.org/10.1109/LED.2868444
https://doi.org/10.1149/2.0241805jss
https://doi.org/10.1149/2.0241805jss
https://doi.org/10.1109/TED.2018.2838439
https://doi.org/10.1149/2.0061907jss
https://doi.org/10.1063/1.5100256
https://doi.org/10.1109/LED.2019.2927790
https://doi.org/10.1063/1.5038105
https://doi.org/10.1109/LED.2019.2953559
https://doi.org/10.1109/LED.2019.2931697
https://doi.org/10.1109/JEDS.2018.2877495
https://doi.org/10.1016/j.joule.2019.01.011
https://doi.org/10.1149/2.F05184if
https://doi.org/10.1149/2.0211907jss
https://doi.org/10.1063/1.5046178
https://doi.org/10.1088/1361-6528/aac591
https://doi.org/10.1016/j.microrel.2019.113493
https://doi.org/10.7567/JJAP.54.051103
https://doi.org/10.1063/1.4993748
https://doi.org/10.1002/crat.201000341
https://doi.org/10.1364/OE.21.024599
https://doi.org/10.1063/1.5091700
https://doi.org/10.1063/1.5091700
https://doi.org/10.1088/1361-6641/aa95d2
https://doi.org/10.1116/1.5127511
https://doi.org/10.1116/1.5127511
https://doi.org/10.1126/science.1148336
https://doi.org/10.1063/1.5029921
https://doi.org/10.1149/2.0221907jss
https://doi.org/10.1149/2.0221907jss
https://doi.org/10.1063/1.5053158
https://doi.org/10.1063/1.5092626
https://doi.org/10.1063/1.5053158
https://doi.org/10.1103/PhysRevX.9.041027
https://doi.org/10.1063/1.5020134
https://doi.org/10.1063/1.5054826
https://doi.org/10.1039/C8TC04193H
https://doi.org/10.1063/1.5049130
https://doi.org/10.1063/5.0007715
https://doi.org/10.1063/5.0007715
https://doi.org/10.1016/j.mssp.2017.12.017



