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Abstract: This work investigates the performance of state-of-the-art non-commercial 6.5 kV Silicon
Carbide (SiC) PiN and Junction Barrier Schottky (JBS) diodes in hybrid (Si IGBT with SiC diode)
and full SiC (SiC MOSFET with SiC diode) switch topologies. The static and dynamic performance
has been systematically evaluated at distinct temperatures, gate resistances and currents for each
configuration. The SiC PiN diode presented higher current density capability and lower leakage
current density than the JBS diode. Moreover, in most cases, the SiC PiN diode-based topologies
demonstrated slightly higher total switching losses compared to the SiC JBS diode-based equivalent
configurations. A loadability analysis in a three-level NPC converter is presented to evaluate the
potential of each configuration in a converter application. The SiC PiN technology presented a 25%
power extension compared to the SiC JBS technology with similar efficiency at typical industrial
drives switching frequency operation when comparing same-active-area diode technologies. Finally,
a long-term reliability test (H3TRB) is presented to demonstrate the SiC PiN diode technology’s
potential for operation in harsh environments. Such characteristics show the advantage of the 6.5 kV
SiC PiN diode when a high current density (>100 A/cm2), high efficiency and reliability are required.

Keywords: SiC PiN diode; SiC Junction Barrier Schottky (JBS) diode; SiC MOSFET; Si IGBT; hybrid
topology; neutral point clamped inverter (NPC); power electronics; power losses

1. Introduction

Silicon Carbide (SiC) devices present significant potential for medium-voltage applica-
tions due to lower conduction and switching losses than their silicon-based counterparts [1].
Such devices are particularly promising for megawatt converters such as industrial motor
drives, traction inverters and grid-tied converters, enabling considerable energy savings,
footprint reduction, topology simplification and performance improvements [2–4]. How-
ever, due to the higher costs of SiC devices, adopting full SiC-based solutions is still a
challenge. Hybrid topologies, mixing Silicon (Si) Insulated Gate Bipolar Transistors (IGBTs),
SiC Metal Oxide Field Effect Transistors (MOSFETs) and diodes (Si and SiC), emerge as an
alternative solution where good performance and lower costs can be achieved [5–12].

The optimal power semiconductor selection is generally based on the electrical per-
formance, ruggedness, reliability, and associated cost of the device in the power converter.
Hybrid topologies require further investigation of the interaction between power devices
made from different materials (e.g., Si and SiC) in the same circuit. This fact increases the
design possibilities and requires a more comprehensive trade-off analysis of the device
attributes and their effects on the power electronic converter performance.

Due to the commercial availability of 1.2 and 1.7 kV SiC diodes and MOSFETs, sys-
tematic investigations on the static and dynamic performance of SiC devices compared to
Si devices under different temperatures and setup conditions have been reported [13–15].
Consequently, such studies allowed for several application-oriented investigations of full

Electronics 2024, 13, 4548. https://doi.org/10.3390/electronics13224548 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics13224548
https://doi.org/10.3390/electronics13224548
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://doi.org/10.3390/electronics13224548
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13224548?type=check_update&version=1


Electronics 2024, 13, 4548 2 of 16

SiC-based power converters [16,17]. In addition, new multilevel hybrid topologies with
state-of-the-art modulation and control techniques to enhance performance at an acceptable
cost have been investigated [5–12].

In the 3.3 kV class, engineered samples of 3.3 kV SiC MOSFET modules have been
characterized [18–20], and system simulations have been performed for industrial drive
applications [3]. For railway traction, SiC-based converters are being investigated [4], and
commercial train lines have already implemented these [21,22]. Regarding hybrid solutions,
a hybrid 3.3 kV module [23] has been characterized and evaluated through electro-thermal
simulations in a traction converter application. Hybrid topologies are also of great interest
to this voltage class [24].

For the 6.5 kV voltage class, no SiC commercial devices are available at the moment.
Consequently, fewer investigations on these devices have been reported compared to
the lower-voltage classes. Since the 6.5 kV class will inevitably come to market and
presents excellent prospects in high-power industrial drive applications [11,25], further
investigations are required. A typical diode application in the medium-voltage range is as
a clamping device in multilevel topologies [11,12,25].

Previous works on 6.5 kV SiC diodes reported the static and dynamic characterization
of SiC PiN diodes with Si IGBTs [11,25–31] and MOSFET body diode or Schottky barrier
diodes in full SiC configuration [32–36]. Furthermore, the static characterization of Junction
Barrier Schottky (JBS) diodes [37] and the dynamic characterization of JBS diodes with Si
IGBTs based on Spice models [12] and at room temperature for a fixed current value [31]
have been reported. Each work investigated a unique configuration, and a systematic
investigation of the device performance at different temperatures, current loads, and gate
resistances was performed by a few works for a limited number of configurations, not
encompassing all operational conditions and switch topology combinations. This occurs
because most papers focus on characterizations at nominal conditions and one specific
temperature to prove device functionality or safe operation area using a specific device
configuration. Thus, a reliable systematic performance comparison between both diode
technologies under identical conditions and for all possible configurations is not possible.
In addition, there is a lack of available systematic data for power electronics researchers to
evaluate the potential of these high-voltage technologies in power converter applications.

This work compares 6.5 kV SiC PiN and JBS diode technologies switched with state-
of-the-art Si-IGBTs and SiC-MOSFETs. All devices were fabricated in the same laboratory
and tested in the same system, thus allowing for a precise performance comparison. The
impact of distinct temperatures, gate resistances and current loads has been addressed.
Furthermore, a comparison with Si PiN diodes is given to depict the potential of Wide Band-
Gap (WBG) technology. The impact of these diode technologies on a Three-Level-Neutral
Point Clamped (3L-NPC) converter application has also been investigated, observing the
maximum allowed switching frequency and power for each configuration, as well as
efficiency. Finally, a long-term reliability test on the SiC PiN diode has been addressed to
evaluate its potential in harsh environments. This paper is organized as follows: Section 2
details the devices characterized and the test bed setup conditions. Section 3 provides the
static and dynamic characterizations for each configuration, evaluates the power switch
topologies in a 3L-NPC converter application, and characterizes the SiC PiN diode’s long-
term reliability in a High-Temperature, Humidity Reverse Bias (H3TRB) test setup. Finally,
Section 4 presents the main conclusions of this work.

2. Materials and Experimental Methods

The experiments were performed on state-of-the-art, non-commercial 6.5 kV SiC PiN
and JBS diodes, presenting the same active area of 0.4 cm × 0.4 cm (0.65 cm × 0.65 cm total
chip area). This characteristic allows for a comparison of both technologies with the same
wafer area usage. Consequently, similar device prices are expected, allowing for fair cost
versus performance comparisons. The fabrication details of the SiC PiN diode are reported
elsewhere [31]. The diode chip was soldered and wire-bonded on a copper base plate with
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an insulator-based package, as demonstrated in Figure 1. The controlled switches used
in the experiments to evaluate diode performance and their effects on the circuit are a
state-of-the-art 6.5 kV SiC MOSFET [32] and a commercial 6.5 kV Si IGBT (nominal current:
25 A). In addition, a commercial 6.5 kV Si PiN diode (nominal current: 75 A) was used for
qualitative comparison with the WBG technology since the current rating of the Si diode is
much higher than the expected current rating for the investigated diodes. All devices were
fabricated at Hitachi Energy, Zürich, Switzerland.
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employed. The inductor current was monitored by a Rogowski coil (CWT Mini50 HF 
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characterize the devices’ temperature with an error of ±2 °C. The packaging was placed 
on top of the hotplate with a thermal interface material to improve heat spreading and to 
isolate the hotplate from the device. 

Figure 1. Device package. The diode chip is soldered on a non-isolated base plate (cathode terminal)
and wire-bonded to the anode terminal.

Static characterization was performed with a Keysight B1505A Power Device Analyzer
(Keysight Technologies, Santa Rosa, CA, USA). Dynamic characterization was performed
in a double-pulse tester at a nominal switching voltage (V) of 3.6 ± 0.1 kV, estimated
main loop stray inductance (Lσ) of around 200 nH and gate voltages (VG) of +15 V/−10 V.
The pulse duration defines the current load, and gate resistance is changed manually
in a commercial gate drive unit. The tested gate resistance values are 30 Ω and 50 Ω,
typical values for such power switches. Lower gate resistance values may present in-
creased ringing during switching [32]. The designed double-pulse tester, which is shown
in Figure 2, has hotplates to control the devices’ temperature. A solid-state-circuit breaker
(SCCB) was added to avoid catastrophic damage in case of device failure. High-bandwidth
voltage probes (CT4028 (DigiKey, Thief River Falls, MN, USA)—220 MHz) for voltage
monitoring and high-bandwidth coaxial current shunt (SDN-10 (Emerson Electric Co.,
Ferguson, MO, USA)—2000 MHz) for power switch current measurement were employed.
The inductor current was monitored by a Rogowski coil (CWT Mini50 HF (Power Electronic
Measurements Ltd., Nottingham, UK)—50 MHz) to obtain the diode current indirectly
by subtracting the inductor from the controlled switch current. A 500 MHz oscilloscope
(Keysight MSOX3054T (Keysight Technologies, Santa Rosa, CA, USA)—500 MHz, 5 GSa/s)
performs the curves acquisition and K-type thermocouples characterize the devices’ tem-
perature with an error of ±2 ◦C. The packaging was placed on top of the hotplate with
a thermal interface material to improve heat spreading and to isolate the hotplate from
the device.
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3. Results and Discussion
3.1. Device Characterization
3.1.1. Static Characterization

The current density (current divided by chip active area) versus on-state voltage curves
from the fabricated 6.5 kV SiC PiN and JBS diodes and the commercial 6.5 kV Si PiN diode
are demonstrated in Figure 3. At room temperature (25 ◦C), for current densities higher
than 40 A/cm2, the SiC PiN diode presents lower voltage drops compared to the SiC JBS
diode. This fact is exemplified at the current density of 80 A/cm2, where the SiC PiN diode
has a forward voltage drop of ~3.6 V, whereas the SiC JBS presents one of ~6.1 V. At 125 ◦C,
such behavior is reinforced, with the SiC PiN diode presenting the lowest voltage drops for
current densities higher than 12 A/cm2. Thus, the SiC PiN diode is advantageous for high-
current density designs and high-temperature operation, presenting lower losses. Another
characteristic is that the SiC PiN diode presents a knee voltage reduction that improves its
current conduction at high temperatures [11,26]. In contrast, the SiC JBS diode lessens its
current density capability caused by increased resistance with higher temperatures [37],
presenting a strong temperature dependence, as shown in Figure 3. Alternatively, the SiC
JBS diode is a better option compared to the SiC PiN diode for current densities lower than
12 A/cm2 at 125 ◦C (or 40 A/cm2 at 25 ◦C), where the SiC PiN diode’s high built-in voltage
reduces its current capability in the low-current-density regime. The Si PiN diode presents
a better current capability compared to the SiC JBS diode, but worse than that of the SiC
PiN diode at high current densities (>80 A/ cm2 at 25 ◦C).

Electronics 2024, 13, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 2. Double-pulse tester schematic and system photo. 

3. Results and Discussion 
3.1. Device Characterization 
3.1.1. Static Characterization 

The current density (current divided by chip active area) versus on-state voltage 
curves from the fabricated 6.5 kV SiC PiN and JBS diodes and the commercial 6.5 kV Si 
PiN diode are demonstrated in Figure 3. At room temperature (25 °C), for current densities 
higher than 40 A/cm2, the SiC PiN diode presents lower voltage drops compared to the 
SiC JBS diode. This fact is exemplified at the current density of 80 A/cm2, where the SiC 
PiN diode has a forward voltage drop of ~3.6 V, whereas the SiC JBS presents one of ~6.1 
V. At 125 °C, such behavior is reinforced, with the SiC PiN diode presenting the lowest 
voltage drops for current densities higher than 12 A/cm2. Thus, the SiC PiN diode is 
advantageous for high-current density designs and high-temperature operation, 
presenting lower losses. Another characteristic is that the SiC PiN diode presents a knee 
voltage reduction that improves its current conduction at high temperatures [11,26]. In 
contrast, the SiC JBS diode lessens its current density capability caused by increased 
resistance with higher temperatures [37], presenting a strong temperature dependence, as 
shown in Figure 3. Alternatively, the SiC JBS diode is a better option compared to the SiC 
PiN diode for current densities lower than 12 A/cm2 at 125 °C (or 40 A/cm2 at 25 °C), where 
the SiC PiN diode’s high built-in voltage reduces its current capability in the low-current-
density regime. The Si PiN diode presents a better current capability compared to the SiC 
JBS diode, but worse than that of the SiC PiN diode at high current densities (>80 A/ cm2 
at 25 °C). 

 
Figure 3. Forward characteristic curves from the 6.5 kV SiC PiN, SiC JBS, and Si PiN diodes at 25 ◦C
and 125 ◦C. The solid line curves are at 25 ◦C and the dotted line curves at 125 ◦C. The SiC PiN diode
presents the highest current density capability.

The lower leakage current density is another characteristic of the SiC PiN diode, as
shown in Figure 4. In the <5 kV range, it presents around 10−8 A/cm2 compared to the SiC
JBS diode leakage current density of about 10−3 A/cm2, and Si PiN diode’s leakage current
density of around 10−6 A/cm2. At higher voltages (>5 kV), the SiC PiN diode presents an
increase in the leakage current but with values below the SiC JBS diode technology. These
devices operate in the final application with typical blocking voltages of around 3.6 kV.
Low leakage current is essential to ensure reliable high-voltage operation by reducing the
blocked state’s power losses.
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Figure 4. Reverse blocking characteristic curve from the 6.5 kV SiC PiN, SiC JBS, and Si PiN diodes at
25 ◦C. The SiC PiN diode presents the smallest leakage current density up to around 6 kV.

3.1.2. Dynamic Characterization

Figures 5 and 6 show dynamic curves of the switch configurations investigated in
this paper. The influence of the SiC diodes on the turn-on of controlled switches (Si
IGBT and SiC MOSFET) is demonstrated in Figure 5 for a switching current of 11 A, gate
resistance of 30 Ω and junction temperature of 125 ◦C. The IGBT turn-on curves (Figure 5a)
depict a considerable diode influence caused by its reverse recovery current. At the full
Si configuration, we can see an overshoot current of ~74 A caused by the high reverse
recovery current of the Si PiN Diode. With the substitution of the Si PiN diode by the SiC
PiN and JBS diodes (hybrid configurations), an overshoot current reduction is observed,
presenting peak currents of ~36 A and ~17 A, respectively. The overshoot current reduction
is essential to minimize turn-on losses and stress on the controlled switch (due to the high
peak power density). The measured turn-on dv/dt of the Si IGBT switched with Si PiN, SiC
PiN, and SiC JBS diodes is in the range of 5 V/ns.
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were obtained at 3.6 ± 0.1 kV, I~11 A, RG = 30 Ω, TJ = 125 ◦C, and Lσ~200 nH.
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(b) 6.5 kV SiC MOSFET turn-off curves when switched with SiC PiN and SiC JBS diodes. All curves
were obtained at 3.6 ± 0.1 kV, I~11 A, RG = 30 Ω, TJ = 125 ◦C, and Lσ~200 nH.

Regarding the SiC MOSFET turn-on (full SiC configurations), Figure 5b shows the SiC
PiN diode configuration with a slightly higher overcurrent peak of ~17 A than the JBS diode
configuration (~13 A). The measured turn-on dv/dt of the SiC MOSFET switched with
SiC PiN and SiC JBS diodes is in the range of 2.8 V/ns. The SiC MOSFET configurations
presented slower dv/dt during turn-on compared to IGBT. Such an effect is related to the
MOSFET pitch design, which has a purely capacitive nature. Larger pitches lead to devices
presenting slower voltage variations at the turn-on process, consequently increasing turn-on
losses [32]. Faster devices with lower pitches are possible at the cost of lower short-circuit
capability time [32]. The SiC JBS diode presented the smallest reverse recovery current in
all configurations due to the lack of minority carriers stored during forward operation [38].
The decrease in the switch overcurrent peak from 36 A (IGBT switch configuration) to
17 A (SiC MOSFET switch configuration) when switched with the SiC PiN diode is mainly
related to the slower dv/dt swing when switched with the SiC MOSFET. This effect is
mainly capacitive, where higher dv/dt causes higher peaks and shorter reverse recovery
duration, as observed in Figure 5.

A systematic investigation of the temperature effects for distinct load currents in the
turn-on switching losses is demonstrated in Figure 7. The full Si configuration presents
the highest IGBT turn-on losses mainly caused by the large Si PiN diode reverse recovery
current, as shown in Figure 5. The hybrid configurations present the lowest losses for most
of the switched load current range. Such a fact happens due to the faster dv/dt of the IGBT
during turn-on compared to the SiC MOSFET configuration. Additionally, the SiC PiN
hybrid configuration presents slightly higher losses than the hybrid JBS configuration and is
sensitive to temperature variations. This sensitivity is caused by the SiC PiN diode reverse
recovery charge increasing with temperature, as shown in Figure 8, affecting the IGBT turn-
on losses. This charge is responsible for the large reverse recovery currents during the diode
turn-off process and presents temperature dependence [28]. The SiC JBS diode presents
no reverse recovery charge dependence on the temperature, as demonstrated in Figure 8,
not affecting the switch turn-on losses. These characteristics are expected since JBS diodes
are majority carrier devices without minority carriers injected in the drift layer during
forward operation [38]. The small reverse recovery current presented by the JBS diode is
based on the junction capacitive effect that is temperature-independent [38]. For the full
SiC configurations, the SiC MOSFET presented higher turn-on losses at lower temperatures
when switched with the SiC JBS diode. Such an effect agrees with other medium-voltage
classes of SiC MOSFETs switched with Schottky barrier and body diodes [18,19]. This fact
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occurs due to the increased di/dt and dv/dt of the SiC MOSFET at higher temperatures [19],
generating faster switching times and lower losses. On the other hand, the SiC PiN diode
presents a reverse recovery charge increase at higher temperatures (Figure 8). Thus, it tends
to increase MOSFET switching losses as temperature increases. Such a counterbalancing
effect with the SiC MOSFET temperature characteristics imposes a more temperature-
independent behavior on the turn-on losses of the SiC MOSFET switched with the SiC PiN
diode, as shown in Figure 7a.
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The Si IGBT turn-off curves, shown in Figure 6a, indicate that the diodes have almost
no influence on the turn-off characteristics of the controlled switch, preserving the same
shape for all combinations, as expected. The hybrid and full Si configurations have a total
switching time of ~4 µs. A similar behavior to the IGBT curves is observed for the SiC
MOSFET turn-off curves in Figure 6b. The different types of diodes presented almost no
effect on the curves. Due to the inclusion of a WBG-controlled switch, a faster switching
time of ~500 ns was achieved with an increased ringing. The effects observed in Figure 6
can be reinforced in Figure 7b, in which the turn-off losses depend only on the controlled
switch (IGBT or MOSFET). The full and hybrid Si configurations presented the highest
losses, reaching values close to 70 mJ, while the full SiC configurations presented losses
smaller than 5 mJ. Such small values are related to the fast switch time during turn-off of the
WBG switch. The SiC MOSFET turn-on losses dominate the total SiC MOSFET switching
losses. An alternative to avoid such high losses is using soft-switching methods to improve
power converter efficiency [19].

The diode reverse recovery curves, shown in Figure 9, for a switching current of
11 A, gate resistance of 30 Ω, and junction temperature of 25 ◦C reinforce the previously
discussed effects on the turn-on characteristics of the controlled switches. At 25 ◦C, the full
SiC configuration presents a slower switching time of around 2.5 µs (Figure 9b) compared to
the switching time at 125 ◦C of around 1.6 µs (see SiC MOSFET turn-on curve in Figure 5b).
Such switching time reduction and its effects were previously discussed for the full SiC–SiC
JBS configuration. Furthermore, the qualitative behavior regarding the reverse current
peak for each configuration is kept the same, with the Si PiN diode presenting the highest
reverse recovery current, followed by the SiC PiN and SiC JBS diodes. The diode turn-
off and MOSFET/IGBT turn-on curves are complementary because the turn-on of the
IGBT/MOSFET happens at the same time as the diode turn-off in a double-pulse setup
(half-bridge configuration). Consequently, due to Kirchhoff’s circuital law, voltage and
current are complementary. Regarding switching losses, Figure 7c shows the Si PiN diode
with the highest loss values. The SiC diodes presented turn-off losses smaller than 1 mJ
in the investigated current range in all configurations. This indicates that the diode losses
can be further reduced by implementing SiC PiN and JBS diodes. In addition, the diode
losses are low compared to the total switching losses, which are sometimes neglected in the
power converter’s efficiency calculations [20].
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were obtained at 3.6 ± 0.1 kV, I~11 A, RG = 30 Ω, TJ = 25 ◦C, and Lσ~200 nH.
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The overall switching losses from each configuration, summing up turn-on, turn-off
switch losses and turn-off diode losses, are demonstrated in Figure 10 at a fixed gate
resistance of 30 Ω. The full SiC configurations presented the lowest losses, followed by the
hybrid and full Si configurations. The inclusion of SiC diodes reduces the turn-on switch
losses as well as the diode losses when compared to Si diodes. The full Si and hybrid switch
topologies presented a more pronounced temperature dependence, with increased losses at
higher temperatures. Finally, the full SiC configuration with the SiC PiN diode presented
an almost temperature-independent behavior, while for the SiC JBS diode configuration,
the losses decreased at higher temperatures.
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Figure 10. Total switching losses versus current for the full Si, hybrid and full SiC configurations at a
constant gate resistance RG = 30 Ω. The results were obtained at 3.6 ± 0.1 kV, TJ = 25 ◦C and 125 ◦C,
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The effect of gate resistance on the total switching losses is demonstrated in Figure 11.
Higher gate resistance values increase switching losses caused by longer switching times.
Such a strategy can be used when slower switching times are required due to EMC con-
straints and when a lower diode reverse recovery peak current is desired to reduce the
stress on the power switch.

Electronics 2024, 13, x FOR PEER REVIEW 10 of 17 
 

 

The effect of gate resistance on the total switching losses is demonstrated in Figure 
11. Higher gate resistance values increase switching losses caused by longer switching 
times. Such a strategy can be used when slower switching times are required due to EMC 
constraints and when a lower diode reverse recovery peak current is desired to reduce the 
stress on the power switch. 

 
Figure 11. Total switching losses versus current for the full Si, hybrid and full SiC configurations at 
a constant temperature TJ = 125 °C. The results were obtained at 3.6 ± 0.1 kV, RG = 30 Ω and 50 Ω, 
and Lσ~200 nH. 

Figure 12 shows the reverse peak diode current for different gate resistances. Higher 
gate resistance reduces the di/dt rate during switching, thus reducing the reverse peak 
current [39]. The gate resistance value presents a larger influence on the full Si and hybrid 
SiC PiN diode configurations. The full SiC configurations, independently of the diode 
technology, presented a low gate resistance influence on the diode reverse recovery peak 
current. Furthermore, the hybrid SiC PiN configuration presented the highest reverse 
peak current after the full Si configuration. This is caused by the higher reverse recovery 
charge of the PiN technology compared to the JBS design. In addition, the faster voltage 
variation during the IGBT turn-on compared to the SiC MOSFET contributes to the 
increased current peak. All other configurations presented low reverse recovery currents 
with values lower than 9 A for the whole current range. As expected, the lowest reverse 
recovery peak current occurs with the full SiC-SiC JBS configuration, caused by the 
combination of the JBS technology’s low reverse recovery charge and the low SiC 
MOSFET dv/dt during turn-on. 

Regarding IGBT reliability, the higher stress caused by the SiC PiN diode compared 
to the SiC JBS diode in hybrid configurations does not significantly impact the power 
switch reliability. This fact is justified since IGBTs are designed to operate with a Si PiN 
diode that imposes a much higher reverse recovery peak current stress to the IGBT switch, 
as shown in Figure 5a. At the full SiC configuration, the SiC PiN diode imposes a reverse 
recovery current of ~6 A versus a ~2 A current imposed by the SiC JBS diode. This current 
has an almost constant behavior for different switched load currents, as shown in Figure 
12. Independently of the chosen diode technology, the obtained reverse recovery current 
does not impose harsh conditions on the designed SiC MOSFET [32]. 

Figure 11. Total switching losses versus current for the full Si, hybrid and full SiC configurations at a
constant temperature TJ = 125 ◦C. The results were obtained at 3.6 ± 0.1 kV, RG = 30 Ω and 50 Ω, and
Lσ~200 nH.
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Figure 12 shows the reverse peak diode current for different gate resistances. Higher
gate resistance reduces the di/dt rate during switching, thus reducing the reverse peak
current [39]. The gate resistance value presents a larger influence on the full Si and hybrid
SiC PiN diode configurations. The full SiC configurations, independently of the diode
technology, presented a low gate resistance influence on the diode reverse recovery peak
current. Furthermore, the hybrid SiC PiN configuration presented the highest reverse peak
current after the full Si configuration. This is caused by the higher reverse recovery charge
of the PiN technology compared to the JBS design. In addition, the faster voltage variation
during the IGBT turn-on compared to the SiC MOSFET contributes to the increased current
peak. All other configurations presented low reverse recovery currents with values lower
than 9 A for the whole current range. As expected, the lowest reverse recovery peak
current occurs with the full SiC-SiC JBS configuration, caused by the combination of the JBS
technology’s low reverse recovery charge and the low SiC MOSFET dv/dt during turn-on.
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Regarding IGBT reliability, the higher stress caused by the SiC PiN diode compared to
the SiC JBS diode in hybrid configurations does not significantly impact the power switch
reliability. This fact is justified since IGBTs are designed to operate with a Si PiN diode
that imposes a much higher reverse recovery peak current stress to the IGBT switch, as
shown in Figure 5a. At the full SiC configuration, the SiC PiN diode imposes a reverse
recovery current of ~6 A versus a ~2 A current imposed by the SiC JBS diode. This current
has an almost constant behavior for different switched load currents, as shown in Figure 12.
Independently of the chosen diode technology, the obtained reverse recovery current does
not impose harsh conditions on the designed SiC MOSFET [32].

3.2. Performance Evaluation in Inverter System (3L-NPC)

In order to evaluate the potential benefits of the SiC diodes in distinct configurations
in a converter system, we simulated a three-phase NPC inverter topology. Such a topology
is typically used in high-power medium-voltage applications like industrial drives, FACTS,
active front-end converters and shipboard power applications [12,25,40]. Figure 13a shows
an NPC phase-leg for full Si and hybrid configurations, and Figure 13b shows one for full
SiC configurations. The detailed simulated configurations are demonstrated in Table 1.
The hybrid configurations present two possible alternatives: Dout, Din, and Dnpc as SiC
PiN (hybrid–SiC PiN configuration) or SiC JBS (hybrid–SiC JBS configuration) diodes.
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The controlled switches in the hybrid configurations are Si IGBTs (I). Finally, the full SiC
configurations comprise SiC MOSFETs as the main switches (M) with their respective body
diodes (Dout and Din). Such anti-parallel diodes are the common choice to reduce wafer
area and costs, not requiring additional external diodes [41]. The clamping diodes (Dnpc)
can be composed of SiC PiN (full SiC–SiC PiN configuration) or SiC JBS (full SiC–SiC JBS
configuration) diodes.
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Table 1. Semiconductor configurations for inverter simulation.

Configurations I or M Din Dout Dnpc

Hybrid–SiC PiN Si IGBT SiC PiN SiC PiN SiC PiN

Hybrid–SiC JBS Si IGBT SiC JBS SiC JBS SiC JBS

Full SiC–SiC PiN SiC MOSFET Body diode Body diode SiC PiN

Full SiC–SiC JBS SiC MOSFET Body diode Body diode SiC JBS

The electrothermal model was developed with the software PLECs. The devices’
electrical characteristics (static and dynamic) used in the simulation are from Section 3, for
a gate resistance of 30 Ω and junction temperatures of 25 and 125 ◦C. For the switching
losses at higher currents than the ones characterized in Section 3, a linear extrapolation
was performed. The static characteristics from the controlled switches and SiC MOSFET
body diode were characterized with a Keysight B1505A Power Device Analyzer at junction
temperatures of 25 and 125 ◦C. Each device was thermally modeled as individual chips
soldered on typical substrates used in power modules [42,43], as shown in Figure 14. A
multilayer Cauer-type thermal network was considered with an assumed heat spreading of
45◦ [42,43]. Table 2 shows each layer’s calculated RC lumped values, considering the dimen-
sions and material properties of the SiC PiN and JBS diodes. Such modeling was performed
for all devices according to their specific dimensions and materials’ parameters [42,43]. In
addition, a heatsink with a thermal resistance of 0.04 K/W was considered.

Table 3 shows a summary of the converter specifications. We implemented an SPWM
modulation technique. Since the devices in this topology present unequal temperature
distribution, we considered the most critical operating condition that limits the converter’s
maximum power rating. Such a condition occurs when one device achieves the maximum
allowed junction temperature at the maximum output current allowed. This condition is
reached at a maximum modulation factor (m = 1) and load power factor of 1, as demon-
strated by [11].
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Table 2. Parameters for the materials of the SiC diode module.

Layers Thickness
(mm)

Density
(kg/m3)

Specific Heat
(J/kg ◦C)

Thermal
Conductivity

(W/m ◦C)

Thermal
Resistance (K/W)

Thermal
Capacitance (J/K)

Chip 0.45 3210 750 350 8.0357 × 10−2 1.7334 × 10−2

Chip solder 0.05 9700 260 78 4.0064 × 10−2 2.0176 × 10−3

Copper 0.25 8900 397 386 3.5857 × 10−2 1.5955 × 10−2

Al2O3 1 3700 880 18 1.8365 9.8494 × 10−2

Copper 0.25 8900 397 386 1.4215 × 10−2 4.0246 × 10−2

Base solder 0.1 9700 260 78 2.5432 × 10−2 1.2713 × 10−2

Base 3 8900 397 386 7.4702 × 10−2 1.1028

Thermal grease 0.1 2250 NA 1 5.6497 × 10−1

Table 3. Inverter simulation parameters.

DC link voltage 7.2 kV

Output frequency 50 Hz

Output Voltage 4.16 kV

Ambient temperature 40 ◦C

Max junction temperature 125 ◦C

Switching frequency 500–20,000 Hz

Figure 15a,b show the simulation results for the hybrid and full SiC configurations. In
the hybrid case, until 24 A output current, the limiting devices that achieve the maximum
junction temperature are I1 and I4 (out switches). Up to this current limit, both configu-
rations present similar behavior in terms of switching frequency and efficiency. The SiC
JBS presents slightly higher switching frequency capability at sub loads due to the slightly
lower switching losses of this configuration, as shown in Figure 10. At higher currents
(>24 A), the NPC diode conduction losses start to present a larger influence, being the
limiting device in terms of maximum junction temperature. On the other hand, the SiC
PiN configuration can extend the output power up to 30 A, presenting a significant 25%
load current extension in relation to the 24 A at the same switching frequency of 500 Hz.
Such current load extension is essential in the industrial MV drive market that operates at
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switching frequencies in the range of 500 Hz, significantly lowering the converter cost per
kW by around 25% by using the same active area diodes.
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Figure 15b shows the simulation results for the full SiC configuration. It is essential to
mention here that the SiC MOSFET device has an estimated current rating of 8 A [32], being
the limiting device to achieve higher load currents. The hybrid configurations could achieve
higher currents due to the IGBT device’s current rating of 25 A. Naturally, the comparison
in this case between the hybrid and full SiC configurations is not fair; so, the analysis is
limited to comparing diode technologies with the same active area under the same switch
configuration (hybrid or full SiC). At the full SiC switch topology, the SiC JBS configuration
presents higher switching capability in the current range investigated, mainly due to its
slightly lower switching losses. The gap difference reduces and reaches zero at 10 A load
current, where the overall conduction losses dominate. Most industrial drive designs
push the current rating limits to reduce the converter cost per kW. Furthermore, several
industrial drive designs do not require output filters [3]. Thus, high switching frequency
designs are not advantageous due to the degradation of efficiency, increased heatsink
volume [3] (lower power density) and lower power ratings. Given such characteristics,
the designers focus on reaching higher current ratings, which the SiC JBS diode presents
disadvantages. It is important to emphasize that the JBS temperatures achieved are lower
than 60 ◦C for the limit cases simulated. Consequently, this device is not operating close to
its limit, with this not being the critical component to limit the converter power rating. In
cases where cooling may be set differently (e.g., the same heatsink for different switches),
creating thermal coupling between different switches, or higher current rating switches are
used, the temperature may be further increased. In such a case, the SiC JBS technology can
become a limiting factor in the converter power rating due to its low current capability at
higher temperatures.

3.3. Long-Term SiC PiN Diode Ruggedness (H3TRB)

The long-term reliability of the fabricated 6.5 kV SiC PiN diodes under high humidity
conditions was evaluated in a H3TRB test [44]. Two diodes were submitted to a reverse
bias (V) of 5.2 kV (80% of 6.5 kV), an ambient temperature of 85 ◦C, 85% relative humid-
ity and 1000 h duration. Each DUT leakage current channel is monitored individually,
and a switch protection (S) opens in case of device failure to avoid significant damage
(Figure 16a). The results in Figure 16b show that both diodes successfully passed the test,
enduring the 1000 h without sudden failure. The higher initial leakage current observed
for DUT 1 is a systematic measurement error related to a different shunt resistor initially
measuring the current. The shunt resistor value was changed to improve the measurement
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accuracy (higher sensitivity) at around 80 h (abrupt break in the curve shape). After this
change, the shunt resistors were kept the same for the rest of the measurement to have the
same sensitivity and fairly compare the current evolution during the test. Additionally,
these shunt resistors also need time to reach steady-state and stabilize their temperature,
influencing the measured current accuracy in the beginning of the measurements. It is also
important to mention that these two devices did not increase leakage current during the
test, indicating no blocking degradation in the chip. These results show the potential of
this device to operate in harsh conditions in the field. It is important to emphasize that this
is one standard test performed by manufacturers during device qualification. Further tests
should be performed during a qualification campaign to allow for new device designs in
the field [45].
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4. Conclusions

The implementation of the 6.5 kV SiC PiN and JBS diodes significantly reduced the
controlled switch’s turn-on losses as well as the diode reverse recovery loss. This enables
the design of power converters with higher efficiency. From both SiC diode technologies,
the SiC PiN diode configurations presented slightly higher total switching losses than
the JBS diode configurations for most tested conditions. Furthermore, the SiC PiN diode
also presented a higher current density capability at high temperatures and lower leakage
current, enabling high-power-density designs. Such characteristics are observed in a
three-level NPC inverter, with the SiC PiN technology presenting a 25% power extension
compared to the SiC JBS technology at the same switching frequency when comparing
same-active-area diode devices. Small advantages of the SiC JBS diode technology are
present in the low-current-density designs, where higher switching frequencies may be
achieved. However, such characteristics are not usual in most industrial drive designs
where the current rating limits tend to be pushed as the most effective way to reduce the
converter cost per kW. Finally, an industrial standard reliability test also demonstrated long-
term endurance in harsh environmental conditions, showing the SiC PiN diode prospect
for reliable power electronic designs.
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