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Abstract— The mapping of the current induced by a
focused electron beam in a scanning electron microscope
(SEM) has been used to localize electrically stressed
regions in the AlGaN/GaN-on-Si Schottky barrier diode
(SBD) structures cross-sectioned by the focused ion beam
(FIB) technique. We have shown that homogeneously dis-
tributed electron beam induced current (EBIC) intensity
detected below the Schottky contact at 0 V changes with
increasing reverse voltage VR and peaks at the edges of
a field-plate region. The build-up of local microavalanches
at high electric voltages has been indicated by overex-
posed EBIC signal at areas following the edges of the
field plate structure. Interpretation of EBIC measurements
is supported by electro-physical modeling and simulations
employing the 2-D finite element method in Synopsys TCAD
Sentaurus. The simulations prove that the electric field
intensity in the SBD locally reaches values sufficiently high
to trigger multiplication of the excessive carriers generated
by an electron beam, which helps one to visualize and local-
ize critical regions in GaN-based power electronic devices
by the EBIC method.

Index Terms— AlGaN/GaN, electric field, electrical stress,
electron beam induced current (EBIC), focused ion beam
(FIB), scanning electron microscopy, Schottky diode, TCAD
simulation.
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I. INTRODUCTION

THE unceasing progress in the development of GaN
heterojunction devices calls for a rapid development of

measurement methods and procedures, which provide new
and valuable information about their electrical and physical
properties. The unique nature of GaN altogether with high-
power switching capabilities of GaN hetero-junction devices
makes these structures attractive for power electronics with a
remarkable impact on many areas of everyday life and industry
[1]–[3]. Alongside a range of standard methods used for
thorough characterization, special techniques are constantly
developed to understand the electrical behavior of GaN devices
under different bias conditions. Especially interesting are
methods allowing the identification of regions with excessive
electrical and/or optical activity. Only recently, the surface
potential of cross-sectioned AlGaN/GaN high electron mobil-
ity transistor (HEMT) has been successfully visualized by
Kelvin probe force microscopy (KPFM) [4]. Melitz et al. [5]
pointed out the importance of perfectly smooth surface at
the cross section due to a significant influence of abrupt
topographic height on the KPFM signal and its interpretation.
Required smoothness has been achieved by a special triple
ion beam cutting technique eliminating the effect of disparate
mill-rates of the materials in the HEMT structure. Alternative
methods to the KPFM, which are slightly less affected by the
quality of prepared cross sections, are based on the measure-
ment of currents induced in the sample by a beam of accel-
erated electrons (EBIC - electorn beam induced current) [6]
or ions (IBIC - ion beam induced current) [7]. Since the
excessive carriers are generated in the sample volume under
the surface, EBIC and IBIC signals are less sensitive to the
surface imperfection while the spatial resolution is in the
order of tens of nm; this depends essentially on the e-beam
energy, material parameters as well as the complexity of
the investigated structure. Obviously, such resolutions cannot
outperform the ones provided by the KPFM but are acceptable
when large-scale power electronic devices are being inves-
tigated. From the application point of view, IBIC is more
suitable for the investigation of buried structures thanks to
the long-range and low lateral scattering of MeV ions [7].
Therefore, nondestructive analysis is possible only if small
ion doses are sufficient to obtain good-quality images [8].
Since the energy of accelerated electrons in nowadays
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scanning electron microscopes (SEMs) is approximately three
orders of magnitude lower (typically between 1 and 20 keV),
the problem with the beam-induced damage is not as sig-
nificant as in the IBIC method. It is worth mentioning that
comparable nondestructive analyses can also be performed
by the measurement of currents induced in semiconductors
by a fine-focused light beam, e.g., by light or laser beam
induced current (LBIC) and optical beam induced current
(OBIC) methods [9]. The advantage of these techniques is
they can be performed at open air conditions; however, they
provide relatively low spatial resolution in the order of hun-
dreds of nanometers at best (except a high-injection level
conditions or special structures with the resolution limited by
the size of the nanoobjects).

Following from this short overview, the EBIC method is a
reasonable option for the investigation of electrically stressed
regions in GaN-based heterostructure devices. Moreover, it can
also be used for the visualization and localization of defects,
which are electrically active at various voltages and could con-
tribute to the leakage currents in GaN buffer stacks [10]–[12].
Another utilization of the EBIC method includes the inves-
tigation of local electronic transport properties of devices
at a high spatial resolution [13]–[15], direct visualization of
p-n and Schottky junctions in planar [16] and advanced 3-D
structures [17]–[19] as well as the investigation of doping
mechanisms of semiconductor structures at the nanoscale [20].

The aim of this work is the adaptation and further advance-
ment of the EBIC method for the assessment of the electric
field distribution at the cross section of AlGaN/GaN-on-Si
Schottky barrier diode (SBD) during in situ biasing. The main
goal is to identify regions of critical electric field intensities
in the structure, which is a fundamental step toward the
development of more reliable and robust power electronic
devices and circuits.

II. EXPERIMENTAL

The AlGaN/GaN-on-Si SBDs were fabricated by metal–
organic chemical vapor deposition (MOCVD) on GaN-on-Si
wafers. The vertical structure and technology used for the
preparation of a conventional SBD is described in detail
in [21]. Here, it is worth to mention that the epitaxial structure
is comprised of 17-nm thick Al0.21Ga0.79N barrier, 150-nm
thick unintentionally doped GaN channel, and 2600-nm thick
Alx Ga1−x N buffer stack grown on 200-nm thick AlN nucle-
ation layer on p-type Si (111) substrate. The cathode contact is
formed by Au-free Ti/Al/Ti/TiN-based stack, whilst the anode
contact consists of 20 nm TiN/20 nm Ti/250 nm Al/20 nm
Ti/60 nm TiN stack.

Initially, simple mechanical cleaving was used to prepare a
vertical cross section of SBD devices. This approach has been
found unreliable due to a metal burr and remnants on the
cross-sectioned surface influencing the EBIC signal, mostly
in the region of high electric fields; mechanical sliding of
the burrs or remnants by nanoprobe does not help to solve
the problem. Therefore, an alternative approach using focused
ion beam (FIB) etching has been used for selective physical
milling and preparation of precise and clean cross sections.

Fig. 1. EBIC setup with investigated AlGaN/GaN-on-Si Schottky barrier
diode cross-section.

It has been assumed that the surface layer influenced by ion
milling is very thin in comparison to the EBIC generation
volume.

Room temperature EBIC experiments were performed
using field emission gun (FEG) SEM LEO-1550 at e-
beam energies Epe = 3 and 5 keV and beam current
Ipe ≤ 100 pA. Investigated SBD structure was contacted by
tungsten probes positioned by micromanipulators Kleindiek
MM3A-EM equipped with the low-resistance and low-noise
probe tip holders LCMK-EM. Glass isolation was inserted
between the sample and sample holder to avoid possible leak-
age paths through the substrate. EBIC was measured laterally
between the anode and one of the cathode electrodes at reverse
bias, as is illustrated in Fig. 1. During the experiment, the e-
beam is scanning over the selected area at the surface of
the SBD cross section. Incident electrons penetrate below
the surface and dissipate their energy via inelastic scattering
collisions with the sample atoms. This process is accompanied
by the generation of various signals (e.g., secondary electrons
(SEs), characteristic X-rays, Auger electrons) including the
generation of excessive electron–hole pairs, which are sep-
arated by internal electric fields. As a result, drift/diffusion
of these excessive carriers reaching neutral regions can be
measured as EBIC signal IEBIC.

To measure and map the spatial distribution of induced
currents in the order of 10−6 A and below, the generated EBIC
signal has been preamplified and subsequently adjusted using
transimpedance amplifier to fit the voltage input of the lock-in
amplifier. Beam-blanking technique with phase-synchronous
detection has been used to allow for the measurement of
low-intensity EBIC signals. The interpretation of EBIC mea-
surements has been supported by TCAD modeling [22] of
examined structures using the finite element method to simu-
late the electric field distribution in the SBD structure.

III. RESULTS AND DISCUSSION

SEM-SE top-view and bird’s eye view micrographs of the
investigated planar AlGaN/GaN-on-Si SBD structure with ver-
tical cross section prepared by FIB milling are shown in Fig. 2.
The FIB cross section of the back-to-back diode structures
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Fig. 2. (a) SEM-SE top-view image of AlGaN/GaN-on-Si SBD with encir-
cled FIB cross section. (b) Bird’s eye view of the cross-sectioned region.
(c) Field-plate structure at the anode edge from the cathode 1 side.

has been prepared at the very end of the electrode fingers
[Fig. 2(a)] where the anode metal contact is situated between
two cathode contacts marked in Fig. 2(b) as “Cathode 1” and
“Cathode 2.” The ∼35-µm wide FIB crater is large enough to
inspect the whole anode area and possibly an active part of the
cathodes. The detail of the anode rim from the “Cathode 1”
side in Fig. 2(c) shows the anode metal formed to field-plate
structure altogether with ∼170-nm thick AlGaN/GaN hetero-
structure prepared on the Alx Ga1−x N buffer stack; note that
the graphical scales in Fig. 2(b) and (c) are valid in the
horizontal direction only, due to a ∼45◦ orientation of the
sample relative to the incident e-beam.

During the EBIC measurements, only one cathode came
into contact with a tungsten probe tip while the other one

Fig. 3. (a) SEM-SE micrograph, (b) colored EBIC map, and (c) overlaid
SEM-SE micrograph and EBIC map of the anode edge region at 0 V
acquired at e-beam energy Epe = 3 keV. (d) Also shown is the corre-
sponding EBIC profile obtained by the integration of EBIC intensity map
in vertical direction. Images (a)–(c) are scaled equally to the x-axis in (d).

remained floating. In this configuration, the EBIC signal at
VR = 0 V between the anode and one of the cathodes has been
detected from the whole region under the Schottky contact
due to high electron mobility in the two-dimensional electron
gas (2DEG) formed in GaN at the AlGaN/GaN heteroint-
erface. The spatial distribution of EBIC intensity close to
the anode edge from the “Cathode 1” side can be deduced
from the comparison of SEM-SE micrograph in Fig. 3(a) and
corresponding EBIC map in Fig. 3(b), which are overlaid in
Fig. 3(c). The amplitude of the EBIC maximum at 0 V is
practically constant under the Schottky contact indicating good
spatial homogeneity of the built-in electric field adjacent to the
anode-metal/semiconductor interface. Nevertheless, a careful
inspection reveals slightly lower EBIC signal intensity at
the anode rim close to the field plate, in accordance with
expectations. This trend is apparent also from the EBIC line
profile in Fig. 3(d) extracted from the EBIC map in Fig. 3(b)
by numerical integration in the vertical direction.

With increasing reverse voltage, the amplitude of the EBIC
signal under the anode metal contact remained practically
independent of the reverse voltage VR . In contrast, the EBIC
signal at the edge of the anode metal started to locally increase
with the VR so that at VR = 60 V it has increased more
than two orders of magnitude relative to 0-V EBIC value at
the anode metal edge. This redistribution of the EBIC signal
is obvious from the comparison of SEM-SE images of the
same region in Fig. 4(a) and EBIC map in Fig. 4(b), which
are overlaid in Fig. 4(c).

Low dependence of the EBIC amplitude on reverse volt-
age under the Schottky contact results from the facts that:
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Fig. 4. (a) SEM-SE micrograph, (b) colored EBIC map, and (c) overlaid
SEM-SE micrograph and EBIC map of the anode edge region at reverse
voltage of VR = 60 V acquired at e-beam energy Epe = 3 keV. (d) Also
shown is the corresponding EBIC profile obtained by the integration of
EBIC intensity map in vertical direction. Images (a)–(c) are scaled equally
to the x-axis in (d). EBIC signal intensity is approximately two orders of
magnitude higher than that measured at 0 V in Fig. 3.

1) electric field intensity increases mostly in the AlGaN layer
at the Schottky contact/AlGaN layer heterointerface; 2) holes
(electrons) generated by e-beam are effectively collected by
Schottky contact (2DEG) already at 0 V so that the number of
carriers collected by space charge region (SCR) with increas-
ing reverse voltage is nearly constant; 3) widening of the SCR
under the anode metal is strongly modified by 2DEG at the
potential of the “Cathode 1;” and 4) the number of excessive
carriers generated by e-beam remains constant up to some
critical electric field intensity. This effect can be compared
to a nearly constant generation of the photocurrent in p-i-n
photodiodes at reverse voltages below avalanche breakdown
conditions. In contrast, a significant increase of the EBIC
signal at the perimeter of the anode contact directly indicates
the redistribution of the electric field with reverse voltage
resulting in local avalanche multiplication of the generated
carriers at the edge of the Schottky contact metal under the
field plate. At these conditions, carriers generated by e-beam
are accelerated in a locally increased electric field and are
multiplied by impact ionization, which results in a dramatic
increase of EBIC signal intensity in region “1” indicated in
Fig. 4(b) and (c). Moreover, a closer look at the EBIC map in
Fig. 4(b) reveals additional EBIC maxima spatially assigned
to regions “2” and “3” of the GaN channel layer, which is
well perceptible from the extracted EBIC profile in Fig. 4(d).

Fig. 5. (a) TCAD simulation of the electric field intensity distribution in the
SBD structure at the rim of the Schottky metal contact at reverse voltage
of VR = 60 V. (b) Simulated electric field intensity line distribution inside
AlGaN barrier layer in the depth of ∼0.5 nm from the Schottky metal
contact.

The EBIC amplitude in regions 2 and 3 is remarkably lower
than that in region 1, indicating comparably lower electric
fields and so lower carrier multiplication of generated carriers
due to an exponential dependence of the avalanche ionization
coefficients of generated carriers on the electric field intensity
[23], [24]. It is worth mentioning that although all three
regions are located at the rim of the Schottky metal contact,
the visualization of their electrical activity is possible thanks to
a high lateral conductivity at the AlGaN/GaN heterointerface,
where extraction of the carriers takes place through the 2DEG
in the GaN channel.

To support these observations, a 2-D model of the struc-
ture with the same field-plate geometry was designed and
used for electro-physical simulations and further analysis in
TCAD. Polarization charges at the interfaces are computed
by a strain piezoelectric polarization model [25] and the
electrical simulation is performed by the drift-diffusion model.
Simulated distribution of electric field at a bias voltage of
VR = 60 V in Fig. 5 shows four high-intensity regions, three
of which are encircled by dashed lines and labeled as 1,
2, and 3, and the fourth one is indicated by the red arrow.
Region 1 is located at the edge of the anode metal contact,
which is consistent with the EBIC measurement presented
in Fig. 4(b). Simulated electric field intensity in this area
reaches about 6.5 × 108 V/m, which is sufficient to trigger
local microavalanche multiplication of the excessive carriers
generated by the electron beam (critical electric field intensity
for the onset of the avalanche breakdown in GaN reaches
∼1.5 × 108 Vm−1, ionization coefficients for electrons and
holes exceed the value of 107 m−1 at electric field inten-
sity above 5 × 108 Vm−1 [23], [24]). The electrical stress
of such intensity locally concentrated to a relatively small
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volume leads to a gradual hot-carrier degradation of the device
negatively influencing its long-term stability and lifetime
(see e.g., [26], [27] and references therein). The kinetic energy
of the hot carriers undergoing the avalanching is finally
transformed to local overheating of a small device volume
and leads to a gradual degradation of the device. In addition,
such conditions may result in a sudden unrecoverable thermal
degradation of the device at the Schottky gate edge.

One of the most promising topologies to reduce the electric
field in region 1 involves embedding a thin Si3N4 layer as
the edge termination inside the anode trench, which has been
reported in [28] as Gated Edge Terminated SBD architecture.
In addition to region 1, channel region 2 with EBIC maximum
located under the field plate edge as well as region 3 was
also found to be under higher electrical stress, which is in
good agreement with increased EBIC intensity in these areas.
It is worth mentioning that the contribution of the investigated
avalanching localized at the rim of the Schottky anode to
the total reverse leakage is nearly inversely proportional to
the Schottky contact area making it difficult to distinguish in
I–V curves of large area power SBD diodes.

Nevertheless, further correlation of EBIC measurements and
TCAD simulations shows a difference in the insulator region
indicated in Fig. 5 by the red arrow revealing a relatively
high intensity of the electric field at the edge of the field-
plate. On the contrary, no EBIC signal has been detected
from this area [cf., in Fig. 4(b) and (c)] indicating good
dielectric strength of the insulating layer. Identification of
this region from simulations is important, since the further
increase of reverse bias in similar structures may lead to a
significant increase of the electric field in this area resulting
in a fatal failure of the device due to an irreversible dielectric
breakdown. Such an increase of electric field in the insulating
layer is also consistent with the results reported in [29], where
high electric field intensity has been confirmed by simulations
at the gate-head edge of a GaN HEMT in OFF-state under a
high drain bias.

IV. CONCLUSION

Regions of a critical electric field in planar AlGaN/
GaN-on-Si SBD heterostructures have been experimentally
localized by mapping of the current induced by a focused
electron beam in electrically biased samples with cross section
prepared by FIB technique. EBIC mapping of the SBD struc-
tures revealed that homogeneously distributed EBIC intensity
below the Schottky anode at 0 V is significantly redistributed
with increasing reverse voltage (to VR = 60 V in this particular
structure) and the electric field increases to critical values
under the edges of the field plate structure. TCAD electro-
physical simulations of the structure proved that the electric
field intensity at VR = 60 V between the anode and the
cathode can be locally sufficiently high to trigger the mul-
tiplication of carriers by a local microavalanche breakdown,
which has been identified from the local increase of the EBIC
intensity. The spatial analysis confirmed a good correlation
between the high electric field regions predicted by electro-
physical simulations and high-intensity regions observed in

EBIC maps. Moreover, TCAD simulations with the model
structure adjusted according to EBIC observations helped to
identify an additional electrically stressed region in the Si3N4

layer adjacent to the edge of the field plate structure. Localiza-
tion of these regions, whether predicted theoretically or con-
firmed experimentally, is essential for further optimization of
these structures leading to the development of more reliable
and robust GaN power electronic devices.
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