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Abstract— We investigated the reverse recovery failure
mechanisms in a 650V-class Si superjunction (SJ) MOSFET
with increasing gate resistance (Rg) by experiments and TCAD
simulations. We analyzed that physical failure occurs when two
phenomena take place simultaneously: voltage overshoot
exceeding a critical value and non-uniform reverse recovery
operation, meaning that reverse recovery at the edge
termination is not completed even after reverse recovery at the
active has terminated. As R, increases, the magnitude of
overshoot increases due to the current imbalance between the
drain-source capacitance, the parasitic inductance and a large
gate delay of the device under test. This large overshoot
eventually leads to device failures. This study confirms that the
magnitude of overshoot depends on the electrical characteristics
of the active rather than the edge termination, while the physical
failure occurs on the edge termination area because the large
current density and the voltage overshoot are applied due to the
non-uniformity. Finally, we proposed strategies to develop the
edge termination with improved resilience against physical
failures in conditions with similar overshoot events.
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I. INTRODUCTION

The SJ] MOSFET is widely used in power applications
because of a significantly lower specific ON-resistance (or
conduction loss) than conventional power MOSFETsSs, owing
to its charge-balanced p-/n-pillars structure [1-5].

In half-bridge or full-bridge circuit applications, the
intrinsic body diode of the ST MOSFET, formed by the p-/n-
pillars, can function as a freewheeling diode. It can reduce the
overall system size but, at the same time, imposes the
necessity for the robustness of the body diode for the
reliability of SJ-MOSFETs as well as the entire system.
Generally, the body diode of the SJ] MOSFET exhibits a
higher reverse recovery charge (Q,) than that of the
conventional power MOSFET due to the increased PN
junction area resulting from its inherent pillar structure. This
substantial O, can lead to considerable voltage and current
spikes caused by the rapid variations in voltage (dv/dt) and
current (di/dt) in high-speed switching applications. The
inadequate reverse recovery performance leads to increased
power consumption and significant oscillations, which can
result in serious reliability issues for the system [6-8]. Many
studies have been conducted to improve reverse recovery
characteristics by optimizing processes or designs at the
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device level [9-13]. Since the performance of the body diode
depends not only on silicon design but also on package
inductance in applications such as synchronous rectification,
however, previous studies may have limitations in clarifying
the actual body diode behavior. Therefore, it is necessary to
consider parasitic components in the analysis not only at the
device level but also from the package and equipment
perspective [14].

On the other hand, in modern power -electronics
applications, there is a growing need for high efficiency
combined with high power density, which represents a key
trade-off issues in the design of power converters. One way to
improve trade-off relation is to use soft switching topologies
as known as the zero voltage/current switching. The main
benefit of these topologies is to minimize the losses generated
by the power devices during switching transitions. One of the
key point in a design of soft switching topologies is to
determine the optimal external gate resistance, considering its
impact on the commutation behavior in order to set the delay
or dead-time between the conduction of the switches [15-16].

We found the physical failures during the reverse recovery
period with increasing R, as shown in Fig. 1 and also found
that the failure mechanism was not clearly understood based
on the previous studies since the relation between the failures
in the process of body diode reverse recovery and the physical
parameters of SJ-MOSFET with changing R, has not been
sufficiently discussed. Therefore, in this study, we
investigated the reverse recovery failure mechanisms in a
650V-class Si SJ] MOSFET as R, increased, using TCAD
simulation with well-calibrated both device model and
parasitic RLC.
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Fig. 1. (a) Measurement results show the maximum di/dt level is degraded
with increasing R, (Different colored dot = different device type). (b) Photo
image of one of the S] MOSFET that has experienced physical failure in
device group A (Dev. A).
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II. SIMULATION METHOD

Synopsys TCAD [17], a device simulator with mixed-
signal mode and a thermodynamic model, was used for the
simulations. The model used in this study was calibrated to
within a 10% error range for the static characteristics of DBH's
650V-class SJ] MOSFET, particularly demonstrating good
prediction of the breakdown hot spot [18]. Also, the predictive
accuracy for dynamic and ruggedness characteristics such as
short-circuit withstand time and un-clamped inductive
switching exhibits an error margin of approximately 15%.
This indicates that the models used in the process and device
simulations are suitable for evaluating reliability issues.
Simulations were conducted with considering the parasitic
RLC components proposed for the reverse recovery test
circuit shown in Fig. 2.
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Fig. 2. Circuit diagram of the reverse recovery test with parasitic RLC used
in the mixed-mode TCAD simulation (Ri/=Rgi2, Lar=Laz Ls1=Ls2, Cas1=Casz,
Lgi=Lgs, Ree1=Rges, Rg=Ryi+R,. (Ry= intrinsic gate resistance, R~ external
gate resistance)). Red-colored components indicate parasitics arising from
packages and/or equipment that were not considered in previous studies. The
values are not presented in this paper.
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Device under test (DUT) has two configurations: (Case 1) Active only
and (Case 2) parallel-connected active and edge termination in this

simulation work. The switching device utilizes the active area only, where
more than 90% of the gate charge is affected.

In this study, the device under test (DUT) employs two
configurations: an active-only case and a parallel structure that
includes both the active area and the edge termination area, as
shown in Fig. 3. This simulation setup is used to assess the
influence of each region during the reverse recovery period.

III. RESULTS AND DISCUSSIONS

Fig. 4 shows that as R, increases, the slope of dv/dt
between the drain-to-source voltage (Vps) of the DUT exhibits
similar values under similar di/dt conditions; however, the
tendency for overshoot voltage (Voversioor) also increases. The
inset of the Fig. 4 shows the case where parasitic RLC is not
included in the simulation, and in this case, there is no increase
in Vovershor With respect to Rg. Also, the overshoot
characteristics and their voltage levels were observed to be
similar for both the active-only case and the DUT configured
with various designs of edge termination connected in parallel,
as long as the cell design remained the same (not shown here).
Since the active area occupies more than 95% of the total chip
area, this indicates that the characteristics of the body diodes
in the active pillars are significantly influenced by the total
current shape (di/dt, dir/df) during the reverse recovery period.
In other words, the magnitude of the voltage overshoot does
not significantly affect the edge termination itself; rather, it
can be attributed to the reverse recovery softness of the active
region and the influence of parasitic RLC.
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Fig. 3. Maximum magnitude of Vpg (=Vyvershoor) 0f DUT (Casel) during

reverse recovery operation as a function of R,. The right insets display the
current and Vps (range of 0 to 800V) of the DUT under each R, condition
during reverse recovery operation, indicating that the border colors of the
graph correspond to the colors of the data points. The left inset presents the
simulation results under conditions without parasitic RLC components.

To provide a detailed understanding of the mechanism by
which R, affects overshoot, we compared the voltage and
current behaviors of the DUT and SW devices during the
reverse recovery operation time interval, as illustrated in Fig.
5, for varying values of R,. Since the same chip is used for
both the DUT and SW devices, their internal capacitances are
identical, and the delay in the gate turn-on time of the SW
device during the reverse recovery period occurs solely due to
the large R,. During the period from ¢; to 7, all of body diode
reverse recovery charge (Q,) of the DUT is consumed to
respond to di/dt. After that, since the parasitic inductance,
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especially the large L.y, cannot respond to the large dir/dt
which changes the sign of the current slope over time, the
drain-source capacitance (Cps) current of the package
responds while the Vps of the DUT switches to Vpp. At this
point, when R, is small, the Vs of the DUT responds quickly,
allowing the channel current of the DUT by Vs to reach the
threshold voltage (V7)) of DUT at #;, and the current of Cps
alternately responds to the current required after .
Accordingly, the Vps of the DUT settles to Vpp without large
overshoot. However, for DUTs with large R,, since the turn-
on response of Vs is delayed, the channel current of the DUT
does not respond to the current required after #,, so the voltage
at the drain node of the DUT increases as it continues to
respond to dir/dt with the charge of the Cps. A large voltage
overshoot due to the increase in Ry is interpreted by the above
mechanism.
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Fig. 4. Timing diagrams of the reverse recovery operation with varying R,
((a) Rg=3.1Q, (b) R,=30Q). (t,= SW reaches V,, t,= Q,, in DUT consumes
all, ¢; = DUT reaches V,, t,=Vpsin DUT settles to Vpp.)

In contrast, it remains difficult to determine the causes of
physical failures by analyzing only the active region, as
demonstrated in Case 1 of Fig. 3, despite the increase in R,
resulting in a rise in Voyersnoor. Because, as shown at ¢; of Fig.
5(b), the occurrence of Voyershoor corresponds to the state when
no current is flowing through the DUT channel; specifically,

this refers to the normal off-state operation of the SI-MOSFET.

Therefore, when considering only the active region, as shown
in Fig. 6, although a significant Vjyersnoor OCcurs, the rise in
lattice temperature is not monitored within the active area.
Alternatively, Case 2 of the DUT indicates that the maximum
lattice temperature during the reverse recovery process can
change based on the specific type of edge termination used. In
this case, a smaller R, with smaller Voyershoor results in a
reduced increase in the maximum lattice temperature for Case
2.
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Fig. 5. Simulation results of the maximum lattice temperature for each

DUT condition with varing R,. (a) Ry = 3.1Q with Voyesho = 554 V and (b)
Ry =30 with Vyyershoor =735V that it is the same for the different DUTs when
R, is set to the same value.

In Fig. 7, we investigate how edge termination affects the
increase in lattice temperature during the reverse recovery
operation. For the case where R, is 30 Q, the figures show the
current density, electric field, and lattice temperature contours
at Vps = Vovershoor. At this time, edge termination 2 exhibits a
lighter p-type doping concentration near the source contact
compared to edge termination 1. This results in a slower
recombination rate of holes generated at the edge termination
relative to the active region, leading to sustained current flow.
Consequently, a substantial amount of current becomes
concentrated near the source contact of the edge termination.
Due to the inability to eliminate the generated holes, as is done
in the active region, the pillars of the edge termination are not
fully depleted. The voltage overshoot becomes concentrated
in the upper region, resulting in a high electric field strength
in that area, which reaches approximately 0.3 MV/cm,
exceeding the critical electric field of silicon. Unfortunately,
as the areas of current flow and high electric field overlap in
this region, as shown in the insets of Fig. 7, they experience
increased electrical stress. This electrical stress may lead to
the generation of a large number of excess carriers, which
could ultimately result in physical failure due to thermal
runaway. In conclusion, when a significant overshoot occurs
due to the characteristics of the active region and parasitic
RLC elements, a greater difference in the excess hole removal
speed between the edge termination and the active region
increases the probability of physical failure. Furthermore, it
can be interpreted that physical failures are more likely to
occur near the source contact of the edge termination rather
than in the active region. Therefore, designing the edge
termination to achieve a similar excess hole removal rate as
that in the active region implies that the probability of
avoiding physical failure, even under identical overshoot
conditions, is significantly increased.
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(a) Edge Termination 1 (b) Edge Termination 2
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Fig. 6. Comparison of the current density, electric field, and lattice
temperature for two different edge termination designs in the Case 2 with R,
=30Q at Voversioor = 735V. The inset shows an enlargement of the area where
the lattice temperature exceeds 600 K in edge termination design 2. Each
edge termination has a different doping profile near the source contact, as
shown in Fig. 7(a). Edge termination design 1 includes a higher
concentration of p-type doping compared to edge termination 2.

IV. CONCLUSION

In this study, we investigated the reverse recovery failure
mechanisms in a 650V-class Si S MOSFET as R, increases,
utilizing both experimental methods and TCAD simulations
with the proposed circuit scheme with parasitic components.
Our analysis shows that physical failure occurs when a voltage
overshoot due to the active region and parasitic RLC and a
non-uniform reverse recovery process in edge termination
take place at the same time. This indicates that the immunity
to the physical failure can be achieved by optimizing the pillar
design in the active region for soft recovery or by sufficiently
reducing parasitic RLCs. And, regardless of whether these
optimization are satisfied, it is crucial to design the edge
termination to have the closely matched reverse recovery
performance to that of the active region. These results and
analytical methods regarding reverse recovery failures can be
applied to not only other V-class SJ] MOSFETs but also
devices where the different semiconductor material are used.
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