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This work aims to clarify the electrical activities of threading dislocations and
their relation with leakage sites in homoepitaxial GaN Schottky barrier diodes
based on the electron-beam-induced current (EBIC) technique and transmis-
sion electron microscopy (TEM). First, the recombination activities of
threading dislocations in epilayers grown on different substrates are com-
pared by EBIC. The dislocation type is characterized based on etch pit mea-
surements and TEM. The dislocation density and character are strongly
affected by defects in the substrate. The recombination strength of dislocations
is revealed to be correlated with their type. It is found that single dislocations
including both edge and mixed type exhibit weak (< 5%) EBIC contrast, while
dislocation clusters show strong contrast (up to 30%). Second, leakage sites in
Schottky diodes are visualized by EBIC under reverse bias. There is no direct
correlation between the initial leakage sites and threading dislocations;
whereas, instead of dislocations, a variety of initial leakage/breakdown sites
are found, including grown-in pit defects as initial breakdown sites and hil-
locks at the Schottky interface acting as strong leakage sites.
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INTRODUCTION

Wide-bandgap materials are now attracting great
research interest for use in future power electron-
ics.1 In particular, GaN-based power devices are
promising candidates that benefit from the figure of
merit of this material. GaN-on-GaN vertical struc-
tures have been proposed due to their advantages in
terms of large current flow and high breakdown

voltage.2 Vertical GaN p–n junction diodes with
high breakdown voltages above 4 kV have also been
reported.3,4 With the progress in GaN growth
techniques, large-size GaN substrates with low
dislocation density have become possible. The dis-
location density has been reduced from previous
values of 108 cm�2 to 109 cm�2 to the present range
of 104 cm�2 to 106 cm�2. Hydride vapor-phase epi-
taxy (HVPE) is used commercially to grow large-size
GaN substrates because of its high growth rate and
high purity. Many efforts have been made to
suppress the dislocation density, including special
technologies such as epitaxial lateral overgrowth(Received November 29, 2019; accepted March 13, 2020;
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(ELOG)5 and dislocation elimination by epitaxial
growth with inverse-pyramidal pits (DEEP).6 These
methods can help to eliminate dislocations within a
large area, but leave the issue of a nonuniform
distribution of dislocations. To achieve a low density
and uniform distribution, new methods such as
HVPE based on nanovoid-assisted separation7 and
dislocation- and strain-free growth on unique GaN
nanowire templates8,9 have been developed.

However, at present, HVPE GaN substrates still
contain a relatively high density of dislocations,
which would propagate into the epilayer during
epitaxial growth using the metalorganic vapor
phase epitaxy (MOVPE) technique. The presence
of threading dislocations could result in charge
traps or leakage sites, resulting in device degrada-
tion and failure. Several works based on a variety of
characterization methods have been reported. It has
been found using ballistic electron emission micro-
scopy that threading dislocations with a screw
component are accompanied by high current densi-
ties and low effective Schottky barrier heights.10

Conductive atomic force microscopy (C-AFM) study
has suggested that there are two kinds of leakage
current paths, viz. open-core screw and pure screw
dislocations,11 and a model of oxygen-related defect
centers in the bandgap has been proposed as the
origin of the leakage current. More recently, it was
reported based on emission microscopy and etch pit
studies that pure screw dislocations are related to
the reverse leakage in vertical GaN p–n diodes.12

Threading dislocations in GaN epilayers can be
structurally clarified into three categories: edge
type with Burgers vector b of 1/3<11-20>, screw
type with b of<0001>, and mixed type with b of 1/3
<11-23>.13 The dislocation type can be determined
by wet chemical etching, since the shape and size of
the etch pit varies with the dislocation type.14–16

Among various etching methods, molten KOH etch-
ing is well developed for delineating dislocations in
GaN. Generally, the size of etch pit is in the
sequence of screw> mixed > edge.17 A more pre-
cisely way is to image dislocation with different
diffraction vectors in transmission electron micro-
scopy (TEM) and do gÆb analysis to determine
Burgers vector.18

On the other hand, to investigate the electrical
properties of dislocations, most studies are limited
to optical characterizations of dislocations in GaN
substrates based on cathodoluminescence (CL) and
photoluminescence (PL).19–21 Dislocations are usu-
ally regarded as nonradiative centers and show
dark contrast in CL images. However, there is
controversy regarding the CL contrast of disloca-
tions. It has been reported that screw-type disloca-
tions showed no dark contrast in CL images,
indicating recombination inactivity, while edge-
and mixed-type dislocations are dark due to impu-
rity getterers such as oxygen.22 However, others
have found that the CL contrast of screw-type
dislocation tends to be darker than that of the edge

or mixed type.17 Dislocations may even be lumines-
cent when accompanied by radiative centers related
to point defects and/or dopant impurities.23,24

Optical characterization methods offer the advan-
tages of contactless nature, fast testing, and the
capability to distinguish radiative from nonradia-
tive recombination centers. However, they can only
indirectly describe the electrical activity of disloca-
tions based on the CL contrast. From this viewpoint,
electrical characterization based on the electron-
beam-induced current (EBIC) technique is straight-
forward, since it monitors the current signal and the
recombination contrast is obtained including both
radiative and nonradiative recombination pro-
cesses.25,26 In the past, EBIC has been applied to
extended defects such as grain boundaries and
dislocations in silicon and oxide semiconductors.27,28

Moreover, it could be directly applied to actual
device structures and identify weak points related
to device leakage and breakdown.29,30 Early EBIC
study on dislocations in GaN has also been reported
in literature.31 However, at that time, the density of
dislocations in GaN grown on a foreign substrate
was too high (over 108 cm�2), making it impossible
to image single dislocations due to the limited
spatial resolution. Nowadays, with the rapid pro-
gress in GaN growth, dislocations have been greatly
suppressed and EBIC images of single dislocations
have become possible. The recombination activity of
dislocations in GaN grown by different methods has
been compared, leading to the conclusion that the
recombination strength of dislocations is strongly
dependent on the dopant concentration, while there
is no obvious correlation between the dislocation
activity and the growth method.32

Recently, we attempted to investigate the dislo-
cations in homoepitaxial MOVPE GaN epilayers
grown on different HVPE GaN substrates. It was
noted that there exists a significant difference in the
electrical activity of dislocations for the different
substrates and also epilayers. However, the electri-
cal properties of dislocations in the homoepitaxial
GaN layer are not well understood, and the role of
dislocations in current leakage/breakdown remains
unclear. We report herein an EBIC investigation of
the recombination activities of dislocations in
homoepitaxial GaN epilayers grown on different
HVPE substrates, and try to correlate the electrical
properties with the dislocation type. The initial
leakage sites in a GaN Schottky barrier diode (SBD)
could be monitored by bias-dependent EBIC imag-
ing, and the relationship between the dislocations
and initial leakage sites clarified.

EXPERIMENTAL PROCEDURES

Two groups of GaN Schottky diodes (SBD-I and
SBD-II) fabricated on epilayers grown on two
different HVPE substrates (substrate I & sub-
strate II) were comparatively investigated. Both
substrates were n-type Si-doped with carrier
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concentration of 1.75 9 1018 cm�3. The difference is
the distribution and density of dislocations. Sub-
strate I was grown from a patterned template,
involving facet growth. The dislocations were con-
vergent to the core of the facet growth and thus
exhibited a nonuniform distribution. The dislocation
density varied from 108 cm�2 to 105 cm�2. Sub-
strate II had homogeneously distributed disloca-
tions with density of 106 cm�2. A GaN epilayer with
thickness of 4 lm was grown epitaxially on each
kind of substrate by MOVPE. The epilayers were
also n-type Si-doped with carrier concentration of
1.5 9 1016 cm�3. Schottky contacts were prepared
on the epilayers by deposition of Ni to thickness of
150 nm and covered by a Au layer with thickness of
50 nm by a lift-off process. Backside Ohmic contacts
were prepared by deposition of Ti/Al onto the
substrates.

EBIC measurements were carried out using a
JEOL JSM-7600F field-emission scanning electron
microscope (FE-SEM) at room temperature. Klein-
diek micromanipulators installed inside the SEM
chamber were used to form electrical connections for
I–V and EBIC measurements. I–V testing was
performed using a Keithley S4200 semiconductor
characterization system. EBIC images were
recorded at accelerating voltage of 5 kV to 20 kV.
The dependence on the accelerating voltage can
provide depth information from the Schottky inter-
face to the bulk region. Defects at the Ni/GaN
Schottky interface could be visualized at lower
accelerating voltage, while dislocations start to be
visible in EBIC with dark recombination contrast
when the accelerating voltage is larger than 15 kV.
The EBIC contrast is defined as

C ¼ Ib � Idð Þ=Ib; ð1Þ

where Ib and Id are the EBIC current at the
background and dislocation, respectively. Monitor-
ing of initial leakage sites is possible by EBIC
imaging under reverse bias.

After EBIC, the dislocation type was analyzed
based on etch pits and gÆb analysis in TEM. For wet
chemical etching, the electrode layers were removed
by rinsing in aqua regia, and threading dislocations
in the epilayer were etched by molten KOH with
1 wt.% Na2O2 at 510�C in a carbon crucible. The
dislocation below an etch pit was picked up by
focused ion beam (FIB) and observed in TEM. The
Burgers vector b of a threading dislocation can be
found based on gÆb analysis in two-beam conditions.
TEM observation of dislocations was performed
using a FEI Tecnai G2 20 microscope with double-
tilt holder at 200 kV. TEM observation of initial
leakage sites was also performed. Different from
dislocation analysis, a leakage site in a Schottky
diode may be associated with interface defects, thus
the specimen was fabricated by FIB with the
electrode metal layers left. TEM observation of
leakage sites was carried out using a high-

resolution transmission electron microscope (TOP-
CON EM-002BF) with an energy-dispersive spec-
trum (EDS) detector at 200 kV.

RESULTS AND DISCUSSION

EBIC Study of Recombination Activity
of Threading Dislocations

First, the electrical recombination activities of
threading in epilayers grown on the different sub-
strates were investigated. For this purpose, the
accelerating voltage was set at 20 kV, which corre-
sponds to an electron range of about 1 lm. The
depletion region width was about 200 nm. Beneath
the depletion region, dislocations act as active
recombination centers of minority carriers and show
dark EBIC contrast. Figure 1 shows typical EBIC
images of threading dislocations in the two groups
of SBD specimens. In SBD-I, individual dark spots
and clusters related to single and bundled disloca-
tions were observed, while in SBD-II, only individ-
ual dark spots were seen. The single dislocation
shows an EBIC contrast of 5%, while the bundled
one shows strong contrast of up to 30%. The
different EBIC appearance of threading dislocations
is affected by the defects in the substrates. As
mentioned above, substrate I was grown from a
patterned template, involving facet growth. This
special growth technique is utilized to eliminate
dislocations within a large area by dislocation
convergence towards the center, so the distribution
of dislocations is inhomogeneous. The cluster
observed in the EBIC image correlates with the
center point of the dislocation convergence. Thread-
ing dislocations in the epilayer grown on substrate I
exhibited a similar inhomogeneous distribution due
to the propagation of dislocations from the sub-
strate. On the other hand, the grown-in dislocations
in substrate II were uniformly distributed with low
average density, which results in the homogeneous
distribution of threading dislocations in the
epilayer.

Figure 2 shows secondary-electron (SE) images of
dislocation etch pits. In SBD-I, there are superlarge
hexagonal pits (size over 10 lm). These superlarge
pits correspond to the bundled dislocation clusters
seen in Fig. 1a. At the dislocation clusters, overetch-
ing occurred and the substrate becomes visible. In
addition to the superlarge pit, there are large,
medium, and small etch pits with the shape of
inverted hexagonal cones. These etch pits corre-
spond to individual threading dislocations of screw,
mixed, and edge type. In SBD-II, most of the etch
pits were of small and medium size, corresponding
to edge- and mixed-type dislocations. We extracted
the dislocations below the small and medium etch
pits by FIB and performed TEM observation at two
diffraction conditions (g = 11–20 and g = 0002). The
dislocation from the small-size etch pit was visible
under 11–20 but became invisible under 0002
diffraction, while that from the medium-size etch
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Fig. 1. EBIC images of dislocations in two groups of GaN SBD devices: (a) SBD-I with convergence of dislocations and (b) SBD-I with
homogeneous distribution of dislocations.

Fig. 2. SE images of dislocation etch pits in GaN epilayers grown on two different substrates: (a) substrate I and (b) substrate II.

Fig. 3. Correspondence between EBIC image of dislocations (a) and SE image of etch pits (b) in epilayer on substrate II.
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pit was visible under both diffraction conditions.
This further confirms that the small etch pit was of
edge type while the medium etch pit was of mixed
type.

It is now possible to correlate the electrical
activities of dislocations with their character. Fig-
ure 3 shows an EBIC image of dislocations in SBD-
II and a corresponding SE image of etch pits at the
same position. The dislocations marked by blue
circles with small-size etch pits are of edge type,
while those marked by red circles with medium-size
etch pits are of mixed type. Note that the value of
the EBIC contrast of all these dislocations is less
than 5%. Considering the recombination activities,
there is no significant difference between the edge-
and mixed-type dislocations. Sometimes, we can
also observe dislocations with slightly darker con-
trast of around 8–9%, as indicated by the arrow in
Fig. 3a, which is probably due to double or multiple
dislocations close to each other.

Leakage Sites Visualized under Biased EBIC

We attempted to correlate leakage sites with the
dislocation density and distribution in the epilayers.

However, there was no direct correlation between
the leakage sites and dislocations. Instead of dislo-
cations, other factors affect the initial leakage
current. In the following, the leakage sites in
SBD-II are demonstrated based on I–V and bias-
dependent EBIC observations. The I–V character-
istics of SBDs with different leakage levels, termed
initial breakdown, strong leakage, and weak leak-
age, are shown in Fig. 4. The initial breakdown
diode shows Ohmic current–voltage characteristics;
the strong leakage diode has a quick increase in the
reverse current at the beginning of negative bias
and exhibits a leakage current about two orders of
magnitude higher than the weak leakage one.

Corresponding biased EBIC images of these
diodes are shown in Fig. 5. The bias voltage is
�0.1 V for the initial breakdown device and �5 V
for the others. In the initial breakdown diode, a
small bias such as �0.1 V can already result in an
overload of the current signal in the EBIC current
amplifier. The EBIC image shown in Fig. 5a sug-
gests that a breakdown site occurs near the elec-
trode edge. The appearance of a horizontal bright
zone is always found when the e-beam scans over a
strong leakage point. On the other hand, for the
diodes before breakdown, leakage sites are found
with bright EBIC contrast located either on the
electrode periphery or within the inner region of the
Schottky metal electrode. The lift-off process for
metal electrode formation does not seem to be
suitable for the EBIC evaluation of Schottky diodes
in this study, since leakage occurs easily through
weak points at the electrode edge.

Figure 6a–c shows SE and EBIC images of the
initial breakdown diode. The EBIC image taken at
0 V does not show obvious leakage, but when
applying a very small bias such as 0.01 V, leakage
occurs and a bright zone is formed through the
entire electrode, following the beam scanning direc-
tion. Figure 6d–f and d shows zoomed-in SE and
EBIC images of the region marked in Fig. 6a. There
are a few pit defects near the electrode edge. When

Fig. 4. I–V profiles of SBD-II showing different levels of current
leakage, classified as initial breakdown, strong leakage, and weak
leakage.

Fig. 5. EBIC images of SBD-II for different leakage levels: (a) initial breakdown, (b) strong leakage, and (c) weak leakage. The EBIC images are
biased at �0.1 V for (a) and �5 V for (b) and (c).
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biased at �0.01 V, an abrupt rise of the EBIC
current started near the large-size pit defect, as
shown in Fig. 6d. Note that the width of the bright
zone is comparable to the size of the pit defect. The
initial breakdown site is due to grown-in pit defects
in the epilayer. In the growth of HVPE GaN films or
substrates, pit defects are formed due to the differ-
ence in growth rate of different facets in case of the
presence of dislocation clusters or impurity inclu-
sions involved during growth.33–35 Previous emis-
sion microscopy investigation of SBD devices has
also found that pit defects in the epilayer would
cause initial failure,36 and the pit defects are
associated with carbon impurities decorated at
dislocations with a screw component. Although the
density of pit defects in the epilayer is low, they are
detrimental in power devices. In addition, a large-
size pit defect tends to act as an initial breakdown
site, while small-size pits do not. One consideration
is that the bottom of a large pit has reached the
highly doped substrate and formed a conductive
path.

There is another kind of leakage site, which is
more frequently found inside the Schottky region.
At first, we thought that these leakage sites may

correlate with threading dislocations. However, this
assumption was overthrown by later EBIC and
TEM studies. Figure 7 shows a Schottky region
with both dislocations and leakage sites present.
Dislocations appear as dark spots in the EBIC
image at 0 V, but their contrast disappears when
biased at �10 V. On the contrary, leakage sites
(marked by dashed red circles) show weak bright
EBIC contrast at 0 V but become brighter at �10 V.
This suggests that the locations of these leakage
sites are clearly different from the dislocations. The
SE image in Fig. 7a shows that the locations with
leakage sites appear slightly darker than the back-
ground region. A decrease in the yield of secondary
electrons may take place due to the presence of a
leakage path.

The origin of these leakage sites may be associ-
ated with defects close to the surface. To confirm
this, EBIC observations were conducted at a low
accelerating voltage of 10 kV, corresponding to an
electron range of 200 nm, just at the interface of Ni
and the GaN epilayer. Figure 8 compares the EBIC
images taken at 20 kV and 10 kV, with either zero
bias or negative bias of �3 V. It is found that
dislocations are visible with dark contrast at 20 kV

Fig. 6. (a) SE image, and EBIC images at (b) 0 V and (c) �0.1 V, of grown-in pit defects in the epilayer accounting for initial breakdown.
Zoomed-in (d) SE image, and EBIC images at (e) 0 V and (f) �0.1 V, of the region marked in (a). (a) SE; (b) EBIC at 0V; (c) EBIC at -0.1 V; (d)
SE; (e) EBIC at 0 V; (f) EBIC at -0.1 V.
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but are not observed at 10 kV. On the other hand,
the leakage site (marked by red circle in Fig. 8b and
d) is visible with bright contrast at both 20 kV and
10 kV, indicating that it is near the surface.

After EBIC observation, the microstructure of
leakage defects was analyzed by TEM. A transver-
sal cross-section of the region containing leakage
sites was picked up by FIB milling and fixed to a

Fig. 7. SE and EBIC images of dislocations and leakage sites at the inner Schottky region: (a) SE, and EBIC at (b) 0 V with dislocations showing
dark contrast and (c) �10 V with leakage sites showing bright contrast.

Fig. 8. Comparison of EBIC images taken at bias/accelerating voltages of (a) 0 V/20 kV, (b) �3 V/20 kV, (c) 0 V/10 kV, and (d) �3 V/10 kV.
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TEM grid. Figure 9a shows a bright-field TEM
micrograph of the cross-section of the Schottky
contact. The Ni/GaN interface is smooth, except
for a few hillocks indicated by arrows. No disloca-
tions exist in this region. A high-resolution image of
the hillock is shown in Fig. 9b. Two positions
denoted in Fig. 9b were chosen for EDS elemental
analysis; the results are presented in Table I,
revealing that the leakage site associated with the
hillock contains more Ga atoms than the back-
ground region.

DISCUSSION

First, the electrical properties of threading dislo-
cations in GaN epilayers will be discussed. EBIC
revealed that a single threading dislocation only
possesses weak recombination activity, while a
dislocation cluster tends to be a strong recombina-
tion center. The room-temperature EBIC contrast
was weak and did not vary greatly from edge to
mixed type, suggesting that dislocations are intrin-
sically associated with shallow levels in the band-
gap. The edge or screw component had no
significant effect on the intrinsic recombination
activity. On the other hand, dislocation clusters
with strong EBIC contrast at room temperature
indicate the presence of deep levels. The origin of
deep levels may be extrinsic, such as impurities. In
this sense, the EBIC behavior of dislocations in GaN

is analogous to that of dislocations in silicon.
Intrinsically, dislocations are electrically inactive
or show weak activity; when extrinsically decorated
with impurities, they become active. Compared with
a single dislocation, dislocation clusters tend to have
a stronger capability to getter impurities. As shown
herein, the formation of dislocation clusters in the
epilayer is strongly affected by defects in the
substrate, thus a careful choice of substrate will
help to avoid the formation of dislocation clusters in
the epilayer.

Second, we discuss the origin of leakage sites and
their correlation with dislocations. When comparing
SBDs with and without dislocation clusters, it was
found that SBDs with dislocation clusters some-
times shows a relatively stronger leakage current
than the latter. However, the tendency was not very
clear due to the presence of other leakage sources
from the electrode edge or Schottky interface. It is
reported that screw-type dislocations turn out to be
breakdown sites in GaN p–n junctions when biased
at higher voltages such as �550 V.12 In this study,
we could not identify leakage sites at dislocations.
There are two explanations for this: One is due to
the limited bias range of EBIC observations. For
biased EBIC observation, the bias range is limited
to �50 V, beyond which the background current
saturates. From another viewpoint, this provides a
hint that dislocations do not act as initial leakage
sites at small reverse biases. The second consider-
ation is the different leakage mechanism of the
Schottky contact versus a p–n junction. For a
Schottky diode, initial leakage could easily occur
due to defects at the metal/semiconductor interface.
The hillocks at the Ni/GaN interface act as strong
leakage sites and result in initial leakage even at
small reverse bias voltages. It is considered that the
Ga-rich hillocks are probably Ga-rich droplets that
remained on the surface of the epilayer during its
growth. Future research also suggests that, by

Fig. 9. Cross-sectional TEM micrographs of leakage site: (a) overall view of cross-section of Ni/GaN Schottky contact, (b) high-resolution image
of leakage site at interface between Ni and GaN epilayer.

Table I. EDS elemental analysis of Ni and Ga
concentration at leakage site

Element Background (at.%) Leakage Site (at.%)

Ni 98.02 93.52
Ga 1.98 6.48
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using a proper surface cleaning process before Ni
deposition, such leakage sites could be avoided.

CONCLUSIONS

The electrical and structural properties of dislo-
cations in vertical GaN Schottky barrier diodes are
studied based on EBIC, etch pit, and TEM tech-
niques. The dislocation type, density, and distribu-
tion are affected by defects in the substrate. A single
dislocation of either edge or mixed type shows only
weak EBIC contrast, indicating intrinsically weak
recombination strength, whereas a dislocation clus-
ter shows strong EBIC contrast and a deep-level
recombination center may be introduced. The cur-
rent leakage sites in Schottky diodes are investi-
gated by bias-dependent EBIC. There is no direct
correlation between dislocations and initial leakage
sites. However, other leakage sources from grown-in
pit defects and/or process-induced surface defects
also exist. Three kinds of leakage/breakdown sites
are found: (1) pit defects formed during epitaxial
growth that act as detrimental breakdown sites, (2)
leakage sites originating from the electrode periph-
ery due to an improper lift-off process for electrode
formation, and (3) leakage sites due to hillocks on
the epilayer surface. These leakage sites could be
avoided by improvement in the epilayer growth and
device processes.
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