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Abstract: The heavy ion radiation response and degradation of SiC junction barrier Schottky (JBS)
diodes with different P+ implantation intervals (S) are studied in detail. The experimental results
show that the larger the S, the faster the reverse leakage current increases, and the more serious the
degradation after the experiment. TCAD simulation shows that the electric field of sensitive points
directly affects the degradation rate of devices with different structures. The large transient energy
introduced by the heavy ion impact can induce a local temperature increase in the device resulting in
lattice damage and the introduction of defects. The reverse leakage current of the degraded device
is the same at low voltage as before the experiment, and is gradually dominated by space-charge-
limited-conduction (SCLC) as the voltage rises, finally showing ballistic transport characteristics at
high voltage.

Keywords: heavy ions; junction barrier Schottky (JBS) diode; silicon carbide (SiC); power device;
single event effects

1. Introduction

Due to its excellent material properties such as high saturation drift velocity, high
breakdown electric field, and high thermal conductivity, silicon carbide (SiC) is very suitable
for power electronic devices, especially for extreme applications such as high voltage and
high temperature [1]. SiC power devices have the advantages of low loss, high power
density, and fast switching speed, which are widely used in power grids, high-speed rail,
new energy vehicles, etc. [2]. In aerospace application, SiC power devices are expected to
replace Si power devices in the future in power processing units, motor drives, and other
aerospace power systems to reduce system weight while improving the energy conversion
efficiency of the system [3]. However, despite its excellent performance, the application
of SiC power electronic devices in the irradiation environment remains to be proven, as
research shows that the reliability of devices in the irradiation environment is less than
expected [4]. Under the irradiation of high-energy protons or heavy ions, SiC power devices
are susceptible to single event effect that can lead to device degradation or burnout [5–15].

The heavy ion irradiation response of SiC power electronic devices can be divided into
three regions [5]. At low reverse bias voltage region, they work normally. In the medium
voltage region, the devices show degradation exhibiting increased leakage current. Under
high voltage, the devices will burn out. The degradation and burnout threshold voltages
are strongly dependent on the reverse bias voltage and the linear energy transfer (LET) of
the heavy ion. This has been validated in both junction barrier Schottky (JBS) diodes and
metal oxide semiconductor field effect transistors (MOSFETs), implying a commonality in
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their heavy ion irradiation response [6–8]. Therefore, it is more convenient to investigate
the complex mechanism in the irradiation response of SiC power devices using Schottky
diodes, which have a relatively simple structure. Currently, related research mainly focuses
on hardening design and failure mechanism. The hardened design is mainly studied by
TCAD simulation but has not been reported in practice [6,9–11]. The study of failure
mechanism is significant as it can provide theoretical guidance for hardening design. The
internal structure of the device has a dramatic effect on its failure mode. However, the
current experimental studies are mainly focused on commercial devices [12–16], which
cannot investigate further on the structure of the devices, since usually, this information is
commercially confidential. Therefore, there are few studies on the effect of device structure
on heavy ion irradiation characteristics and the discrepancy of irradiation characteristics
between different structures is not yet clear.

In this paper, 1200 V SiC JBS diodes with different structures were irradiated by heavy
ions. Experimental results show that the bigger the P+ implantation interval (S), the more
severe the corresponding device degradation. The TCAD simulation study found that the
larger the S, the harsher the electric field and temperature in the epitaxial layer, which is
consistent with the experimental results. Finally, the reverse electrical characteristics of the
degraded devices with different structures are fitted and analyzed to explain the leakage
mechanisms of the devices at high, medium, and low operating voltages, respectively.

2. Experiment and Simulation Setup

To investigate the heavy ion irradiation response and degradation of SiC JBS diodes
with various structures, three kinds of 1200 V JBS diodes with different P+ implantation
intervals S were fabricated. The S of DUT1, 2, and 3 are 2, 3, and 4 µm, respectively, and
the P+ implantation windows are all 2 µm. The active region is a square geometry with
rounded corners and has an area of 0.09 cm2. The devices are fabricated on an N-type
4H-SiC wafer which has an epitaxial layer, two buffer layers, and a 350 µm substrate
supplied by EpiWorld International Company Ltd., Xiamen, China. The specific structure
and parameters are shown in Figure 1.

Figure 1. The schematic cross-sectional view and cell parameters of DUTs.



Electronics 2023, 12, 2133 3 of 13

Standard RCA cleaning processes were utilized on the SiC wafer before sacrificial
oxidation was used to improve the SiC interface condition. The oxide layer was etched
with a dilute HF solution, and the backside ohmic contact was created by depositing a
200-nm-thick Ni film, followed by rapid thermal annealing (RTA) at 950 °C for 120 s in
nitrogen ambient. Thereafter, a 200-nm-thick Ti layer was deposited by e-beam evaporation
on the surface of the SiC epitaxial layer. A typical photolithography procedure was used to
create the Schottky connections. The DUTs are in open TO-257 metal packages to ensure
that heavy ions can penetrate the epitaxial layer of the devices.

Heavy ion irradiation experiments were performed at the Institute of Modern Physics,
Chinese Academy of Sciences in Lanzhou, China using Tantalum ions set at a device surface
energy of 1912.1 MeV with flux of 6000/cm2·s. The surface LET is 79.6 MeV·cm2/mg for
SiC and the range is 75.6 µm calculated by SRIM [17]. During the experiments, the DUTs
were kept at room-temperature. The device current was monitored by a Keithley 2657A
High Power System Source Meter Instrument. The current compliance was set at 2 mA.
An Agilent B1505A Semiconductor Device Parameter Analyzer was used to measure the
forward and reverse IV characteristics before and after the experiments.

For the three structures, firstly, one device of each structure is selected to determine
the degradation threshold voltage and burnout voltage. With an initial bias voltage of
50 V, each run is increased by 50 V until the device leakage reaches the current compliance.
The fluence of each run is 105/cm2. Subsequently, a bias voltage of 250 V at which all
three structures degrade was selected and two devices of each structure were irradiated to
106/cm2 at this bias voltage to observe the degradation phenomenon.

To facilitate the observation of the internal conditions of the device, Sentaurus TCAD
simulation software from Synopsys was used to analyze the heavy ion response [18]. The
schematic cross-sectional view of the JBS diode is shown in Figure 1. In the 2D simulation,
the carrier flux at the structure boundary is set to zero by default. Therefore, the cell width
of the device is set to 6 µm to exclude the effect of various cell widths. The width of the
Schottky contact S is set to 2–4 µm, corresponding to the width of P+ implantation on both
sides is 2–1 µm. The P+ profile was extracted by secondary ion mass spectrometry (SIMS)
and loaded into the simulation. In addition, the default thickness of the structure in the 2D
simulation is 1 µm.

To predict the device response more precisely, the typical physics models for SiC
devices were applied, as used in the published papers [19,20]. Due to the presence of
a heavy doping region (P+), the Fermi distribution is used. The recombination process
is described by the Shockley–Read–Hall (SRH) recombination and Auger recombination
models. The avalanche process in the high electric field is described by the Okuto-Crowell
model [21]. The mobility models take into account high field saturation, temperature, and
doping dependence. The Slotboom model [22] is used to describe bandgap narrowing. The
incomplete ionization model [23] and anisotropic model in mobility [24] and avalanche [25]
are also considered. The barrier lowering model [26] is applied to characterize reverse
leakage current.

The heavy ion model is the most important part used to predict the transient response
of heavy ion impact. In this model, electron-hole pairs generated along the vertical ion
track by heavy ions are computed using spatial and temporal Gaussian distributions. The
generated charges are assumed uniformly distributed along the ion track [27]. The initial
charge generation time is set at 5 ps. The characteristic time of the temporal Gaussian
function is 2 ps [19]. The incident point is chosen at the middle of the Schottky contact, as
shown by the red arrow in Figure 1, which is considered to be the most sensitive point of
the device [13,28]. The ion track radius is set to 0.1 µm [6] and the depth is long enough to
penetrate the entire device. In this simulation, the unit of LET is pC/µm. For SiC (electron-
hole pair creation energy is 7.8 eV), 1 pC/µm = 151 MeV·cm2/mg [27], so this value is set
to 0.5272 pC/µm. In the transient process of heavy ion impact, the electrothermal coupling
behavior is involved. Therefore, the thermodynamic model is also included [19].
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3. Result and Discussion
3.1. Experiment Results

The purpose of the first experiment was to determine the degradation and burnout
threshold voltage of the three structures. The leakage current of the DUTs in the experiment
is shown in Figure 2. DUT1-3 start to degrade significantly at 250 V, 200 V, and 200 V,
respectively, with leakage currents rising gradually with increasing ion fluence and bias
voltage. Therefore, the bias voltage of the DUTs for the constant bias experiment is set at
250 V to investigate the effect of structures on the heavy ion response. The variation of
the current during the constant bias irradiation is shown in Figure 3. At this bias voltage,
the current of all DUTs increases linearly with increasing ion fluence and the current
degradation rate of two DUTs of the same structure is close. Moreover, the degradation
rate of the DUTs at this bias becomes larger as S increases.

Figure 2. Current response with increasing bias voltage of DUT1 to DUT3. Irradiation fluence at each
bias is 105/cm2. When the bias exceeds the degradation threshold, the monitored cathode current
showed a linear increase with the heavy ion fluence as shown in the inset with bilinear coordinates.

The static characteristics of the DUTs were measured before and after the experiments.
The forward characteristics are shown in Figure 4. The forward output curves of all DUTs
before and after the experiments are highly overlapping, indicating that the forward charac-
teristics of the devices are not affected by the heavy ion degradation. In our previous study,
it was demonstrated in more detail that the degradation caused by the single event effect
did not affect the forward output characteristics of the device [29]. The experiment mainly
affects the reverse characteristics of the DUTs. The reverse leakage currents of the three
kinds of DUTs all appear to increase. The results are shown in Figure 5. The reverse leakage
current shows a positive correlation with S. The larger S, the higher the reverse leakage
current. Through the above analysis, it can be concluded that the larger the degradation
rate, the higher the reverse leakage current and the more serious the degradation.
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Figure 3. Leakage current variation of DUTs as a function of ion fluence under bias voltage of 250 V.

Figure 4. Forward IV characteristics of all DUTs before and after heavy ion irradiation experiment.

It is worth noting that the leakage current curves after the experiment in Figure 5
can be divided into three regions. In the low-voltage region, the curves before and after
the experiment almost overlap, implying that degradation does not affect the current
characteristics in this region. After a turning voltage Vt, the reverse leakage current
increases dramatically. Vt for DUT1-3 is about 85 V, 35 V, and 25 V, respectively. Finally, the
current growth rate slows down and tends to saturate. Further analysis of this phenomenon
will follow in the discussion section.
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Figure 5. Reverse IV characteristics of DUTs before and after constant bias heavy ion irradiation
experiment.

3.2. Simulation Result and Analysis

TCAD simulations were built to investigate the influence of different S on the heavy
ion impact response. Figure 6 shows the heavy ion response of DUTs under a bias of 250 V.
The left axis represents the cathode current and the right axis represents the maximum
lattice temperature of the devices. As shown in the current response curve, the current rises
dramatically after ion incidence and all currents reach peaks at 9 ps. Thereafter, the current
gradually decreases until it disappears at about 200 ps. The temperature response shows a
delay relative to the current and also rises rapidly, peaking at about 50–60 ps, followed by a
rapid decrease and returning to room temperature gradually after 10 ns. The simulation
results are close to those of [20,30].

Figure 6. Heavy ion transient response TCAD simulation results of DUTs under 250 V reverse bias,
with the cathode current on the left axis and the maximum lattice temperature of the devices on the
right axis.
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When the ions incident into the device, a large amount of energy is instantaneously
introduced along the ion track, resulting in the ionization of a large number of electron-hole
pairs. Driven by the electric field, the electrons drift toward the cathode and the holes drift
toward the anode. Eventually, electrons pile up at the buff2/substrate junction and holes
pile up below the Schottky interface. The high charge accumulation leads to a high electric
field at these two locations. Figure 7 shows the electric field evolution at the surface and
junctions of DUT1. The electric field at the surface reaches its peak value of 7.3 MV/cm
at 9 ps. Note that this time is exactly when the device current reaches its peak and that
the electric field is particularly concentrated in a very small region less than 10 nm below
the Schottky interface, as shown in Figure 8a. Such a high electric field greatly enhances
the impact ionization, which leads to a subsequent fast increase in temperature, the lattice
temperature peaking at 50 ps, as shown in Figure 8b.

Figure 7. The electric field response at each interface of the ion track in DUT1.

In Figure 7, note the presence of an electric field peak at the Buffer2/substrate junction
at 10 ps. This is caused by the accumulation of electrons here. In contrast with previous
studies [20], the electric field peak at this place was alleviated, which was attributed to the
addition of a buffer layer. Therefore, the area below the Schottky interface becomes the
most sensitive region of the JBS diode. The subsequent analysis is focused on this region.

A more detailed simulation was performed to compare the effect of the Schottky
contact width changes with higher resolution. Setting other conditions constant, S is
increased from 2.0 µm to 4.0 µm in steps of 0.2 µm, while a Schottky barrier diode (SBD)
without P+ implantation is also considered, whose S is set to 6.0 µm. The evolution of
the electric field below the Schottky interface for each device is shown in Figure 9. With
the gradual increase of S from 2–4 µm, the peak electric field gradually increases from
7.277 MV/cm to 7.333 MV/cm, reaching 7.346 MV/cm in the case of the SBD. High electric
fields directly lead to large impact ionization rate which is proportional to the seventh
power of the electric field [31]. The peak of the impact ionization rate increases with S
from 9.36 × 1031 cm−3s−1 to 9.69 × 1031 cm−3s−1, reaching 9.79 × 1031 cm−3s−1 in the SBD,
as shown in Figure 10. Impact ionization generates a large amount of heat in the local
region, leading to a subsequent rapid increase of the lattice temperature [16]. As shown in
Figure 11, the peak lattice temperature of the device gradually increases from 887.4 K to
949.4 K with increasing S and reaches 960.5 K in the SBD.
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Figure 8. (a) Electric field distribution of DUT1 at 9 ps. (b) Lattice temperature distribution in DUT1
at 50 ps.

Figure 9. The electric field under the Schottky interface of different structure devices response curves.
The darker colors represent larger S.

From the simulation results, the fundamental source of the different peak temperatures
is the excessive concentration of the local electric field. Compare this with the electric field
inside the device at 250 V under normal reverse operation, as shown in Figure 12. With
the increase of S, the depletion layer formed by P+ implantation is less protective to the
Schottky interface. At the same bias voltage, the electric field under the Schottky interface
gradually increases as S increases. The huge transient energy introduced by the heavy ion
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is overlapped with a larger surface electric field, leading to a harsher situation in the device,
causing subsequent higher transient lattice temperature. Localized high temperature can
cause disorder to the periodic arrangement of the lattice, introducing defects that cause
increased leakage current and degradation of the device [13,16,32].

Figure 10. The impact ionization rate under the Schottky interface of different structure devices
response curves. The darker colors represent larger S.

Figure 11. The lattice temperature under the Schottky interface of different structure devices response
curves. The darker colors represent larger S.



Electronics 2023, 12, 2133 10 of 13

Figure 12. The electric field distribution on bias voltage of 250 V under normal operation. The darker
colors represent larger S.

3.3. Leakage Current Mechanism Discussion

As shown in Figure 5, all DUTs exhibit similar degradation characteristics for reverse
leakage current, which has been mentioned in Section 3.1. In the low-voltage region, the
leakage currents of the degraded DUTs are identical to the results of the pre-experimental
measurements. This means that irradiation does not affect the current transport processes
in this voltage region, where the leakage current is dominated by the thermionic emission
and barrier lowering [33].

With the reverse bias voltage greater than Vt, the leakage current rises sharply and
is consistent with the space-charge-limited-conduction (SCLC) mechanism. Javanainen
modeled degraded devices after heavy ion irradiation by SCLC for the first time [12]. Heavy
ion irradiation generates current micro-paths in the device and the linear increase of leakage
current is a consequence of path accumulation. The degenerated device is equivalent to a
conventional SBD connected in parallel with two series voltage sources that obey

I = k1Vn
1 , (1)

I = k2V3/2
2 , (2)

The total reverse current is:

I = k1

[
VBias − (I/k2)

2/3
]n

, (3)

In the case of (1), the current transport in the fast-rising current region is due to SCLC
considering traps [34]. The traps present an exponential distribution on the energy band.

Nt ∝ exp(E/kTc), (4)

where Tc = (n − 1)·T, Tc represents the characteristic temperature for trap distribution and
T is the ambient temperature, The larger n indicates that the trap distribution decreases
more slowly with energy. In the case of DUTs in this experiment, the reverse leakage curves
fitted using (1), (2), and (3) are shown in Figure 13 and the list of fitted parameters is shown
in Table 1. The value of n is 7.70–8.87, corresponding to Tc of 2010–2361 K, which is a
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relatively high value. The current in the high-voltage region is consistent with ballistic
transport, which describes the maximum current of the SCLC in a scatter-free environment.
The above results are very close to those in [12].

Figure 13. The reverse characteristics of the DUTs after constant bias irradiation experiment are fitted
using the model in [12]. The solid lines are the fitted curves and the dot lines are the test curves.
The coefficient of determination R2 is greater than 0.9999 for all fitted curves in the region of current
density greater than 10−7 A/cm2 versus the measured curve.

Table 1. Fitting Parameters of DUTs.

n k1 (A·cm2·V−n) k2 (A·cm2·V−3/2)

DUT1-2 8.87 3.55 × 10−26 3.02 × 10−6

DUT1-3 8.79 9.33 × 10−26 3.33 × 10−6

DUT2-2 7.80 4.68 × 10−21 8.97 × 10−6

DUT2-3 7.75 6.46 × 10−21 9.34 × 10−6

DUT3-2 7.70 1.58 × 10−19 1.32 × 10−5

DUT3-2 7.70 3.98 × 10−20 1.29 × 10−5

It is noticed that as S increases, n decreases while k1 and k2 increase, which is related
to the structural parameters. The different S causes the different percentage of Schottky
contact area of the device. This is another reason for the more severe degradation of devices
with larger S. More experiments need to be prepared to distinguish the effects caused by
the electric field and Schottky contact area ratio, respectively.

In summary, the current characteristics of the degraded device can be described as
follows: The current is mainly dominated by thermionic emission and barrier lowering
before Vt where the SCLC current is too small to be considered. As the bias voltage rises
gradually, leakage current is dominated by SCLC, and finally reaches saturation at high
bias voltage.

4. Conclusions

In this paper, heavy ion irradiation experiments were conducted using JBS diodes
with different P+ implantation intervals. The results show that the larger the S, the lower
the degradation threshold voltage of the device, and the more vulnerable to damage in
the radiation environment. The TCAD simulation reveal that after heavy ion impact, the
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region below the Schottky interface and at the buff2/substrate junction is sensitive. With
the buffer layer added, the electric field at the buff2/substrate junction is reduced and the
area below the Schottky interface becomes the spot to focus on. It is found that the peak
electric field below the Schottky interface increases with S in transient response, which
corresponds to the trend of the electric field at this location with S under normal operation.
The larger electric field leads to a higher impact ionization rate in this region, resulting
in a rapid increase in lattice temperature. Defects introduced by high temperatures are
the fundamental reason for device degradation. The leakage current mechanism of the
degraded devices are divided in the three regions. In the low-voltage region there is no
degradation and the leakage current is determined by the thermionic emission and barrier
lowering. Subsequently, leakage current dramatically increases due to SCLC. Eventually,
the current gradually saturates. The experiments combined with simulation analysis
suggest that the surface electric field can be alleviated by structural design to enhance the
heavy ion irradiation resistance of the device, which may provide directions for subsequent
device reinforcement.
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