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ABSTRACT In this article, we investigate a 4H-SiC super- junction (SJ) MOSFET structure with a charge-
imbalance doping-profile. According to our numerical simulations and comparisons with the conventional
SiC VDMOS (C-VDMOS) and SiC SJ VDMOS (SJ-VDMOS) devices, the SJ-MOD structure offers a
better trade-off between breakdown voltage (BV) and specific on-resistance (Ron,sp). This leads to a high
figure of merit (FOM = BV2/Ron,sp). In addition, due to the reduced electric field peak, the single-event
burnout (SEB) of the device is significantly improved. The simulation results indicate that, using a LET
value of 0.1 pC/µm and a 3000K global device temperature as the criterion for burning, the specific
burnout-threshold voltage (using the optimal parameters of the proposed structure) exceeds that of the
conventional structure. This indicates that the modified super-junction structure can indeed be used for
different voltage-classes of the hardening SiC super-junction devices in the future.

INDEX TERMS SiC MOSFET, breakdown voltage, specific on-resistance, figure of merit.

I. INTRODUCTION
Higher rated voltage, lower on-resistance, better switching
frequency, and superior radiation-resistance are among the
many very useful properties of silicon carbide. It is a promis-
ing material for high-power applications [1]–[4]. Recently,
many studies of SiC devices with different structures were
conducted [5]–[10]. The studies typically focused on device
performance, which was mainly characterized by break-
down voltage (BV), specific on-resistance (Ron,sp), maximum
gate-oxide field (Eox,max), and gate charge (Qg) [11], [12].
In 2004, Miura et al. fabricated the first SiC lateral

SJ-diode [13]. Its breakdown voltage was found to be more
than 3 times higher than the theoretically expected value.
In 2008, Yu and Sheng developed a novel analytical model
for both the breakdown voltage and on-resistance of the
4H-SiC super-junction devices [14]. In 2014, Kosugi et al.
performed the first experiment to show that the SiC could
be used for multilayer epitaxial technology. Both epitaxial
growth and MeV-class implantation steps were alternately
repeated, and a device with a BV of 1545 V and an Ron,sp of

1.06 m�·cm2 was successfully fabricated [15]. Recently, the
reliability of the SiC-SJ devices has also been studied in more
depth. Gonzalez et al. investigated the Si and SiC diodes,
compared the performance of Si and SiC devices, discussed
device reliability, and considered avalanche ruggedness [16].
Single-event burnout (SEB) is considered as a catas-

trophic effect, which causes the power MOSFETs to fail in
space applications [17]. In silicon-based processes, the SEB-
triggering mechanism generates a transient current, which
causes the parasitic bipolar transistor to produce excessive
current and lead to the thermal destruction of the device [18].
In a SiC-based process, on the other hand, the above mech-
anism contributes less to a SEB. The biggest problem is
the impact ionization under the high electric field, which
produces a rapidly increasing current in the device [19].
Charge imbalance doping device was first proposed by

Vudumula and Kotamraju [20]. In recent years, researchers
have combined wide-gap semiconductors with this structure
to apply to silicon carbide-based MOSFETs, and they have
obtained better characteristics [21].
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FIGURE 1. The structures of the three studied SiC MOSFET
devices:(a) C-VDMOS, (b) SJ-VDMOS, and (c) SJ-MOD-VDMOS.

In this paper, we investigated a SiC power super-junction
MOSFET with a charge-imbalance doping-profile, which
is referred to as a super-junction-modified VDMOSFET
(SJ-MOD-VDMOS). The performance of the SiC MOSFETs
was simulated using the Silvaco TCAD ATLAS. The main
design idea was to reduce the electric field intensity by
adding a different doping-profile as electric-field modu-
lation structure to enable optimization. In addition, the
outcomes of this study may facilitate SEB hardening effect
via super-junction silicon carbide structure. The TCAD
simulation indicated that, compared with a conventional
VD-MOSFET and a conventional super-junction MOSFET,
the SJ-MOD-VDMOSFET significantly reduced the area
specific on- resistance.
This approach also yielded a high figure of merit (FOM =

BV2/Ron,sp). Furthermore, the simulation results showed
that, for a LET value of 0.1 pC/µm and 3000K global
device temperature as burning criterion, the specific burnout
threshold voltage (using optimal parameters) of the proposed
structure was higher than for the conventional structure.

II. DESCRIPTIONS OF DEVICE STRUCTURE AND
FABRICATION PROCEDURE
Figs. 1(a)-(c) show the schematic diagrams of the SiC con-
ventional p-type shield region VDMOS (C-VDMOS) [22],
the SiC conventional super-junction VDMOS (SJ-
VDMOS) [23], and the SiC super-junction modified
VDMOS (SJ-MOD- VDMOS). As shown in Fig. 1, both
the conventional SJ and the modified SJ have a P/N
column instead of the typical drift-region in a conventional
VDMOS. Compared with the conventional SJ structure, the
SJ-MOD P/N column is doped unevenly. The important
device parameters are listed in Table 1. To facilitate a
comparison in terms of performance, the thickness of the
epitaxial layer in the three devices was set to be equal,
and the device parameters of the proposed structure were
optimized to achieve the best performance.
The process flow of the SJ-MOD-VDMOS is presented

in Fig. 2. First, the N+layer and the N−layer were formed
on the N+ substrate as the starting material, as shown in

TABLE 1. Device parameters for the simulations.

FIGURE 2. Fabrication process of the SJ-MOD-VDMOSFET.

Fig. 2(a). Next, as can be seen in Fig. 2(b), the trench
was formed by the dry etching process. Then, the chemical-
vapor deposition trench filling was completed [24], [25].
Sequential depositions of the P− layer and P+ layer were
formed to achieve the SJ p-type pillar, shown in Fig. 2(c).
Then, an N−type JFET epitaxial layer was grown on the drift
layer as shown in Fig. 2(d). Next the P+ shield region and
p-well region were formed by the ion implantation. Further,
the N+ source and P+ base region were formed on the
p-well layer by ion implantation, as shown in Fig. 2(e).
P+shield layer reduced the electric field enhancement in the
middle of the gate oxide, protected it from the high electric
fields under blocking state. Then, the gate oxide was formed
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TABLE 2. SEB parameters for the simulations.

by the thermally oxidized process, and the three electrodes
were fabricated. The whole device structure was shown in
Fig. 2(f).

III. NUMERICAL SIMULATION SETUP
In this article, we investigated and compared the performance
of a 4H-SiC super-junction modified VDMOS, a conven-
tional VDMOS, and a conventional super-junction VDMOS,
which are shown in Fig. 1. The simulations were done by
using the Silvaco ATLAS device simulator, which could per-
form a 2-D numerical simulation [26]. At room temperature
(300 K), the source was always grounded.
The forward characteristics, the breakdown characteristics,

transient SEB events were carried out by using different
physical models [27]. Two models, ANALYTIC (Caughey
Thomas Analytic model) and FLDMOB (FLD mobility
model), also take into account concentration-dependent
mobility (CONMOB), which characterizes the relationship
between carrier concentration and the mobility. In addition,
because of the heavily doped region, a bandgap narrow-
ing (BGN) model was introduced. Both the incomplete-
ionization model and the Selberherr model were also utilized
to calculate the ionization rate. The recombination mod-
els included the Shockley-Read- Hall (SHR) model and the
AUGER model. Furthermore, LAT.TEMP was used for the
lattice-heating simulation. For the transient SEB simulation,
the used physical parameters were temperature-dependent.
The important material parameters of the ion radia-

tion, which were used in the simulations were shown in
Table 2 [24], [28]–[31]. The goal of this study was to simu-
late impact ionizing accurately. The generation rate function
that considered the electron-hole pair generation in a specific
structure area, the generation rate, could be formulated as
follows:

Rate = A(l) × R(ω, l) × T(t) (1)

Here, A(l) was the LET generation density. R(ω, l) and
T(t) indicated the spatial and temporal Gaussian functions,
which were used to describe the generated electron-hole
pairs along the ion track. The linear energy-transfer was
constant along the ionization track. It was selected because
the LET was relatively invariable throughout a certain
range [32]–[34]. Specifically, the LET value was set to
0.1 pC/µm. The other parameters, which were used in the
SEB simulation, were shown in Table 2.

FIGURE 3. ID–VDS characteristics and off-state characteristics from the
simulation and experiment results of IE-MOSFET to validate the
effectiveness of models used in the simulation.

In order to calibrate the simulation model or ver-
ify the accuracy of the model, Fig. 3 compares the
ID-VDS characteristics and off-state characteristics of the
IE-UMOSFET abstracted from the experimental results by
Harada et al. [25]. The simulation results were performed at
Vgs = 20 V and Vds = 1 V. The Ron,sp of 2.7m�·cm2

from the experimental result was almost similar to that
of 2.832 m�·cm2 from Silvaco TCAD simulation, and at
Vgs = 0V, the BV = 1620V from the experimental result
was almost similar to that of 1650V from Silvaco TCAD
simulation.

IV. ANALYSIS AND DISCUSSIONS
In this section, we presented and analyzed the simulation
results of the on-state characteristic, the off-state character-
istics and the single-event burnout characteristic. The results
demonstrated that the basic features of the proposed struc-
ture have been significantly improved. In addition. Compared
with the first two devices, the SJ-MOD VDMOS was less
sensitive against the SEB than the conventional VDMOSFET
and conventional SJ-VDMOS because of the gradient doping
in drift region.

A. ON-STATE CHARACTERISTIC
Fig. 4 shows the output characteristics of the three
devices. The doping concentrations for the three devices
were optimized to present the maximum FOM. Ndrift
was 5×1015cm−3 in the C-VDMOS structure, while Nsj
was 1.5×1016cm−3 in both the SJ-VDMOS and the SJ-
MOD-VDMOS. Furthermore, Nmod was 4×1016cm−3 in the
SJ-MOD-VDMOS. At VGS = 20V and VDS = 1V, the Ron,sp
(specific on-resistance) of the proposed device was calcu-
lated to be 2.92m�·cm2, while the Ron,sp of the conventional
VDMOS and conventional SJ-VDMOS were 5.92 m�·cm2
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FIGURE 4. ON−state characteristics for the three optimized structures.

FIGURE 5. Distribution of the electron concentration in (a) the SJ-VDMOS,
and (b) the SJ-MOD-VDMOS.

and 4.04 m�·cm2, respectively. Here, the Ron,sp was cal-
culated using the function of W · Vds/Ids. Thus, the current
path was widened, as shown in the Fig. 5. The heavily doped
p-type region at high-position made the current path slightly
narrower. However, in the on state, a suitably optimized con-
centration could enable a good trade-off result for the Ron,sp
decrease.
Because of the higher Nsj, the specific on-resistance of

both SJ devices were much lower than for the C-VDMOS
device. Compared with C-VDMOS and SJ-VDMOS, the
Ron,sp decreased by 50.7% and 27.7%, respectively. In other
words, the novel structure had a significantly better on-state
characteristic than the referenced devices.

B. OFF-STATE CHARACTERISTICS
Fig. 6 shows the off-state characteristic curves of the three
structures, it can be seen that the BVs of the SJ-MOD-
VDMOS, SJ-VDMOS and C-VDMOS were 1668V, 1452 V,
and 1194 V, respectively. Generally, the widths of the SJ NP

FIGURE 6. OFF-state characteristic of the three optimized structures.
VGS = 0V, and all devices have the same width (1µm).

FIGURE 7. Electric field distribution of the SJ-VDMOS and the
SJ-MOD-VDMOS. (VGS = 0V, VDS = 1200V) both devices have the same
width (1µm).

pillars were equal, and the doping concentrations were the
same. Hence, the charge balance can be obtained more easily
to ensure the breakdown voltage [14]. However, in the actual
MOSFET structure, a slight charge-imbalance can alter the
electric-field structure under high bias [35], which increases
the breakdown voltage. Fig. 7(a) and (b) are the electric
field line distributions of the two devices for VGS = 0V and
VDS = 1200V.
The electric modulation structure distributed the electric

field peak in the corners to give a value less than 3MV/cm,
which was the safe operating electric field of the SiC device.
The electric field peak of the new structure appeared at the
position A and P+ shield corner as shown in Fig. 7. To obtain
the maximum breakdown voltage, the Nmod was adjusted to
4×1016cm−3. In this way, the electric fields at points A
and p+shield corner were almost identical. Furthermore, at
VGS = 0V and VDS = 1200V, we can see that the maximum
p+shield corner of the SJ-VDMOS was 2.2×106V/cm, while
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FIGURE 8. Dependency of the BV and Ron,sp on the doping concentration
(Nsj for the SJ-VDMOS devices, Ndrf for the C-VDMOS device, Nmod for the
SJ-MOD-VDMOS N+/P+ region while the N−/P−regions were set to a
constant doping concentration of 1.5×1016cm−3). The inset shows the
dependency of the FOM on the doping concentration. All three devices
have the same width (1µm).

the SJ-MOD-VDMOS was 1.72×106V/cm. The electric field
at position A was 2.01×106V/cm, which is slightly higher
than the electric field in the corners. Clearly, the high-field
region of the SJ-MOD- VDMOS was much smaller than that
in the SJ-VDMOS. Thus, as the drain bias voltage continu-
ing to increase, the SJ-MOD-VDMOS was more difficult to
reach the electric field limitation.
Fig. 8 shows the breakdown voltage and Ron,sp with the

doping. Among them, the SJ-MOD-VDMOS curve was go
with Nmod when Nsj was set to the optimized constant value
of 1.5×1016cm−3 as mentioned above. As the Ndrift and Nsj
increased in the C-VDMOS and SJ-VDMOS, both break-
down voltage and on-resistance decreased simultaneously.
However, in the SJ-MOD- VDMOS, the breakdown voltage
firstly increased and then decreased with increasing in Nmod.

This was because the charge-imbalance, which was caused
by the change of Nmod. Point A in Fig. 7 initially shared the
peak electric field peak in the P+shield corner, Subsequently,
as Nmod increased, the electric-field peak shifted to point
A, which triggered the avalanche breakdown. Hence, when
the Nmod exceeded 4×1016cm−3, as the doping concentra-
tion increased, the charge-imbalance led to a substantial
decrease in the BV. Overall, these results indicated that,
under the same thickness of drift region, the BV of
the SJ-MOD-VDMOS was improved by 216V and 474V
compared with the SJ-VDMOS and the C-VDMOS, respec-
tively. In addition, the Ron,sp of the SJ-MOD-VDMOS
was reduced by 1.12 m�·cm2 and 3.00 m�·cm2, com-
pared with the two devices above. The maximum FOM of
the SJ-MOD-VDMOS calculate to be 0.953 kV2/(m�·cm2)
while the maximum FOM of the conventional VDMOS
and conventional SJ-VDMOS were 0.241 kV2/(m�·cm2)

and 0.522 kV2/(m�·cm2). The maximum FOM of the SJ-
MOD- VDMOS was improved by 0.431 kV2/(m�·cm2) and
0.712 kV2/(m�·cm2), respectively. Therefore, the trade-off
between the BV and Ron,sp was much better in the SJ-MOD-
VDMOS, compared with the SJ-VDMOS and C-VDMOS
devices as shown in Fig. 8.

C. SINGLE-EVENT BURNOUT CHARACTERISTIC
The SEB simulation parameters were listed in Table 2. We
simulated the global device temperature as a function of
the transient time after a heavy-ion penetrating the device.
Earlier studies indicated that SEB in a SiC device caused a
thermal damage when the temperature exceeded the melting
point of SiC (3100 K) [36]. Therefore, we chose 3000 K as
the SEB failure criterion.
The VDMOS devices were investigated using electro-

thermal and thermal finite-element simulations. The thermal
contacts were set as temperature boundaries with an initial
value 300K. When the maximum temperature exceeded the
melting point of SiC (3000K) during the simulation, an SEB
was confirmed [37], [38]. In previous studies [39], [40], the
tilting-angle dependence of heavy-ion-induced degradation
was thoroughly investigated. It was found that the ions
penetrating vertically had the worst impact. However, the
studies to locate the most sensitive areas to induce SEB in a
VDMOS, yielded inconsistent outcomes [41]–[45]. To find
the most destructive ion-strike position for SEB, three loca-
tions were selected in the conventional device: the top of the
gate, the top of the JFET, and the top of the P+ source [46].
Fig. 9 shows the maximum global device temperature for

the three types of devices vs. transient time. Fig. 9 (a) and
Fig. 9 (b) show the C-VDMOS and SJ-VDMOS following
the ion impact, with VDS = 700V and LET = 0.1pC/µm.
Fig. 9 (c) shows the SJ-MOD-VDMOS after ion impact.
The device temperatures for the three structures increased
gradually with increasing time firstly before they reached
a peak value, then, the device temperature decreases. The
temperature increased in the structure occurred due to the
self-heating effect caused by impact ionization and multipli-
cation of ionized carriers. The most sensitive impact position
appeared to be at the top of the inversion channel for all three
types devices. Hence, to compare the SEB performance for
the three structures more accurately, the ion impact locations
were all selected to be the most sensitive area.
Fig. 10 shows the correlation between the drain bias volt-

age and global device temperature at LET = 0.1 pC/µm.
To compare the SEB hardening effect for the three devices
more directly, we made their drift-region thicknesses equal.
As shown in Fig. 10 that, the C-VDMOS and SJ-VDMOS
did not differ significantly to show the same SEB effect at
800 V. This also suggested that the increase in breakdown
voltage, which was caused by the super-junction structure,
did not improve the SEB threshold voltage much. This result
was consistent with the previous report [47].
Fig. 11 shows the distributions of the electric field

abstracted at different times along the ion-track (after the ion
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FIGURE 9. TCAD ion simulations of MOSFETs. Shown are the global device
temperatures (K) versus transient time (s), following ion-penetration at
different positions, LET = 0.1pC/µm VDS = 700V, for (a) C-VDMOS,
(b) SJ-VDMOS, (c) SJ-MOD-VDMOS.

strike), and the lattice temperature distributions at 1ns for
the SJ-VDMOS, SJ-MOD-VDMOS and C-VDMOS devices
(VDS = 600V, LET = 0.1pC/µm). The kinetic energy of the

FIGURE 10. The maximum global device temperature for the three types
VDMOS following an ion penetrating under different drain bias voltages.

heavy ions broke the covalent bonds, and many electron-
hole pairs were generated along the ion trajectory [48]. The
excited carriers created an extremely low-resistance path,
which connected the source and drain, for a very short
time. Due to the thermal effect of the current, the lattice
temperature increased along the ion tracks. Local high elec-
tric fields played an important role in the generation of the
high temperature. In addition, Fig. 11 also gave the high
temperature areas which were approximate the local high
electric field. The N−/N+ step doping-profile layer of the
SJ-MOD-VDMOS acted like a buffer layer. Compared with
the C-VDMOS and conventional SJ structure, the N−/N+
homojunction could transfer the electric field peak from the
drift/drain homojunction quickly. As a result, the electric
field peak of the SJ-MOD-VDMOS shifted to the N−/N+
homojunction already at 1ns. However, this did not occur in
the SJ-VDMOS.
Fig. 12 also shows the generation rate distribution after

ion impact for the SJ-VDMOS and the SJ-MOD-VDMOS at
VDS = 600 V. The generation rate distribution indicates that
the N−/N+ homojunction decreases the impact ionization
at the drift/drain junction effectively.

V. FEASIBILITY VERIFICATION
Since the N layer and N+ layer were fabricated by the sub-
strate epitaxy, the mature SiC epitaxy technology would not
cause large process errors. So, in this feasibility verification,
we did not discuss the consequences of parameter changes
in the N+/N− region. However, SiC groove trench filling
process might have large process defects. To verify the fea-
sibility of the process, proving that the general inaccuracy of
process would not seriously affect device performance, we
simulated the effect of the parameter of P+layer and P-layer
region on the SEB threshold voltage.
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FIGURE 11. The Electric-field distribution and temperature distribution,
obtained at t = 1ns (after the ion strike); (a)SJ-VDMOS, (b)SJ-MOD-VDMOS,
(c)C-VDMOS, (VDS = 600V, LET = 0.1pC/µm).

Fig. 13 shows the relationship between maximum global
device temperature and the degree of doping concentra-
tion shift in P-layer and P+layer relative to the optimized

FIGURE 12. The carrier generation-rate distribution for the SJ-VDMOS and
the SJ-MOD-VDMOS at VDS = 600V and LET = 0.1pC/µm: (a)
and (c) with10 ps after the ion strike. (b) and (d) with10 ns after the ion
strike.

FIGURE 13. The relationship between maximum global device
temperature and the degree of doping concentration shift in P-layer and
P+layer relative to optimized concentration.

concentration. As can be seen in Fig. 12, the shift of dop-
ing concentration had nearly no effect on the device SEB
characteristic. As the doping concentration gap between the
P+ layer and the P layer expands, the maximum global
device temperature decreased, and the SEB burnout threshold
slightly increased.
Fig. 14 shows the second case of non-ideal process, the

relationship between the degree of P+/P− homojunction
misalignment between the P+layer and the P-layer, and the
global device temperature. The phenomena in Fig. 13 and
Fig. 14 can be explained by the electric field distribution of
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FIGURE 14. The relationship between maximum global device
temperature and the degree of doping concentration shift in P-layer and
P+layer relative to optimized concentration.

SJ-MOD-VDMOS. The simulation results showed that the
changes in the parameters of the P+ and P− layers caused by
process errors would not greatly affect the SEB characteris-
tics of the device. This also showed that the process window
for SEB performance of SJ-MOD structure was larger.

VI. CONCLUSION
In this paper, we determined that a SiC super-junction
MOSFET with a step doping-profile, SJ-MOD-VDMOS,
could successfully combine the benefits of both a super-
junction structure and imbalanced doping. Thanks to the
super-junction, the electric field peak could be further
reduced, and a high BV was obtained. Furthermore, a low
Ron,sp led to a high figure of merit (FOM = BV2/Ron,sp),
which represented a good trade-off between BV and Ron,sp.
Compared to the conventional super-junction VDMOS struc-
ture, the FOM of the optimized structure could be increased
by 157.3%. In addition, it was found that the N−/N+
homojunction of the SJ-MOD- VDMOS could act like a
buffer layer based on the SEB simulations, i.e., the critical
burnout voltage of the SJ-MOD-VDMOS was 800V. On
the other hand, the SEB-threshold voltage of a conven-
tional super-junction device was only 650V which was the
same as the non-hardened VDMOS structure, i.e., SJ-MOD-
VDMOS demonstrated better SEB performance than the
SJ-VDMOS.
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