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Abstract: The switching characteristics of silicon carbide (SiC) metal-oxide-semiconductor field-effect
transistor (MOSFET) power devices of different structures were experimented after exposure to a
gamma irradiation environment. The experimental results for on-state were studied. The comparisons
are shown for SiC MOSFET power devices with planar, trench and double trench structures tested for
total ionizing dose (TID). A higher degradation of the switching characteristics was observed for the
double trench structure. The physical mechanisms for these switching characteristics variations were
analyzed. In addition, they were confirmed by technology computer-aided design (TCAD) simulation.
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1. Introduction

Silicon carbide metal-oxide-semiconductor field-effect transistor (SiC MOSFET) power
devices have a higher critical electric field and higher electron velocity than silicon, making
them one the most promising power switches in space power systems [1–3]. However,
SiC MOSFETs will be affected when working in space by TID due to radiation-induced
trapped charges in the gate oxide (GOX), which in turn leads to their static and dynamic
characteristic variations [4]. Currently, most of the published literature focuses on the TID
effect on the static characteristics of SiC MOSFET power devices, and fewer published
papers focus on the TID effects on the dynamic characteristics of SiC MOSFET power
devices [5–9]. Only few papers have studied the TID effects on the dynamic characteristics
of SiC MOSFET power devices, including switching characteristics [9,10]. These published
results have only studied the experimental phenomena of the TID effects on the switching
characteristics of the SiC MOSFET, without investigating the failure mechanisms of the
switching characteristics in detail.

This paper investigates TID effects on the switching characteristics of 1200 V com-
mercial SiC MOSFET power devices, and the failure mechanisms, through experiment
and TCAD simulation. The details of the SiC MOSFET power devices under experimental
processes are introduced in Section 2. The experimental results are shown in Section 3. The
analysis and TCAD simulation are shown in Section 4, followed by conclusions in Section 5.

2. Device Description and Experimental Setup

Figure 1 shows the cross-sectional views of the studied SiC MOSFET power devices
of different structures. Figure 1a–c show the schematic cross-sectional view of planar
structure, trench structure and double trench structure, respectively. The studied devices
are commercial SiC MOSFETs from CREE (C3M0075120D), Infineon (IMW120R090M1H)
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and Rohm (SCT3080KR) Corporation, respectively. The rated voltage of these devices is
1200 V.
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Figure 1. Schematic cross-sectional view of (a) planar structure, (b) trench structure and (c) double 
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Figure 2. Switching characteristics test platform. (a) The schematic of double pulse test circuit, (b) a 
picture of the double pulse test platform and (c) double pulse theoretical waveforms. 

Figure 1. Schematic cross-sectional view of (a) planar structure, (b) trench structure and (c) double
trench structure of SiC MOSFET power devices.

The TID experiment was performed at the National Institute of Metrology, China.
Co-60 gamma rays were sourced at a dose rate of 50 rad (Si)/s. The device samples were
irradiated under on-bias condition. The on-bias condition was VGS = 15 V and VDS = 0 V.
The planar devices were irradiated to a total dose of 500 krad(Si) and the trench and double
trench devices were irradiated to a total dose of 100 krad(Si). The threshold voltage (VTH)
of CREE and Rohm is defined as the value of the gate-voltage at the drain current of
5 mA [11,12] and the VTH of Infineon is defined as the drain current of 3.7 mA [13].

The studied switching characteristics, including turn-on delay time (tdon), rise time
(tr), turn-off delay time (tdoff) and fall time (tf), etc., are extracted through a double pulse
test (DPT) platform according to the datasheets [11–13]. The switching characteristics test
platform is shown in Figure 2. Figure 2a shows the schematic of the DPT circuit. Figure 2b
is a picture of the DPT platform. Figure 2c shows the theoretical waveforms of the DPT.
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3. Experimental Results
3.1. Measured Threshold Characteristics after Irradiation

The measured transfer characteristic curves with three different architectures at dif-
ferent dose levels are shown in Figure 3. The characteristic curves of planar structure,
trench structure and double trench structure are shown in Figure 3a–c, respectively. All of
the plots present transfer and breakdown characteristics before irradiation as solid lines
and after irradiation as dash-dotted lines. The irradiated devices exhibit different transfer
characteristics degradation behavior under on-bias.
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irradiation. (a) Planar structure, (b) trench structure and (c) double trench structure.

For the transfer characteristic curves of planar structure, threshold voltage (VTH)
decreases steadily to about 2.5 V from its rated voltage of 3.5 V for non-irradiated devices
as the dose accumulates to 500 krad(Si). From Figure 3b,c, it can be seen that the VTH of
trench structure and double trench structure decrease steadily to about 2.5 V and 0.2 V as
the dose accumulates to 100 krad(Si), respectively. Their rated voltage is, in all, about 4.5 V
for non-irradiated devices.

The radiation-induced VTH degradation rate for the SiC MOSFET power devices of
these three architectures is about 28.6%, 44.4% and 95.6%, respectively. By comparing the
VTH degradation rate of the three architectures, it can be shown that radiation produces the
most trap charges on the GOX of the double trench structure. The planar MOSFETs from
CREE have a higher tolerance to TID with respect to the trench and double trench devices.

3.2. Measured Turn-On/Off Time Characteristics after Irradiation

Figures 4 and 5 show the turn-on and turn-off times of the three architectures at
different dose levels, respectively. The turn-on time (ton) and turn-off time (toff) are
extracted by DPT platform. The extracted turn-on and turn-off time include turn-on delay
time (tdon), rise time (tr), turn-off delay time (tdoff) and fall time (tf), respectively. The
extracted tdon and tr of the planar structure before and after irradiation are shown in
Figure 4a. Figure 4b,c show the extracted tdon and tr of the trench and double trench
structures before and after irradiation, respectively. From Figure 4a, it can be seen that the
tdon and tr of the planar structure decrease by about 0.6 ns and 1.8 ns at TID = 500 krad(Si),
respectively. The influence of radiation on the tdon and tr of the planar structure is



Electronics 2023, 12, 2194 4 of 9

negligible. For trench structure and double trench structure, their tdon and tr reduce by
about 1 ns and 9.3 ns, 7.8 ns and 18 ns at TID = 100 krad(Si), respectively.
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Figure 4. Comparison of measured turn-on delay time and rise time characteristics of SiC MOSFETs of
different structures with TID. (a) Planar structure, (b) trench structure and (c) double trench structure.
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Figure 4a–c show the extracted tdoff and tf of the planar, trench and double trench
structures before and after irradiation, respectively. For the planar structure, the extracted
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tdoff and tf increase by about 1.7 ns and 0.9 ns, respectively. There was very little variation.
For trench structure and double trench structure, their tdoff and tf increase by about 2.25 ns
and 2.5 ns, 4.8 ns and 7.2 ns with a dose of up to 100 krad(Si), respectively. By comparing
the turn-on and turn-off time of the three architectures, we observed that planar structure
is insensitive to TID and double trench structure is greatly influenced by TID.

3.3. Measured Turn-On/Off Energy Loss Characteristics after Irradiation

The turn-on energy loss (Eon) and turn-off energy loss (Eoff) of the three architectures
at different dose levels are shown in Figures 6 and 7, respectively. The Eon and Eoff are also
extracted by DPT platform. The extracted Eon of the planar structure is shown in Figure 6a.
From Figure 6a, it can be seen that as the dose accumulates to 500 krad(Si), Eon decreases
to about 368.5 mJ from its rated Eon of about 402.6 mJ for non-irradiated devices. The Eon
decrease rate is about 8.5% at TID = 500 krad(Si). From Figure 6b,c, it can be seen that Eon
of the trench structure and double trench structure decrease by about 72.3 mJ and 82 mJ
with dose accumulation up to 100 krad(Si), respectively. Their Eon decrease rates are about
18.6% and 45.5%, respectively.
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Figure 7a–c show the extracted Eoff of the planar, trench and double trench struc-
tures before and after irradiation, respectively. From Figure 7a, we observe that the Eoff
of the planar structure decreases by 0.7 mJ with dose accumulation up to 300 krad(Si).
However, as the dose accumulated to 500 krad(Si), the Eoff began to increase by 0.6 mJ at
TID = 500 krad(Si) compared to the device for non-irradiated. By Figure 7a, it can be seen
that the Eoff of the planar structure is influenced by TID and can be ignored.

The Eoff of the trench and double trench structures consistently increases with doses
up to 100 krad(Si), as shown in Figure 7b,c. As the dose accumulates to 100 krad(Si), the Eoff
of the trench and double trench structures increases by about 11 mJ and 38 mJ, respectively.
Their Eoff increase rates are 8.85% and 32.9%, respectively.
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4. Analysis and Simulations

TID caused oxide-trapped charges and interface charges in the gate oxide (GOX) [14].
In contrast to the interface charges, TID caused substantial oxide-trapped charges in GOX.
The trapped positive charge is the main cause of the threshold voltage shifting negatively.
Through experimental studies, tdon and tr are shown to be proportional to VTH at different
dose levels. However, tdoff and tf are inversely proportional to VTH at different dose
levels. Since VTH decreases with the increasing oxide-trapped charges on GOX, the tdon
and tr reduction and tdoff and tf increase with dose accumulated are due to the trapped
charge generated by radiation induced on GOX. Comparing the GOX structures of the
planar, trench and double trench SiC MOSFETs (seen from Figure 1), the double trench SiC
MOSFET has three GOX interfaces with the largest number, while the planar SiC MOSFET
has only one GOX interface with the smallest number. Thus, at the same dose level, the
most oxide-trapped charges are generated on the double trench structure and the least on
the planar structure. Based on the above analysis, radiation-induced oxide-trapped charges
are the main cause of the tdon, tr, tdoff and tf change. The Eon and Eoff are proportional to
turn-on and turn-off time, drain voltage and drain current, respectively [2]. Turn-on and
turn-off time are equal to tdon plus tr and tdoff plus tf, respectively. Therefore, the main
reason for the Eon decrease and Eoff increase as accumulated dose increases is also trapped
charges induced by radiation on GOX.

To further research these TID effects, 2D TCAD simulation models were developed. We
chose SiC MOSFETs of planar structure as examples for simulation studies. The simulation
model is developed based on the planar structure (similar to Figure 1a). The parameters
were calibrated by fitting simulation results to measurement data for non-irradiated SiC
MOSFETs. Figure 8a,b show the transfer characteristics and breakdown characteristics of
the measured device and the simulation model, respectively. From Figure 8, we can see
that the simulation results fit relatively well with the test results. To imitate the TID effect,
charges are placed inside the GOX, 5 nm from the SiC-SiO2.

To simulate the TID irradiation, positive charge density expressed as Not are put in the
GOX of the device models. Figure 9 shows the simulation results for turn-on and turn-off
transients of SiC MOSFETs before and after irradiation with Not_GOX = 2 × 1012/cm2

and 2.5 × 1012/cm2. The simulated drain voltage waveforms, gate voltage waveforms and
drain current waveforms before and after irradiation are shown in Figure 9a–c, respectively.
From Figure 9a, it can be seen that the drain voltage waveforms of the SiC MOSFETs shift
negatively at the turn-on moment after irradiation, while the waveforms shift positively at
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the turn-off moment. After irradiation, the gate voltage waveforms of the SiC MOSFETs
shift positively at the turn-on and turn-off moments. In addition, the drain current of the
SiC MOSFETs increases after irradiation.
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Figure 8. Simulation and measured non-irradiated (a) threshold characteristics and (b) breakdown
characteristics curves for SiC MOSFET power devices with planar structure.

From the datasheet of 1200 V SiC MOSFETs as shown in Figure 10, the relationships
between tdon, tr, tdoff and tf, and the drain voltage waveforms and gate voltage wave-
forms [11] can be seen. Tdon equals the time corresponding to 90% of VDS minus the
time corresponding to 10% of VGS. Tdoff equals the time corresponding to 10% of VDS
minus the time corresponding to 90% of VGS. Combining the relationship of tdon and tdoff
with VDS and VGS, the simulated results of drain and gate voltage waveforms (shown in
Figure 9a,b) show that the trapped charges generated by radiation are the main reason for
tdon decreases and tdoff increases.
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For tr and tf, Figure 10 shows that tr and tf equal the time corresponding to 10%
of VDS minus 90% of VDS and 90% of VDS minus 10% of VDS, respectively. From the
simulated results in Figure 9a, it can be calculated that the tr value before radiation is 15 ns
and the tr values are 14 ns and 12.3 ns at Not_GOX = 2 × 1012/cm2 and 2.5 × 1012/cm2,
respectively. By the same calculation, the tf before radiation is 40 ns and the tf values are
78 ns and 91.8 ns at Not_GOX = 2 × 1012/cm2 and 2.5 × 1012/cm2, respectively. Through
the calculation results, it can be found that the reason for tr decreases and tf increases
with dose accumulation are also caused by the trapped charges generated by radiation
induced on GOX. The tr values are 14 ns and 12.3 ns at Not_GOX = 2 × 1012/cm2 and
2.5 × 1012/cm2, respectively.

Eon and Eoff are equal to the drain voltage multiplied with the drain current and then
integrated with the turn-on time and turn-off time, respectively. The simulated results
in Figure 9 show that radiation induced on GOX is also the main cause of the Eon and
Eoff variations.

Comparing the experimental results from Figure 3, it can be seen that radiation
generated the most trapped charges on GOX in the double trench SiC MOSFET and the least
in the planar SiC MOSFET. The degradation mechanisms of the switching characteristics of
the trench and double trench SiC MOSFET power devices are similar to that of the planar
SiC MOSFET power devices, where the radiation induced oxide-trapped charges on GOX.

5. Conclusions

This paper experimentally measured the turn-on time, turn-off time, turn-on energy
loss and turn-off energy loss variations for 1200 V commercial SiC MOSFET power devices
with three architectures induced by TID. The switching characteristic variations of these
three architectures behave differently for these devices after irradiation. Compared with
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trench and double trench structures, the switching characteristics of the planar structure are
almost unchanged after irradiation. These behaviors can be attributed to radiation-induced
trapped charges in the GOX. These results provide some insights for the application and
design of high-voltage SiC MOSFETs in space radiation environments.
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