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Abstract—In this article, we investigate defect nucleation
leading to device degradation in -Ga;O3 Schottky barrier
diodes by operating them inside a transmission electron
microscope. Such in situ approach allows simultaneous
visualization and quantitative device characterization, not
possible with the current art of postmortem microscopy.
High current density and associated mechanical and ther-
mal fields are shown to induce different types of crystal
defects, from vacancy cluster and stacking fault to micro-
crack generation prior to failure. These structural defects
can act as traps for carrier and cause device failure at
high biasing voltage. Fundamental insights on nucleation
of these defects and their evolution are important from
materials reliability and device design perspectives.

Index Terms— B-GayOj3, crystal defects, in situ transmis-
sion electron microscope (TEM), Schottky barrier diodes
(SBDs).

|. INTRODUCTION

IGH breakdown field of wide bandgap materials
makes them well-suited to high power electronics
applications [1]-[3]. Both GaN and SiC are commercialized
for power switching and control systems, while materials with
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even larger bandgaps, such as diamond, high-Al AlGaN, and
Ga,03;, are attracting significant interest for achieving even
higher performance levels. In particular, the beta-polytype
of Ga,O3 is an attractive material because of its low cost,
bulk growth methods, wide bandgap of 4.8-4.9 eV, and
high breakdown field (~8 MV/cm) [4]-[7]. Ga,O3 has three
times higher breakdown field strength compared to GaN and
4H-SiC [7] and possesses one order of magnitude and three
times higher Baliga’s figure of merit (BFOM) compared to
4H-SiC and GaN, respectively, [4], [5]. These exceptional
properties make Ga; O3 a suitable material for next-generation
high power electronics such as Schottky barrier diodes
(SBDs) and MOSFETs with low loss, high breakdown field,
and high voltage switching capability [4], [5], [8]-[21].

SBDs are a particular device concept that exhibit low
ON-state loss, short recovery time, low ON-resistance, and high
switching speeds [4], [S], [8], [9], [12], [22]-[24]. A large
number of studies [8], [9], [12] have shown very promising
performance from S-Ga,Os; SBDs, with breakdown voltages
over 2 kV and forward currents >30 A from large area
devices. The electrical behavior of SBDs can be affected
by the choice of Schottky metal contact, and the presence
of interface states [25]-[31]. Crystal defects can also affect
the performance of the SBDs and contribute to high leakage
current [28].

Large area vertical geometry f-Ga,O; SBDs are potential
candidates for high power switching application [32]. Initial
studies show the failure modes of f-Ga,Os; SBDs under
forward and reverse bias conditions are different [5], [32].
The reverse bias failure mode is governed by the pit for-
mation at the edge of the Schottky contact where the elec-
tric field strength is highest, whereas forward bias failure
mode shows contact area and device layer cracking and
in some cases, delamination of epitaxial layers from the
underlying substrate [32]. Temperature-dependent electrical
characterization of f-Ga,O; SBD shows that the Schottky
barrier height (SBH) can be affected by the device operating
temperature [26], [27], [32]-[35], which is reflected by their
current—voltage (/-V') characteristics. Relatively less is known
about the fundamental mechanisms behind the evolution of
damage and ultimately, failure of these devices. The major-
ity of the studies extrapolate the failure mechanisms with
either “signature” failure pattern in the device characteristics
data [36]-[38] or with postfailure analysis of the device. Only
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(a) SEM micrograph of bulk GapO3 SBD. (b) Coupon preparation from the bulk SBD device. (c) TEM cross section of the thin film SBD

before mounting on the MEMS device. (d) MEMS chip on a TEM holder for in situ biasing. (e) Electron transparent sample mounted on the MEMS

device. (f) Low magnification TEM BF image of 3-Ga>O3 SBD.

a few recent studies [39]-[41] have attempted to investigate the
failure mode of electronic devices under real-time operating
condition. However, such in situ or in operando experiments
have not been extended to Ga,O; SBDs yet.

In our present study, we demonstrate an in situ experimental
philosophy that allows us to investigate -Ga;O3 SBDs failure
under forward biasing condition inside a transmission electron
microscope (TEM). The uniqueness of the study is that it
allows us for the simultaneous visualization of the microstruc-
ture and quantitative characterization during the SBD device
operation. We prepared electron transparent functional spec-
imen from a bulk f-Ga,0O; Schottky diode using a focused
ion beam (FIB). The specimen was mounted and wire-bonded
on customized in situ TEM chip to perform experiments.
Real-time visualization at high-resolution imaging accompa-
nied by energy-dispersive X-ray spectroscopy (EDS), high-
angle annular dark-field (HAADF) imaging, and selected area
electron diffraction pattern were performed to characterize
the microstructure and chemistry. The assortment of device
characteristics, microstructure, and elemental diffusion data is
expected to provide useful insights into the failure mechanism
of f-Ga,O3 SBDs and design guidelines.

Il. EXPERIMENTAL SECTION

The device structure and fabrication have been described
in detail previously [14]. Briefly, the field-plated, edge-
terminated vertical Schottky diodes were fabricated on a
20-um-thick Si-doped n-type Ga,O; drift layer grown on
650-um thick f-Ga,O; substrate using halide vapor phase
epitaxy (HVPE). The p-Ga,Os substrate was an Sn-doped
f-Gay03 single crystal wafer with (001) surface orientation
grown by the edge-defined film-fed method with a carrier
concentration of 3.6 x 10'"® cm™3. A backside Ohmic con-
tact was formed with electron-beam-deposited Ti/Au fol-

lowed by rapid thermal annealing at 550 °C for 30 s in
N,. Next, 40 nm of SiO, and 360 nm of SiN, were
deposited as dielectric layers. Dielectric contact windows
were opened with buffered oxide etchant (BOE). E-beam-
evaporated Ni/Au (80 nm/420 nm) metallization was used
for the Schottky contacts, which overlapped the dielectric
windows by 10 um.

Electron transparent (nominally 100-nm thick) f-Ga,03
coupons were prepared and lifted out from the SBD [Fig. 1(a)]
using a Ga+ FIB [Fig. 1(b)] in a Helios Nanolab DualBeam
scanning electron microscope (SEM). This involved three
important steps: 1) 100-nm thin sample preparation, 2) transfer
of 100-nm thin sample on microelectromechanical system
(MEMS) device [Fig. 1(e)] [39], [40], and 3) wire bonding
of MEMS device [42] on a TEM chip carrier [Fig. 1(d)].
At first, a coupon was lifted out from the bulk £-Ga,O3 SBDs
and attached on a copper TEM grid [Fig. 1(c)] which was
further thinned down to 100-nm electron transparent sample
[Fig. 1(f)] using Ga+ FIB. Thinning down of the coupon
involves a series of ion beam accelerating voltages and a
wide range of current steps 21 nA-72 pA. The thickness
of the sample was monitored at regular intervals during the
thinning down process, and both accelerating voltage and
currents were adjusted depending on the sample thickness. The
second-step sample preparation uses low accelerating voltage
to transfer the sample from TEM copper grid to the MEMS
device. Low, i.e., 5-kV accelerating voltage-transfer steps were
chosen to avoid any beam damage and redeposition. Electrical
connections [Fig. 1(e)] were made using FIB-deposited plat-
inum. Fig. 1(e) shows the transferred sample on the MEMS
device, which is further mounted on an in situ TEM holder
[Fig. 1(d)]. Electrical characterization was performed inside a
field emission 200-kV FEI Talos F200X TEM equipped with
energy dispersive spectroscopy (EDS) with 1.2-A resolution.

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

17

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133



134

135

136

187

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

ISLAM et al.: IN SITU OBSERVATION OF g-GapO3 SCHOTTKY DIODE FAILURE

1000

(a)
100 -

10 -

Forward Current (A/cm?)

0 5 10 15
Forward Voltage (V)

20

Fig. 2.
transformation in the 5-GayOg3 layer after failure. (d) TEM BF image of vacancy clusters. (e) HRTEM images of SFT [corresponds to the pink color
region in (c)]. (f) Defects near the cathode area.

1. RESULTS AND DISCUSSION

The 11 ym x 7 pum x 100-nm electron transparent
f-Ga,03SBDs [Fig. 1(f)] were tested under accelerated for-
ward biasing conditions. During the experiment, we grad-
ually increased the forward bias at an interval of 20 mV
until the device fails. Each biasing step was followed by a
I-min delay for relaxation, at which point the system was
stable both mechanically and electrically. Fig. 2(a) shows
the SBD current—voltage (/-V') characteristics under forward
biasing condition. Low magnification TEM bright field (BF)
images [Figs. 1(f) and 2(b) and (c)] show bend contours
which arise from elastic bending during specimen preparation.
Fig. 2(b) and (c) shows the TEM BF images to capture
microstructural changes during operation. The calculated cur-
rent density prior to the failure is 3.2 x 10?> A/cm?, which is
in well agreement with the reported [5], [30] value. This high
current density is enough to introduce thermal stress in the
device which could further initiate microstructural changes at
the anode and cathode areas, as shown in Fig. 2(b) and (c).
High-resolution TEM (HRTEM) images [Fig. 2(d)—(f)] indi-
cate generation of severe crystal defects, such as vacancy
clusters, [Fig. 2(d)] amorphization, stacking fault tetrahedron
(SFT), and crack [Fig. 2(f)] formation in the device layers.

As shown in Fig. 2(e) SFT is a pyramidal shape vacancy
defect, and it may appear as a triangular shape in the TEM BF
image [43]. SFT defects are an obvious indication of vacancy

.

Tum

Cathode

(a) -V characteristics under forward biasing condition. TEM BF images during failure at time (b) t = 0 s and (c) t = 15 s. Structural

generation in the device layer under high current density
as shown in Fig. 2(e). These vacancies further accumulate
to form SFT defects [44]. Similar types of stacking fault
defects in Ga,O3; have been reported recently [45]. During
the failure both metal pool (green color dotted lines) and
discernable cracks (cyan color dotted lines) formed in the
device layer near the cathode as shown in Fig. 2(f). High
current density accompanied by the thermal field could induce
a sufficient amount of thermal stress in the device layer
and initiate this mechanical cracking [9]. These structural
defects might act as carrier traps and further accelerates device
degradation.

During forward biasing, defects could generate near the
anode area due to high current density in the SBD device
(Fig. 3). Fig. 3 shows such defects evolution during forward
biasing. The pink color arrowhead indicates the direction of the
anode location. Before forward biasing, there was no obvious
indication of crystal defects, as shown in Fig. 3(a). However,
at 4.8 V, crystal defects start to appear as indicated by green
circular regions in Fig. 3(b). These defects near the anode
could affect SBH at the interface [22], which could affect
forward output current. At this point calculated current density
is 2.9 x 10" A/cm?, which can facilitate the development of
thermal stress due to the Joule heating, and further contributes
to the crystal defects evolution. The electrical field required
to initiate crystal defects is approximately 0.5 MV/cm, this

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

IEEE TRANSACTIONS ON ELECTRON DEVICES

Fig. 3. HRTEM images near the anode area at different biasing conditions. (a) Initial condition, i.e., 0 V. (b) 4.8 V. (c) After failure.
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(a) Comparison of output current between as-fabricated bulk device and thin film device. (b) BF TEM image shows gold diffusion in the

channel layer. (c) Gold diffusion in the device layer captured by STEM image.

value is close to the experimental breakdown field strength
approximately 0.54 MV/cm [46]. However, as we continue
to increase forward biasing, the device fails by forming a
vacancy-enriched area, as indicated by cyan color dotted
arrowhead in Fig. 3(c). We also notice disruption in crystal
structure and formation of small crystallites, as shown by green
color dotted circles. This observation indicates that single-
crystal GapO; disintegrates into a polycrystalline structure due
to the thermo-mechanical field, which can significantly affect
the device performance. In our present study, we notice that
after failure the device behaves as an open circuit, and no
significant current flow was measured through the device after
this failure.

We have also compared forward output current obtained
from as-fabricated bulk Ga,O3; and electron transparent thin
film device as shown in Fig. 4(a). Output current follows
the similar /-V characteristics; however, the magnitude of
current density is slightly different which could be attributed
to the thin film device geometry. Rigorous experimentation
and modeling are required to mitigate this discrepancy and
we left this issue for future study. Scanning transmission
electron microscope (STEM) equipped with EDS allows us
to identify individual elements in the device layer during the

Change in at %
o
|
J
W

Fig.5. EDS mapping of chemical elements (a) and (b) before biasing and
(c) and (d) after failure. (e) Change in the atom percentage of individual
chemical elements.

experiment. The chemical mapping provides insights into the
diffusion of elements toward degradation of the SBD device
during forward biasing. In our present study, we scan two
EDS maps before and after the failure of the device, as shown
in Fig. 5(a)-(d). On the EDS map, cyan and red colors
represent gallium (Ga) and oxygen (O) atoms, respectively.
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No discernable defects/abrupt changes in the elemental map
are observed in the sample before biasing [Fig. 5(a) and (b)].
Howeyver, after failure, we observe the accumulation of Ga
and O near the left side of the anode [Fig. 5(c) and (d)].
At the same time, we also identify the loss of Ga and O atoms
from the cathode area of the device, which could be attributed
to the Ga pool formation near the cathode area [Fig. 5(c)].
We also notice both Ga and O atoms migrate toward the
anode area, which could be attributed to the thermo-migration
of these atoms under the combined thermo-mechanical field
at high current density. The unique geometry of the thin film
SBD could introduce a nonuniform temperature profile along
the thin film SBD due to the Joule heating. Thus, this thermal
gradient in the sample might generate a nonuniform Ga profile
in the thin film SBD device. Under high current density, the
anode metal could degrade (as shown by the green dotted
arrow in Fig. 4(b) and (c)]. BF TEM image, EDS map [inset
in Fig. 4(b)], and STEM images [Fig. 4(c)] show electrode
metals diffusion in the channel layer at higher current density
due to the high thermal field. This electrode degradation
might significantly damage the interface layer and introduce
the Schottky barrier inhomogeneity at the interface [23].
Hence, the device deviates from the ideal behavior.

STEM image and EDS mapping allow us to probe both
structural and chemical transformation. For example, metal
pool formation is confirmed by Fig. 5(c). However, without
EDS mapping no elemental information could be extracted.
The presence of a metallic pool of Ga near the cathode
indicates a sufficiently high thermal field that may arise during
the device operation and could transform Ga;0s to Ga atoms.
Fig. 5(e) represents the relative weight percentage of Ga and O
atoms after failure. Weight percentage loss of Ga and O atoms
is approximately 6% and 4%, respectively, [Fig. 5(e)], which
supports the device layer degradation and decomposition of
f-Gay 03 at high current density.

Our present study reveals that high current density accom-
panied by the thermal field could induce a significant number
of structural defects such as vacancy clusters, stacking faults,
and cracking in the devices. These structural defects further
act as carrier traps and might increase resistance to the current
flow during the operation [24]. Observation indicates that
failure mode could be attributed to the high thermo-mechanical
field that may arise during the operation of the SBDs device.
In situ TEM techniques have been already implemented to
investigate both “ON-" [47] and “OFF-" [39] state failure study
of high electron mobility transistor. Though our present study
investigates forward biasing condition, however, a similar
technique could be extended to study the reverse biasing
failure mode. Further work is needed to correlate the scaling
physics of the electron transparent device and the effects of
specimen preparation before the findings can be applied to
bulk SBDs.

IV. CONCLUSION

We demonstrated a new experimental direction in electron
device reliability by operating an electron transparent
f-Ga;0; SBD inside a TEM. The electrical measurements

and microscopy indicate that high current density could
induce a significant concentration of crystal defects both in
the electrode and device layer, which in turn increase series
resistance. At high current density, the electrode metal can
degrade, thus introducing inhomogeneous Schottky contact at
the metal-semiconductor interface. Additionally, high current
density-induced point defects can act as carrier traps, which
significantly affect the electrical performance of the device.
Metallic pool formation during the failure of the device indi-
cates temperature plays a dominant role in the device
failure. Furthermore, EDS mapping indicates the reduction of
Ga and O atoms near the cathode area could be attributed to the
migration of atoms under high current density. We conclude
that the existing literature considers only postfailure analysis to
predict the failure modes, whereas this article probed defects
evolution and failure modes during real-time operation.
Continuation of this article will provide invaluable insights
on SBD device design and failure mechanism in the future.
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Abstract—In this article, we investigate defect nucleation
leading to device degradation in 8-Ga,O3 Schottky barrier
diodes by operating them inside a transmission electron
microscope. Such in situ approach allows simultaneous
visualization and quantitative device characterization, not
possible with the current art of postmortem microscopy.
High current density and associated mechanical and ther-
mal fields are shown to induce different types of crystal
defects, from vacancy cluster and stacking fault to micro-
crack generation prior to failure. These structural defects
can act as traps for carrier and cause device failure at
high biasing voltage. Fundamental insights on nucleation
of these defects and their evolution are important from
materials reliability and device design perspectives.

Index Terms— B-Gao O3, crystal defects, in situ transmis-
sion electron microscope (TEM), Schottky barrier diodes
(SBDs).

|. INTRODUCTION

IGH breakdown field of wide bandgap materials
makes them well-suited to high power -electronics
applications [1]-[3]. Both GaN and SiC are commercialized
for power switching and control systems, while materials with
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even larger bandgaps, such as diamond, high-Al AlGaN, and
Ga,03;, are attracting significant interest for achieving even
higher performance levels. In particular, the beta-polytype
of Ga,03 is an attractive material because of its low cost,
bulk growth methods, wide bandgap of 4.8-4.9 eV, and
high breakdown field (~8 MV/cm) [4]-[7]. Ga,O3 has three
times higher breakdown field strength compared to GaN and
4H-SiC [7] and possesses one order of magnitude and three
times higher Baliga’s figure of merit (BFOM) compared to
4H-SiC and GaN, respectively, [4], [5]. These exceptional
properties make Ga,O3 a suitable material for next-generation
high power electronics such as Schottky barrier diodes
(SBDs) and MOSFETs with low loss, high breakdown field,
and high voltage switching capability [4], [5], [8]-[21].

SBDs are a particular device concept that exhibit low
ON-state loss, short recovery time, low ON-resistance, and high
switching speeds [4], [5], [8], [9], [12], [22]-[24]. A large
number of studies [8], [9], [12] have shown very promising
performance from S-Ga,Os; SBDs, with breakdown voltages
over 2 kV and forward currents >30 A from large area
devices. The electrical behavior of SBDs can be affected
by the choice of Schottky metal contact, and the presence
of interface states [25]-[31]. Crystal defects can also affect
the performance of the SBDs and contribute to high leakage
current [28].

Large area vertical geometry f-Ga,0O; SBDs are potential
candidates for high power switching application [32]. Initial
studies show the failure modes of f-Ga,Os; SBDs under
forward and reverse bias conditions are different [5], [32].
The reverse bias failure mode is governed by the pit for-
mation at the edge of the Schottky contact where the elec-
tric field strength is highest, whereas forward bias failure
mode shows contact area and device layer cracking and
in some cases, delamination of epitaxial layers from the
underlying substrate [32]. Temperature-dependent electrical
characterization of f-Ga;O; SBD shows that the Schottky
barrier height (SBH) can be affected by the device operating
temperature [26], [27], [32]-[35], which is reflected by their
current—voltage (/-V') characteristics. Relatively less is known
about the fundamental mechanisms behind the evolution of
damage and ultimately, failure of these devices. The major-
ity of the studies extrapolate the failure mechanisms with
either “signature” failure pattern in the device characteristics
data [36]-[38] or with postfailure analysis of the device. Only
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Fig. 1.

Metal
" electrode’

63,0,

(a) SEM micrograph of bulk GapO3 SBD. (b) Coupon preparation from the bulk SBD device. (c) TEM cross section of the thin film SBD

before mounting on the MEMS device. (d) MEMS chip on a TEM holder for in situ biasing. (e) Electron transparent sample mounted on the MEMS

device. (f) Low magnification TEM BF image of 3-Ga>O3 SBD.

a few recent studies [39]-[41] have attempted to investigate the
failure mode of electronic devices under real-time operating
condition. However, such in situ or in operando experiments
have not been extended to Ga,O; SBDs yet.

In our present study, we demonstrate an in sifu experimental
philosophy that allows us to investigate f-Ga, O3 SBDs failure
under forward biasing condition inside a transmission electron
microscope (TEM). The uniqueness of the study is that it
allows us for the simultaneous visualization of the microstruc-
ture and quantitative characterization during the SBD device
operation. We prepared electron transparent functional spec-
imen from a bulk f-Ga,0; Schottky diode using a focused
ion beam (FIB). The specimen was mounted and wire-bonded
on customized in situ TEM chip to perform experiments.
Real-time visualization at high-resolution imaging accompa-
nied by energy-dispersive X-ray spectroscopy (EDS), high-
angle annular dark-field (HAADF) imaging, and selected area
electron diffraction pattern were performed to characterize
the microstructure and chemistry. The assortment of device
characteristics, microstructure, and elemental diffusion data is
expected to provide useful insights into the failure mechanism
of f-Ga,03 SBDs and design guidelines.

Il. EXPERIMENTAL SECTION

The device structure and fabrication have been described
in detail previously [14]. Briefly, the field-plated, edge-
terminated vertical Schottky diodes were fabricated on a
20-um-thick Si-doped n-type Ga,O; drift layer grown on
650-um thick f-GapO; substrate using halide vapor phase
epitaxy (HVPE). The p-Ga,Os substrate was an Sn-doped
f-Gay03 single crystal wafer with (001) surface orientation
grown by the edge-defined film-fed method with a carrier
concentration of 3.6 x 10'"® cm™3. A backside Ohmic con-
tact was formed with electron-beam-deposited Ti/Au fol-

lowed by rapid thermal annealing at 550 °C for 30 s in
N,. Next, 40 nm of SiO, and 360 nm of SiN, were
deposited as dielectric layers. Dielectric contact windows
were opened with buffered oxide etchant (BOE). E-beam-
evaporated Ni/Au (80 nm/420 nm) metallization was used
for the Schottky contacts, which overlapped the dielectric
windows by 10 um.

Electron transparent (nominally 100-nm thick) f-Ga,03
coupons were prepared and lifted out from the SBD [Fig. 1(a)]
using a Ga+ FIB [Fig. 1(b)] in a Helios Nanolab DualBeam
scanning electron microscope (SEM). This involved three
important steps: 1) 100-nm thin sample preparation, 2) transfer
of 100-nm thin sample on microelectromechanical system
(MEMS) device [Fig. 1(e)] [39], [40], and 3) wire bonding
of MEMS device [42] on a TEM chip carrier [Fig. 1(d)].
At first, a coupon was lifted out from the bulk £-Ga,O3 SBDs
and attached on a copper TEM grid [Fig. 1(c)] which was
further thinned down to 100-nm electron transparent sample
[Fig. 1(f)] using Ga+ FIB. Thinning down of the coupon
involves a series of ion beam accelerating voltages and a
wide range of current steps 21 nA-72 pA. The thickness
of the sample was monitored at regular intervals during the
thinning down process, and both accelerating voltage and
currents were adjusted depending on the sample thickness. The
second-step sample preparation uses low accelerating voltage
to transfer the sample from TEM copper grid to the MEMS
device. Low, i.e., 5-kV accelerating voltage-transfer steps were
chosen to avoid any beam damage and redeposition. Electrical
connections [Fig. 1(e)] were made using FIB-deposited plat-
inum. Fig. 1(e) shows the transferred sample on the MEMS
device, which is further mounted on an in situ TEM holder
[Fig. 1(d)]. Electrical characterization was performed inside a
field emission 200-kV FEI Talos F200X TEM equipped with
energy dispersive spectroscopy (EDS) with 1.2-A resolution.
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Fig. 2.
transformation in the 5-GayOg layer after failure. (d) TEM BF image of vacancy clusters. () HRTEM images of SFT [corresponds to the pink color
region in (c)]. (f) Defects near the cathode area.

[1l. RESULTS AND DISCUSSION

The 11 ym x 7 pum x 100-nm electron transparent
f-Ga,03SBDs [Fig. 1(f)] were tested under accelerated for-
ward biasing conditions. During the experiment, we grad-
ually increased the forward bias at an interval of 20 mV
until the device fails. Each biasing step was followed by a
I-min delay for relaxation, at which point the system was
stable both mechanically and electrically. Fig. 2(a) shows
the SBD current—voltage (/-V') characteristics under forward
biasing condition. Low magnification TEM bright field (BF)
images [Figs. 1(f) and 2(b) and (c)] show bend contours
which arise from elastic bending during specimen preparation.
Fig. 2(b) and (c) shows the TEM BF images to capture
microstructural changes during operation. The calculated cur-
rent density prior to the failure is 3.2 x 10?> A/cm?, which is
in well agreement with the reported [5], [30] value. This high
current density is enough to introduce thermal stress in the
device which could further initiate microstructural changes at
the anode and cathode areas, as shown in Fig. 2(b) and (c).
High-resolution TEM (HRTEM) images [Fig. 2(d)—(f)] indi-
cate generation of severe crystal defects, such as vacancy
clusters, [Fig. 2(d)] amorphization, stacking fault tetrahedron
(SFT), and crack [Fig. 2(f)] formation in the device layers.

As shown in Fig. 2(e) SFT is a pyramidal shape vacancy
defect, and it may appear as a triangular shape in the TEM BF
image [43]. SFT defects are an obvious indication of vacancy

(a) -V characteristics under forward biasing condition. TEM BF images during failure at time (b) t = 0 s and (c) t = 15 s. Structural

generation in the device layer under high current density
as shown in Fig. 2(e). These vacancies further accumulate
to form SFT defects [44]. Similar types of stacking fault
defects in Ga,O3; have been reported recently [45]. During
the failure both metal pool (green color dotted lines) and
discernable cracks (cyan color dotted lines) formed in the
device layer near the cathode as shown in Fig. 2(f). High
current density accompanied by the thermal field could induce
a sufficient amount of thermal stress in the device layer
and initiate this mechanical cracking [9]. These structural
defects might act as carrier traps and further accelerates device
degradation.

During forward biasing, defects could generate near the
anode area due to high current density in the SBD device
(Fig. 3). Fig. 3 shows such defects evolution during forward
biasing. The pink color arrowhead indicates the direction of the
anode location. Before forward biasing, there was no obvious
indication of crystal defects, as shown in Fig. 3(a). However,
at 4.8 'V, crystal defects start to appear as indicated by green
circular regions in Fig. 3(b). These defects near the anode
could affect SBH at the interface [22], which could affect
forward output current. At this point calculated current density
is 2.9 x 10" A/cm?, which can facilitate the development of
thermal stress due to the Joule heating, and further contributes
to the crystal defects evolution. The electrical field required
to initiate crystal defects is approximately 0.5 MV/cm, this
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Fig. 3. HRTEM images near the anode area at different biasing conditions. (a) Initial condition, i.e., 0 V. (b) 4.8 V. (c) After failure.
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(a) Comparison of output current between as-fabricated bulk device and thin film device. (b) BF TEM image shows gold diffusion in the

channel layer. (c) Gold diffusion in the device layer captured by STEM image.

value is close to the experimental breakdown field strength
approximately 0.54 MV/cm [46]. However, as we continue
to increase forward biasing, the device fails by forming a
vacancy-enriched area, as indicated by cyan color dotted
arrowhead in Fig. 3(c). We also notice disruption in crystal
structure and formation of small crystallites, as shown by green
color dotted circles.  This observation indicates that single-
crystal GapO; disintegrates into a polycrystalline structure due
to the thermo-mechanical field, which can significantly affect
the device performance. In our present study, we notice that
after failure the device behaves as an open circuit, and no
significant current flow was measured through the device after
this failure.

We have also compared forward output current obtained
from as-fabricated bulk Ga,O3; and electron transparent thin
film device as shown in Fig. 4(a). Output current follows
the similar /-V characteristics; however, the magnitude of
current density is slightly different which could be attributed
to the thin film device geometry. Rigorous experimentation
and modeling are required to mitigate this discrepancy and
we left this issue for future study. Scanning transmission
electron microscope (STEM) equipped with EDS allows us
to identify individual elements in the device layer during the

Change in at %

Fig.5. EDS mapping of chemical elements (a) and (b) before biasing and
(c) and (d) after failure. (e) Change in the atom percentage of individual
chemical elements.

experiment. The chemical mapping provides insights into the
diffusion of elements toward degradation of the SBD device
during forward biasing. In our present study, we scan two
EDS maps before and after the failure of the device, as shown
in Fig. 5(a)-(d). On the EDS map, cyan and red colors
represent gallium (Ga) and oxygen (O) atoms, respectively.
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No discernable defects/abrupt changes in the elemental map
are observed in the sample before biasing [Fig. 5(a) and (b)].
Howeyver, after failure, we observe the accumulation of Ga
and O near the left side of the anode [Fig. 5(c) and (d)].
At the same time, we also identify the loss of Ga and O atoms
from the cathode area of the device, which could be attributed
to the Ga pool formation near the cathode area [Fig. 5(c)].
We also notice both Ga and O atoms migrate toward the
anode area, which could be attributed to the thermo-migration
of these atoms under the combined thermo-mechanical field
at high current density. The unique geometry of the thin film
SBD could introduce a nonuniform temperature profile along
the thin film SBD due to the Joule heating. Thus, this thermal
gradient in the sample might generate a nonuniform Ga profile
in the thin film SBD device. Under high current density, the
anode metal could degrade (as shown by the green dotted
arrow in Fig. 4(b) and (c)]. BF TEM image, EDS map [inset
in Fig. 4(b)], and STEM images [Fig. 4(c)] show electrode
metals diffusion in the channel layer at higher current density
due to the high thermal field. This electrode degradation
might significantly damage the interface layer and introduce
the Schottky barrier inhomogeneity at the interface [23].
Hence, the device deviates from the ideal behavior.

STEM image and EDS mapping allow us to probe both
structural and chemical transformation. For example, metal
pool formation is confirmed by Fig. 5(c). However, without
EDS mapping no elemental information could be extracted.
The presence of a metallic pool of Ga near the cathode
indicates a sufficiently high thermal field that may arise during
the device operation and could transform Ga;0s to Ga atoms.
Fig. 5(e) represents the relative weight percentage of Ga and O
atoms after failure. Weight percentage loss of Ga and O atoms
is approximately 6% and 4%, respectively, [Fig. 5(e)], which
supports the device layer degradation and decomposition of
f-Gay 03 at high current density.

Our present study reveals that high current density accom-
panied by the thermal field could induce a significant number
of structural defects such as vacancy clusters, stacking faults,
and cracking in the devices. These structural defects further
act as carrier traps and might increase resistance to the current
flow during the operation [24]. Observation indicates that
failure mode could be attributed to the high thermo-mechanical
field that may arise during the operation of the SBDs device.
In situ TEM techniques have been already implemented to
investigate both “ON-" [47] and “OFF-" [39] state failure study
of high electron mobility transistor. Though our present study
investigates forward biasing condition, however, a similar
technique could be extended to study the reverse biasing
failure mode. Further work is needed to correlate the scaling
physics of the electron transparent device and the effects of
specimen preparation before the findings can be applied to
bulk SBDs.

IV. CONCLUSION

We demonstrated a new experimental direction in electron
device reliability by operating an electron transparent
f-Ga,0; SBD inside a TEM. The electrical measurements

and microscopy indicate that high current density could
induce a significant concentration of crystal defects both in
the electrode and device layer, which in turn increase series
resistance. At high current density, the electrode metal can
degrade, thus introducing inhomogeneous Schottky contact at
the metal-semiconductor interface. Additionally, high current
density-induced point defects can act as carrier traps, which
significantly affect the electrical performance of the device.
Metallic pool formation during the failure of the device indi-
cates temperature plays a dominant role in the device
failure. Furthermore, EDS mapping indicates the reduction of
Ga and O atoms near the cathode area could be attributed to the
migration of atoms under high current density. We conclude
that the existing literature considers only postfailure analysis to
predict the failure modes, whereas this article probed defects
evolution and failure modes during real-time operation.
Continuation of this article will provide invaluable insights
on SBD device design and failure mechanism in the future.
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