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Abstract
This study focuses on a 60 V trench MOSFET device designed for operation in space radiation environments. By increasing 
the bulk region concentration and placing the etched gate trench after the P+ implantation process, we successfully reduced 
the threshold voltage shift from 6.5 to 2.2 V under a total dose of 400 krad(Si) 60Co , allowing the device to operate normally. 
Structurally, by embedding the source metal in the active and terminal regions, the device demonstrated current degradation 
without experiencing single-event burnout when subjected to a drain voltage of 60 V and a linear energy transfer value of 
75.4MeV ⋅ cm

2∕mg from tantalum-ion incidence. TCAD simulations verified that the embedded source metal effectively 
suppressed parasitic transistor conduction and eliminated the base-region expansion effect, thereby lowering the maximum 
temperature from 8000 to 1400 K. The irradiation effects of the embedded source metal in the terminal region were also 
investigated, which can improve the reverse recovery and ensure that the terminal metal does not melt prematurely, thereby 
significantly enhancing the radiation hardness of the device.

Keywords  Trench MOSFET · Single-event burnout (SEB) · Total ionizing dose (TID) · Hardened structure · Lattice 
temperature

1  Introduction

As power electronics become fundamental to spacecraft and 
military systems, the demand for electronic devices that can 
undergo radiation hardening under ionizing radiation has 
surged. MOSFETs are widely used in electronic power sys-
tems due to their high switching speed, low power consump-
tion, and high power density [1, 2]. Compared to planar gate 
MOSFET structures, trench MOSFETs have a smaller device 
area due to the junction field-effect transistor region, which 
limits cell unit miniaturization [3, 4]. Trench MOSFETs 

have shown significant applicability in deep space explora-
tion and spacecraft [5, 6].

For critical applications that require expansion in high-
radiation environments, power MOSFETs must account for 
both total ionizing dose (TID) effects and single-event burn-
out (SEB) effects to develop devices that are more resistant 
to radiation impacts. TID effects refer to the process in which 
radiation particles traverse the oxide layer, depositing energy 
that generates electron–hole pairs. Some holes are trapped, 
creating an interface charge at the SiO2/Si interface, which 
leads to a threshold voltage shift [7–10]. In addition, in 
space environments, the presence of high-energy neutrons, 
protons, and heavy ions can create high-density plasma paths 
within the device, altering the internal electric-field distribu-
tion and causing parasitic transistor conduction, resulting in 
various SEB effects that can lead to premature device failure 
[11–13]. Efforts to mitigate TID effects in power MOSFETs 
have primarily focused on reducing gate oxide traps, such 
as by controlling the gate oxide processing temperature [14] 
and increasing the hafnium oxide dielectric layer [15]. Meth-
ods to improve the SEB performance of power MOSFETs 
include suppressing the parasitic effects of bipolar junction 

This work was supported in part by National R&D Program for 
Major Research Instruments of China (No. 62027814).

 *	 Ying Wang 
	 wangying7711@dlmu.edu.cn

1	 School of Information Science and Technology, Dalian 
Maritime University, Dalian 116026, China

2	 School of Optoelectronic Engineering and Instrumentation 
Science, Dalian University of Technology, Dalian 116024, 
China

http://orcid.org/0009-0008-5690-6254
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-026-01887-5&domain=pdf


	 D.-X. Chen et al.61  Page 2 of 11

transistors, such as extending the P+ base region [16, 17] 
and introducing an n-type buffer layer between the epitaxial 
layer and substrate to improve the electric-field distribution 
[18, 19]. In response to the challenges faced by 60 V trench 
MOSFETs in space radiation environments, we enhanced 
the resistance to total-dose effects through process modifi-
cations and improved the SEB capability through structural 
changes. Total-dose experiments revealed that increasing the 
bulk region concentration and adjusting the order of the gate 
trench etching process significantly enhanced the total-dose 
resistance and reduced the threshold voltage shift during the 
on state from 6.5 V to 2.2 V compared to traditional 60 V 
silicon power MOSFETs below the turn-on voltage of the 
hardened structure, thereby allowing the device to remain 
fully operational. Heavy-ion irradiation experiments dem-
onstrated that the hardened structure only exhibited current 
degradation without SEB at a drain voltage of 60 V and a 
linear energy transfer (LET) value of 75.4MeV ⋅ cm2∕mg 
from tantalum ions [20]. Utilizing the two-dimensional 
numerical simulator SILVACO TCAD [21], we studied 
how the embedded source metal allows the current gener-
ated by irradiation to be efficiently extracted without passing 
through parasitic transistors, thereby eliminating the base-
region expansion effect and reducing the maximum tempera-
ture from 8000 K to 1400 K, thus enhancing the resistance of 
the device to single-event radiation. Furthermore, we veri-
fied that the embedded source metal in the terminal region 
led to a current concentration, resulting in temperature ele-
vation, but remained below the melting temperature of the 
metal. The experimental and simulation results indicate that 
the 60 V radiation-hardened trench MOSFET demonstrates 
high operational capability in radiation environments, effec-
tively balancing the resistance to the TID and single-event 
irradiation.

2 � TID hardening method and experimental 
verification

2.1 � TID mechanism and hardening process 
realization

Total-dose experiments were conducted at the Atomic 
Energy Research Institute using a 60Co irradiation source 
with a dose rate of 200 rad (Si)/s. Each irradiation dose was 
50 krad (Si) and the threshold voltage shift was tested. The 
schematics of the device and circuit used in these experi-
ments are shown in Fig. 1a, where the four devices on the 
left are XTMT06N80D nonhardened radiation-resistant 
60 V power MOSFETs, serving as controls, and the devices 
on the right were hardened through process modifications. 
The upper four devices are connected in series to a voltage 
source with a gate voltage of 4 V, which keeps them in the 
“on” state, while the lower devices have a gate voltage of 
4 V, placing them in the “off” state. A total dose of 400 krad 
(Si) was applied during the irradiation experiments.

A schematic of the threshold voltage shift generated dur-
ing the total-dose irradiation process is shown in Fig. 1b. 
During irradiation, radiation particles penetrate the oxide, 
depositing energy that generates electron–hole pairs. Within 
the oxide insulator, the electrons flow toward the gate, 
whereas the holes move toward the Si substrate. When an 
electric-field stress occurs across the insulator, holes are 
transported through the oxide, and a portion of these holes 
are trapped at long-term capture sites at the SiO2 interface, 
resulting in a residual negative voltage shift. In addition, 
radiation-induced interface traps may form within the Si 
bandgap in an irradiated environment, causing a negative 
threshold voltage shift in the power MOSFET [8, 22]. This 
shift is more pronounced when the device is in the “on” 
state, both of these factors significantly impact the threshold 
voltage shift.

Both the interface trap charges and oxide charge traps sig-
nificantly affected the threshold voltage shift. To reduce the 
interface trap charges, a method involving etching grooves 

Fig. 1   (Color online) a Total-
dose experiment circuit and test 
device diagram. b The process 
of total-dose-induced threshold 
voltage shift in an MOSFET
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followed by implantation is used, along with traditional 
processes such as annealing in N2 for 30 min after oxida-
tion and low-temperature growth of gate oxides, to decrease 
the interface trap charge density. In addition, by introduc-
ing chlorine ions during the oxidation process to neutralize 
charge accumulation, the number of positive charge traps 
in the oxide was reduced, thereby enhancing the total-dose 
tolerance of the device.

Figure  2a–f shows the detailed process flow of the 
source area and terminal of the reinforced structure in this 
experiment. First, a buffer region (N-Buff) and drift region 
(N-Drift) were formed on the Si substrate, as shown in 
Fig. 2a. The construction of the buffer region was intended to 
mitigate the effects of heavy-particle irradiation. Low-doped 
p-type body region (P-body), junction termination exten-
sion (P-JTE), and field ring termination (P-ER) are formed 
through ion implantation, as shown in Fig. 2b. The source 
metal region was etched within the body region, and ion 
implantation was conducted to form the source region (N+) 
and the p-type shielding region (P+). A high concentration 
of body-region doping and a low concentration of channel-
region doping are formed through the lateral diffusion of the 
P+ region, which enhances the radiation tolerance without 
affecting its conduction characteristics, as shown in Fig. 2c. 
Because each ion-implantation step requires high-tempera-
ture annealing, the traditional approach of etching the gate 
trench structure before annealing can lead to an increase in 

defects [23]. Subsequently, as shown in Fig. 2d and e, the 
gate trench is etched, and then high-pressure thermal oxida-
tion is performed at a growth temperature of 900◦ to form 
the gate oxide layer. During the oxidation process, the intro-
duction of chlorine ions neutralizes charge accumulation, 
reduces positive charge traps in the oxide, and absorbs and 
extracts various metal impurities from the silicon [14]. After 
oxidation, the structure was annealed in a N2 atmosphere 
at 450◦ for 30 min to significantly reduce interface defects, 
followed by filling with polycrystalline silicon. Finally, the 
etched trench requires additional etching processes due to 
the epitaxial growth of the oxide, compared with traditional 
non-embedded source metal structures, the process complex-
ity is improved, but the TID sensitivity of the device is also 
greatly improved, and metal is deposited to form electrodes.

2.1.1 � TID experiment results

The results of the total-dose irradiation experiments are 
shown in Fig. 3. The vertical axis represents the change in 
the threshold voltage under irradiation relative to the thresh-
old voltage of the device in the non-irradiated state. The 
increase in P-body doping led to a higher threshold voltage 
for the hardened device in the non-irradiated state compared 
to that of the original device, whereas the change in thresh-
old voltage more directly reflected the variations introduced 
by the gate oxidation process. The threshold voltage drift for 

Fig. 2   (Color online) Manufac-
turing process of the 60 V radia-
tion-hardened trench MOSFET
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both devices in the “on” state is greater than that in the “off” 
state [24, 25]. Regardless of whether tested in the “on” or 
“off” state, the threshold voltage shift for the XTMT06N80D 
devices is higher than that for the 60 V radiation-hardened 
trench MOSFET structure that has been improved through 
our process. In addition, Ref. [26] reported that the threshold 
voltage shift of split-gate trench VDMOS devices at a total 
dose of 150 krad (Si) was 7.2 V, with a shift of approxi-
mately SI1.5 V in the off-state. Reference [27] stated that 
the threshold voltage of radiation-hardened IRH-254 power 
MOSFETs showed a positive shift of 1.8 V at a total dose 
of 100 krad (Si). Both these values are higher than those of 
the hardened structure proposed in this study, with a positive 
gate bias and a total dose of 400 krad (Si), and the threshold 

voltage drift for the hardened structure is 2.2 V, which is 
significantly less than the device’s designed turn-on voltage 
of 3.4 V. This indicates that the hardened 60 V MOSFET 
structure retains good performance under total-dose irradia-
tion conditions.

3 � SEB experiment test and simulation 
analysis

3.1 � SEB experiment results

The continuous heavy-ion irradiation experiments were con-
ducted at the Lanzhou Institute of Modern Physics [28]. The 
irradiation source consisted of tantalum ions with a flux of 
1 × 10

4
ions∕(cm2

⋅ s) , a total fluence of 1 × 106 ions∕cm2 , 
and a LET value of 75.4MeV ⋅ cm2∕mg in the normal direc-
tion. The reverse leakage current ( IDS ) and gate current ( IGS ) 
of the 60  V-radiation-hardened trench MOSFETs were 
measured under different VDS irradiation conditions using a 
QTSA1501A-1 M instrument, as shown in Fig. 4a. To make 
the heavy-particle experiment more effective, a 60 V radia-
tion-hardened trench MOSFET was decapsulated before the 
experiment. To ensure that the TCAD modeling aligns with 
the actual production structure, a cross-sectional analysis of 
the source and terminal regions of the radiation-hardened 
structure was performed, as depicted in Fig. 4b. The basic 
structure was consistent with that shown in Fig. 2. In addi-
tion, to differentiate between the buffer and drift regions, 
a staining treatment was applied, as illustrated in Fig. 4c. 
Traditional silicon dioxide is used as the gate oxide material. 
The other device structural parameters are listed in Table 1.

Figure 5 shows the IDS and IGS curves under heavy-ion 
irradiation for both the original 60 V trench MOSFET device 
and the 60 V radiation-hardened trench MOSFET devices at 
different drain-source voltages VDS . The irradiation curves 
of the original 60 V trench MOSFET device are shown in 

Fig. 3   (Color online) Impact of total-dose irradiation on the threshold 
voltage shift of XTMT06N80D device and the 60 V radiation-hard-
ened trench MOSFET device

Fig. 4   (Color online) Schematic 
diagram of the heavy-ion irra-
diation experiment test board 
of the 60 V radiation-hardened 
trench MOSFET device (a), 
cross-sectional structure dia-
gram (b), and stained structure 
diagram (c)
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Fig. 5a and b. At V
DS

= 40V and 50 V, the drain current 
has already experienced degradation, and the gate current 
is also high. At this point, the device suffers from gate and 
drain degradation owing to the high temperatures. When 
V
DS

= 60V , both the drain and gate currents increase uncon-
trollably and rapidly reach the limit current set to protect 
the circuit, indicating a severe SEB within the device and 
resulting in damage. Figure 5c and d presents the irradia-
tion results for the 60 V radiation-hardened trench MOSFET 
device. This indicates that when VDS is less than 60 V, both 
the drain and gate currents exhibit slight increases during 
irradiation. This is attributed to the continuous tantalum 
ion beam generating electron–hole pairs within the device, 

which are subsequently expelled from the drain and gate. 
These changes were reversible and had minimal impact on 
the device. However, at V

DS
= 60V , both the drain and gate 

currents decreased, and the gate current changed more sig-
nificantly. This degradation is due to prolonged high tem-
peratures that cause gate degradation [29]. Notably, neither 
current exhibited a rapid increase, suggesting that no SEB 
occurred within the silicon device and that no single-event 
gate rupture occurred owing to the increased electric fields.

In addition, Ref. [30] presents the relationship between 
the failure voltage and the breakdown voltage for over 20 
MOSFET devices operating within a range of 20 V to 100 V. 
Thus, the SEB threshold is concentrated between 0.2 and 0.6 
for the breakdown voltage. However, the hardened structure 
proposed in this study increases this value to 1. The experi-
mental results demonstrate that the 60 V radiation-hard-
ened trench MOSFET device exhibits superior resilience 
to heavy-ion irradiation under a rated breakdown-voltage 
operating environment owing to its structural reinforcement.

3.1.1 � SEB simulation setup

Using the two-dimensional simulation tool Silvaco ATLAS, 
the SEB performance of the reinforced structure was ana-
lyzed. During heavy-particle incidence, numerous incident 
positions [31, 32] are possible; however, the current research 

Table 1   Device structure size

Structure name Structural 
parameter

Chip size (mm×mm) 5.9×4.9
Cell width ( μm) 2
Groove depth ( μm) 1.28
Channel gate oxygen thickness (nm) 79.4
Channel length ( μm) 7
Source metal length ( μm) 1.05
Source metal width ( μm) 0.403

Fig. 5   (Color online) Cur-
rent degradation curves of the 
original 60 V trench MOSFET 
(a, b) and the 60 V radiation-
hardened trench MOSFET (c, 
d) in heavy-particle irradiation 
experiments
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primarily focuses on source–region position analysis. This 
simulation analysis included a terminal position analy-
sis; the detailed structures are shown in Fig. 6. Figure 6a 
shows the original 60 V device structure, where the rein-
forced structure incorporates an embedded source metal at 
both the source and terminal regions, as shown in Fig. 6b). 
This design aims to utilize the source metal to absorb holes 
generated during irradiation, thereby suppressing parasitic 
transistor conduction and reducing the device temperature, 
while not compromising the device’s TID capacity in the 
manufacturing process. The size of the reinforced structure 
adopted in the simulation was strictly in accordance with the 
results presented in this section.

Figure  7 shows the experimental and simulation 
results of the conduction and transfer characteristics of 
the hardened structure. Owing to the limitations of the 
testing equipment, the test current was maintained at a 
low value to prevent device damage due to overheating. 
The results demonstrated a strong consistency between 
the simulation and experimental data. In addition, through 
testing and calculations, the specific on-resistance of 
the hardened device at gate voltages of 5 V and 10 V is 
1.76mΩ ⋅ cm2 and 1.50mΩ ⋅ cm2 , respectively, which rep-
resents an increase of 17% and 3% compared to the com-
mercial device. Because the lateral diffusion of the P+ 
region has a minimal impact on the channel-region con-
centration, the overall trade-off is minimal. Figure 8 shows 

the breakdown characteristics of the devices under high-
voltage stress for the unterminal, original, and hardened 
structures. The original 60 V trench MOSFET structure 
and the hardened structure exhibited similar breakdown 
voltages. In comparison, Fig. 8a shows that the absence of 
a terminal structure causes the electric field to concentrate 
at the junction between the P-body and the drift regions, 
leading to a rapid increase in the electric field at this loca-
tion. Consequently, the breakdown voltage was reduced 
by approximately 30 V. This highlights the importance of 
discussing the terminal designs of critical device compo-
nents in the context of SEB.

Various physical models were employed to predict the 
electrical characteristics of the device during SEB simu-
lations, including the concentration-dependent mobility 
(CONMOB) model and the parallel electric-field-depend-
ent mobility (FLDMOB) model. Additionally, the collision 
ionization model (Overstraeten–de Man) [33] and temper-
ature-dependent thermal model (late.temp) [34, 35] were 
considered because SEB processes involve the generation of 
electron–hole pairs via collision ionization. The normal inci-
dence LET value for tantalum ions is 75.4MeV ⋅ cm2∕mg , 
which corresponds to an LET value of 0.785 pC∕μm when 
simulating Si materials, as calculated using Eq. (1), where 
Ee−h represents the energy required to generate a pair of elec-
tron–hole pairs in the material and � represents the material 
density.

Fig. 6   (Color online) Schematic 
diagrams of a original 60 V 
trench MOSFET device and b 
60 V radiation-hardened trench 
MOSFET device

Fig. 7   (Color online) Simula-
tion and test results of the 
conducting characteristics (a) 
and transfer characteristics (b) 
of the 60 V radiation-hardened 
trench MOSFET device
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3.1.2 � SEB simulation analysis

In TCAD Silvaco, the lattice temperature is typically cal-
culated by solving the thermal transport equation, which is 
closely related to the thermal behavior of semiconductor 
devices, as shown in Eq. (2).

Here, Tlattice represents the lattice temperature (in Kelvin), 
k is the temperature-dependent thermal conductivity (in 
W∕(m ⋅ K)) , and Qsource is the heat source term, which typi-
cally includes heat transport by charge carriers, heat injec-
tion, and external heat sources (e.g., heating caused by the 
injected current). In the case of single-particle incident 
processes, the heat source term primarily corresponds to 
carrier heating. Heavy-ion bombardment generates numer-
ous charge carriers in the device. As the current density 
increases, the carriers (typically electrons) inside the 
device carry more energy. When current flows through a 
semiconductor, the charge carriers interact with the lattice, 
particularly through carrier-phonon scattering. This scatter-
ing transfers the kinetic energy of the carriers to the lattice, 
causing the lattice vibrations (i.e., temperature) to increase.

(1)
1 pC∕μm = Ee−h∕(�q)MeV ⋅ cm

2∕mg

= 96MeV ⋅ cm
2∕mg.

(2)
�Tlattice

�t
= ∇ ⋅ (k(t)Tlattice) + Qsource.

To investigate the vulnerabilities of SEB injection 
in 60 V MOSFET devices, we selected seven different 
injection locations: left source, gate, right source, body, 
JTE terminal, and ER terminal regions. The breakdown 
thresholds of the original 60 V MOSFET and hardened 
radiation-resistant trench MOSFETs at a drain voltage of 
60 V are shown in Fig. 9. As shown in the figure, during 
injection into the source region, the hardened structure 
suppresses the conduction of parasitic transistors, reduces 
the current density, and significantly lowers the internal 
lattice temperature, keeping it below the melting point of 
silicon. This corresponds to the absence of SEB phenom-
enon during the experimental process. However, for injec-
tions in the end regions (JTE and ER), the temperature in 
the hardened structure exceeded that in the original struc-
ture, requiring a detailed analysis of these two phenomena.

Figure 10 shows the variation in lattice temperature 
over time when the original 60 V MOSFET and hardened 
radiation-resistant trench MOSFET were incident from the 
left source region. Evidently, as the drain-source voltage 
( VDS ) increases, the maximum lattice temperature of the 
hardened radiation-resistant trench MOSFET rises, reach-
ing 1260 K at V

DS
= 60V , which has not yet reached the 

melting point of silicon devices, thus no SEB phenom-
enon is observed. However, prolonged exposure to high 
temperatures can lead to gate degradation, whereas the 
original trench MOSFET structure exhibits uncontrolled 
temperature behavior. As shown in Fig. 10a, the highest 
temperature in the hardened structure occurs at the inter-
face between the drift and body regions, whereas in the 

Fig. 8   (Color online) Breakdown characteristics of different struc-
tures. Electric-field distribution: a MOSFET without termination 
structure at V

DS
= 40V ; b original 60 V trench MOSFET device at 

V
DS

= 70V ; c 60  V radiation-hardened trench MOSFET device at 
V
DS

= 70V

Fig. 9   (Color online) Lattice temperatures of the 60 V radiation-hard-
ened trench MOSFET device and the original 60 V trench MOSFET 
device under different ion impact positions at V

DS
= 60V
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un-hardened structure, it occurs at the interface between 
the substrate and drift regions, as illustrated in Fig. 10b.

To analyze the different reasons for the temperature vari-
ations in the two types of devices, we present the current 
distributions of both structures in Fig. 11. The hardened 
radiation-resistant trench MOSFET allows the current to 
flow directly from the P-body region to the source owing to 
the embedded source metal, whereas in the original struc-
ture, the current can only flow through the body region to the 
source. This results in a reduction of the body-region con-
centration from 4.3 × 106 A∕cm2 to 8.5 × 105 A∕cm2 in the 

hardened structure compared to the original structure. The 
decrease in current significantly suppresses the conduction 
of the parasitic transistor formed by the source-body-drift 
(NPN) configuration and mitigates the electric field changes 
caused by the base-region extension effect.

Figure 12 shows the electric-field variation curve along 
the incident position from the source to the substrate. In the 
original structure, the conduction of the parasitic transistor 
leads to an extension effect, causing a sharp increase in the 
electric field at the interface between the drift region and 
substrate [36]. As the collision ionization rate increases, the 
device experiences avalanche breakdown, continuously gen-
erating electron–hole pairs, which results in the simultane-
ous presence of high electric fields and high currents within 
the device, leading to a temperature avalanche. In contrast, 
the hardened structure, owing to rapid current evacuation, 
suppresses the base-region extension effect, leading to a 
reduction in the electric field at the drift-substrate interface 
from 2.1 × 106 V∕cm to 3.1 × 105 V∕cm , allowing the tem-
perature to decrease appropriately. The variations in inci-
dent temperature at other source region locations followed 
a process similar to that described above. The source metal 
extracts the current, suppressing the conduction of parasitic 
transistors, and leading to a decrease in temperature.

In practical heavy-particle irradiation experiments, the 
incident position is uncontrollable. The terminal, which 
is a critical component of the device, is highly likely to 
be affected by particles; however, very few studies have 

Fig. 10   (Color online) Hardened radiation-resistant trench MOSFET 
device and the original 60  V trench MOSFET device after a heavy 
ion hits the left source region when V

DS
= 50V and 60  V. Lattice 

temperature distributions: a 60 V radiation-hardened trench MOSFET 
device; b original 60 V trench MOSFET device

Fig. 11   (Color online) Total current densities of the 60 V radiation-
hardened trench MOSFET device (a) and the original 60  V trench 
MOSFET device (b) after a heavy ion hits the left source region at 
V
DS

 = 60 V

Fig. 12   (Color online) Electric-field change curves of the 60 V radi-
ation-hardened trench MOSFET device (a) and the original 60  V 
trench MOSFET device (b) after a heavy ion hits the left source 
region at V

DS
= 60V . Electric-field distributions: a 60  V radiation-

hardened trench MOSFET device; b original 60 V trench MOSFET 
device
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specifically addressed this aspect. In the terminal region, 
the embedded source metal can also extract current from the 
source region and suppress the parasitic transistor triggering. 
However, this structure can enhance the reverse recovery 
characteristics of the body diode.

However, this structure can enhance the reverse recovery 
characteristics of the body diode. Circuit simulation was 
performed using the circuit shown in Fig. 13. In this circuit, 
the MOSFET acts as a switch. When the gate voltage ( VG ) 
is high, the body diode in the device under test is reverse-
biased, and the current flowing out of VDD can only pass 
through the parallel inductor, during which VDD is charged. 
When VG is switched to a low level, the lower transistor is 
turned off. Because the current in the inductor cannot change 
suddenly, it can only flow through the inductor and form 
a loop with the device under testing, while maintaining a 
constant current ( IF ). When the switch was turned on again, 
the body diode transitioned from forward to reverse block-
ing. During the forward conduction process, a large number 
of charge carriers accumulate in the drift region. When the 
diode is suddenly turned off, these carriers must be swept out 
of the depletion region, leading to significant reverse current 
( Irmm ) and reverse recovery current ( trr ) through the MOS-
FET. The areas enclosed by IDS and IF define the reverse 
charge recovery ( Qrr).

The simulation results are shown in Fig. 14 indicate that 
for a 60 V radiation-hardened trench MOSFET, the reverse 
recovery current is 103.46 A, the reverse recovery time is 
0.149 μs , and the reverse recovery charge is 3.29 μC . Owing 
to the embedded source metal in the terminal region of 
the radiation-hardened structure, which causes the device 
to have an additional body diode, the reinforced structure 
reduces the reverse recovery current by approximately 18.1% 
and the reverse recovery charge by approximately 24.7%, 
thereby improving the reverse recovery characteristics.

Figure 15 shows the influence of the source metal embed-
ded on the lattice temperature of the JTE terminal region 

when incident. Simulation results showed that the lattice 
temperature of the hardened structure was higher than that 
of the original structure. This is due to the terminal structure 
of the embedded source metal, which leads to an excessive 
current concentration. The current density increases from 
7.7 × 103 A∕cm2 to 4.6 × 106 A∕cm2 . This results in a rela-
tive increase in temperature. However, because the melt-
ing point of aluminum, the source metal, is 930 K [37], the 
temperature of 490 K does not cause the source metal in the 
terminal region to melt. Owing to the narrow junction cur-
rent channel between the JTE terminal region and the field 
ring terminal region, the lattice temperature of the hardened 
device increases from 305 K to 329 K when incident from 
the ER region, which is similar to the incident from the JTE 
region. However, this temperature increase is very small and 
has little impact on the device. Therefore, the simulation 
analyses indicate that embedding the source metal in the ter-
minal position did not lead to premature burnout in that area.

4 � Summary

This study investigated the improvement of radiation hard-
ening in 60 V trench MOSFET devices through enhance-
ments in both the process and structure to achieve better 
radiation resistance. TID experiments demonstrated that 
under a total dose of 400 krad (Si) from 60Co irradia-
tion, the threshold voltage shift of the hardened devices 
decreased from 6.5 to 2.2 V compared to the nonhardened 

Fig. 13   (Color online) Reverse recovery characteristic test. a Simu-
lated circuit. b Gate drive voltage. c Drain-source current output

Fig. 14   (Color online) Reverse recovery characteristics of a 60  V 
hardened radiation-hardened trench MOSFET device and an original 
trench MOSFET device
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devices, while still maintaining normal turn-off capability. 
SEB experiments indicated that when subjected to a drain 
voltage of 60 V and an LET value of 75.4MeV ⋅ cm2∕mg 
from tantalum-ion incidence, the devices exhibited only 
current degradation without experiencing any SEB. TCAD 
simulations corroborated these findings, revealing that the 
embedded source metal effectively suppressed the con-
duction of parasitic transistors, significantly reducing 
the temperature of the device during irradiation, while 
also ensuring that the terminal metal did not melt prema-
turely. The experimental and simulation results indicate 
that hardened radiation-resistant 60 V trench MOSFET 
devices can maintain reliable operation in high-radiation 
environments.
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