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Abstract. This paper focuses on the reliability and radiation effects of wide bandgap SiC MOSFET power devices. Based on the
failure issues of SiC MOSFET power devices used in space solar power stations, the paper investigates the feasibility of applying
SiC MOSFET power devices in space solar power stations. By examining the failure mechanisms of wide bandgap SiC MOSFET
power devices, the paper proposes reinforcement methods for radiation resistance and high reliability from both device and circuit
application perspectives, providing feasible solutions for the use of these devices in space solar power stations.
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1. Introduction

Dr. Peter from the United States first proposed the concept of space solar power stations in the 1960s, where solar energy is directly
converted into DC electrical energy in space, then transformed into microwave energy, and transmitted to the ground through a
directional antenna [1,2]. In the energy conversion process of space solar power stations, high-voltage and high-power switches,
on the order of kilovolts or even tens of kilovolts, are required. Silicon-based power devices can only achieve a voltage level of
hundreds of volts. Wide bandgap silicon carbide (SiC) power devices and ultra-wide bandgap gallium oxide (Ga203) power
devices meet the high-voltage and high-power demands of space solar power stations. However, ultra-wide bandgap gallium oxide
power devices are not yet mass-produced and remain at the laboratory development stage, while wide bandgap silicon carbide
power devices have already been commercialized and show great potential in meeting the high-voltage and high-power
requirements of space solar power stations.

Compared to ordinary ground environments, space solar power stations operate in environments with abundant radiation
particles, such as electrons, protons, and heavy ions [3,4]. These radiation particles can cause total dose, single particle, and
displacement damage effects on components in space solar power stations [5-10], leading to radiation-induced damage to
electronic systems and abnormal operation of space solar power stations [11]. Compared to silicon power devices, wide bandgap
power devices have a higher breakdown electric field, meaning that after being hit by radiation particles, the gate oxide of wide
bandgap SiC power devices suffers more severe damage than that of silicon power devices. The SiO2 gate oxide in wide bandgap
SiC MOSFET power devices is grown on SiC material. Through a relevant process, Si and C are separated, and then Si reacts with
oxygen to form SiO2. In contrast, St MOSFET power devices directly grow SiO2 gate oxide on Si material, where Si reacts with
oxygen. Compared to Si MOSFET power devices, the growth process of the SiO2 gate oxide in SiC MOSFET power devices is
more complex. Due to the complexity of the growth process and the immaturity of the technology, the reliability of SiC MOSFET
power devices is weaker than that of St MOSFET power devices.

This paper is divided into two parts: The first part reviews the existing research results, studying the issues of wide bandgap
SiC MOSFET power devices in space solar power station applications in terms of reliability, total dose effects, and single particle
effects. The second part, from an engineering perspective, proposes reinforcement methods based on the failure mechanisms of
SiC MOSFET power devices.
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2. Issues in the application of wide bandgap power devices in space solar power stations

2.1. Reliability issues

Compared to Si power devices, SiC power devices exhibit notable reliability issues even under conventional environmental
conditions, such as threshold voltage drift, short circuits, and surge events. As shown in Fig. 1, the main causes of these reliability
issues are material damage, stress, hot carriers, and high temperature. Compared to the failure rate of Si devices, the failure rate of
SiC power devices does not follow the typical “bathtub” curve, as illustrated in Fig. 2. Short-term screening (aging) tests cannot
effectively eliminate early device failures to improve reliability. The overall failure rate of these devices is relatively high,
significantly shortening their service life and adversely affecting long-term reliability [12].

Research by L.H. Wang and others found that repeated switching causes degradation in the threshold voltage and on-resistance
of SiC MOSFET power devices [13]. Gonzalez J O and colleagues studied the short-circuit and avalanche characteristics of Si
MOSFET and SiC MOSFET power devices. Through experimental comparisons, they found that St MOSFET power devices have
superior short-circuit withstand time and avalanche endurance compared to SiC MOSFET power devices, as shown in Figs. 3 and
4[14].
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Figure 1. The reliability problems of SiC power devices
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Figure 2. The relationship curves between avalanche times and voltages of Si and SiC devices
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Figure 4. The short-circuit withstand time of Si and SiC devices

2.2. Total dose effect

Popelka and Yu [15,16] studied the total dose effects on commercial SiC MOSFET power devices and found that radiation
exposure caused a negative shift in the transfer characteristics of the devices, as shown in Fig. 5. When the radiation dose
accumulated reaches 100 krad(Si), the threshold voltage of the device only degrades by approximately 0.25 V. Fig. 6 shows the
relationship between the threshold voltage degradation and total dose under different bias conditions for SiC MOSFET power
devices. At TID = 100 krad(Si), the threshold voltage degradation is largest under the “on” bias condition, with a degradation of

approximately 0.3 V.
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Figure 5. Transfer characteristics degradation of SiC MOSFET power device after TID
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Figure 6. Relationship between threshold voltage of SiC MOSFET power device under different bias and TID

Fig. 7 illustrates the relationship between short-circuit withstand time and short-circuit withstand energy of SiC MOSFET
power devices as a function of total dose. It can be seen that as the total dose increases from 0 to 600 krad(Si), the short-circuit
withstand capability significantly decreases. Specifically, the short-circuit withstand time decreases from 5.6 ps to 4.6 ps, and the
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short-circuit withstand energy decreases from 471 mJ to 406 mJ, a reduction of 13.8%. Fig. 8 shows the relationship between
avalanche endurance and total dose for SiC MOSFET power devices. As the total dose accumulates from 0 to 600 krad(Si), the
avalanche energy decreases from 679 mJ to 507 mJ, a reduction of 25.2%.
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Figure 7. Calculated SCWE and SCWT of planar SiC MOSFET before and after irradiation

750 -40
Calculated Avalanche
Energy
= 700 F —e— Change Rate 1-32
g
>
j’z" 650 F 1-24 o
o B
2 @
2 600F 4-16 ¢
z g
3 550} 1-8 3
S 500F 410
gsobros e g
-100 0 100 200 300 400 500 600 700
TID (krad(Si))

Figure 8. Calculated avalanche energy and change rate of SiC MOSFET power devices before and after irradiation

The total dose induces oxide traps and interface state charges on the gate oxide of SiC MOSFET power devices. These trapped
charges lead to a negative shift in the transfer characteristics of the device, with oxide trap charges being the primary factor causing
this shift. Radiation-induced trap charges can affect the robustness of the device, thereby impacting its short-circuit withstand
capability and avalanche endurance.

2.3. Single event effects

Lauenstein, Martinella, and others [17, 18] studied the single event effects (SEE) in SiC diodes and SiC MOSFET power devices.
In SiC diodes, the main single event effect is single event burnout (SEB), while for SiC MOSFET power devices, both single event
burnout and single event gate rupture (SEGR) are observed. Under lower drain-source bias conditions, when the SiC diode is
subjected to heavy ion irradiation, charge collection occurs inside the device without permanent damage. As the drain-source bias
voltage increases, the diode’s leakage current gradually rises, eventually leading to single event burnout, as shown in Figure 9(a).
In the case of SiC MOSFET power devices, under low drain-source bias voltage, charge collection occurs without permanent
damage following heavy ion bombardment. As the drain-source voltage increases, potential damage appears at the gate oxide, and
when the drain-source bias voltage reaches a certain value, leakage currents appear at both the drain and the gate, leading to
degradation of electrical characteristics and ultimately single event burnout, as shown in Figure 9(b). A comparison of the single
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event burnout processes in SiC diodes and SiC MOSFETs, in relation to drain-source bias voltage, shows that the processes are
similar.
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Figure 9. Relationship between leakage current and drain-source bias voltage for SiC diode and SiC MOSFET power devices
after heavy ion irradiation

Waskiewicz, Lauenstein, and Ball [19-21] further found that SiC MOSFET power devices and SiC diodes, with the same rated
voltage, exhibit very similar threshold voltages for single event burnout after exposure to heavy ion irradiation with the same
energy. Figure 10 shows the relationship between the threshold voltage for single event burnout and LET value for SiC diodes and
SiC MOSFET power devices. The data indicate that under different LET particle irradiations, the threshold voltage for single event
burnout in SiC diodes is close to that of SiC MOSFET power devices.

Since SiC diodes lack parasitic bipolar transistor structures, it was confirmed that the mechanism for single event burnout in
SiC MOSFET power devices is different from that in Si MOSFET power devices, where parasitic bipolar conduction causes the
burnout [22]. Based on the experimental results in Figures 9 and 10, it was further confirmed that the single event burnout effect
in SiC MOSFET power devices is not caused by radiation-induced parasitic bipolar conduction, but rather is similar to that in SiC
diodes, being triggered by avalanche effects caused by carrier collision ionization under a local high electric field near the drain
junction.
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Figure 10. Relationship between bias voltage and heavy ion LET value for SEB of 1200V SiC MOSFET power devices and SiC
diodes

The gate rupture effect in SiC MOSFET power devices occurs after heavy ion bombardment, where the electric field at the
gate oxide is enhanced. When this electric field exceeds the critical breakdown field of the oxide, a single event gate rupture occurs.
Figure 11 presents the results of TCAD simulations by Zhou X et al. [23] of the electric field distribution near the gate oxide after
heavy ion bombardment of SiC MOSFET power devices. Figure 11(a) shows the structure of the device at the gate oxide position,
and Figure 11(b) shows the electric field distribution on the gate oxide after the heavy ion bombardment. From the simulation
results, it is observed that after the bombardment, a large electric field is generated near the gate oxide, with a peak electric field
reaching 7MV/cm, which far exceeds the electric field threshold that the gate oxide can withstand. This large electric field peak is
the primary cause of gate rupture.
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Figure 11. TCAD simulation of electric field distribution on the gate oxide after heavy ion attack on SiC MOSFET power devices
3. Wide bandgap power device applications in space solar power stations
3.1. Device-level radiation hardening

Total ionizing dose (TID) effects cause trap charges in the SiC MOSFET power device’s oxide layer, leading to degradation of
the device’s electrical characteristics. To enhance the TID resistance of SiC MOSFETSs, improvements can be made in the process
to improve the quality of the oxide layer and reduce the area of the gate oxide. Based on the TID failure mechanism of the device,
this paper proposes a segmented gate structure. By removing the gate oxide layer on the surface of the JFET region in the traditional
VDMOS structure, the area of the gate oxide can be significantly reduced. When the device is exposed to radiation, the amount of
charge accumulated in the gate oxide layer is drastically reduced, which helps improve the TID resistance of SiC MOSFETs, as
shown in Figure 12. Figure 12(a) illustrates the structure without TID radiation hardening, and Figure 12(b) shows the segmented
gate structure, which represents the radiation-hardened structure.
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Figure 12. Schematic cross-sectional view of (a) Un-hardened and (b) hardened SiC MOSFET power devices for TID

Single event gate rupture (SEGR) is a major failure issue in SiC MOSFET power devices. The failure mechanism primarily
involves the generation of a large electric field at the gate oxide after heavy ion bombardment. This paper proposes a P+ field
shielding structure, which significantly reduces the electric field intensity in the JFET region. This mitigates the effects of electron-
hole pair accumulation near the gate oxide and the resulting electric field enhancement, thus improving the single event tolerance
of SiC MOSFETs, as shown in Figure 13. Figure 13(a) illustrates the structure without SEGR hardening, and Figure 13(b) shows
the electric field shielding hardening structure for single event gate rupture protection.
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Figure 13. Schematic cross-sectional view of (a) Un-hardened and (b) hardened SiC MOSFET power devices for SEGR

3.2. Circuit-level radiation hardening
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Figure 14. The working life of 1200V SiC MOSFET power devices in low Earth orbit (LEO) and geosynchronous equatorial orbit
(GEO)

According to published literature, the maximum survival lifetime of 1200V SiC MOSFET power devices in LEO and GEO can
reach up to 1000 years and 75 days, respectively, as shown in Figure 14 [24]. Based on this research, this section proposes a
strategy to harden SiC MOSFET power devices against single event effects using a control algorithm, as shown in Figure 15. The
FPGA control unit monitors the voltage and current of the SiC MOSFET power devices in use. If abnormal voltage or current is
detected, the control unit assumes that the SiC MOSFET power device is being irradiated by radiation particles, and quickly
switches to a backup SiC MOSFET power device to ensure the normal operation of the circuit.
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Figure 15. The schematic of the SEE hardened control algorithm.
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Note: This image refers to the peripheral circuit and the FPGA current monitoring and control unit. The orange part represents
the leakage current flowing in, monitoring whether the leakage current increases. The green part represents the switching of the
MOSFET, where the device degradation triggers the switch to another SiC MOSFET.

4. Conclusion

This paper, in line with the practical needs of space solar power stations, examines the reliability, total ionizing dose, and single
event failure issues of wide bandgap power devices in space solar power stations. It explores the feasibility of using wide bandgap
power devices in space solar power stations. Based on the failure mechanisms of wide bandgap SiC MOSFET power devices,
device-level and circuit-level radiation hardening methods have been proposed. These research results systematically summarize
the challenges that wide bandgap power devices face in space solar power station applications and offer corresponding solutions,
providing theoretical support for the rapid deployment of wide bandgap power devices in space solar power stations.
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