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The synergistic effect of total ionizing dose (TID) and single event gate rupture (SEGR) in SiC power metal-oxide—
semiconductor field effect transistors (MOSFETS) is investigated via simulation. The device is found to be more sensitive
to SEGR with TID increasing, especially at higher temperature. The microscopic mechanism is revealed to be the increased
trapped charges induced by TID and subsequent enhancement of electric field intensity inside the oxide layer.

Keywords: SiC power MOSFET, total ionizing dose (TID), single event gate rupture (SEGR), synergistic

effect, TCAD simulation
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1. Introduction

SiCis an attractive wide-bandgap semiconductor material
due to its properties of high breakdown field, high thermal con-
ductivity, and high saturated electron drift velocity, etc./!=3]
With these advantages, SiC devices are expected to play an
important role in power device applications at ground level
and in space.[*%! The particle irradiation during its applica-
tions in space will cause radiation effects on devices, resulting
in performance degradation or even catastrophic failure.

In previous studies, total ion dose (TID) and single event
effect (SEE) were usually studied separately.[’~°! The TID ef-
fect has been studied in terms of irradiation conditions, such
as temperature!!%-12) and gate bias.!'3-1>) It has been revealed
that the TID effect is induced by the radiation-induced holes
moving toward the SiC/SiO; interface and trapped by defects
in the oxide near the interface. Single event gate rupture
(SEGR)!'6:17] ig a catastrophic failure mode of SEE,!#-20]
which can destroy the ability of the gate to regulate current
flow from the source to the drain by permanently damaging

22.23] focused on

the gate insulator.>!] Recently, some studies!
the TID effect on SEGR in Si vertical double-diffused metal—
oxide—semiconductor field effect transistors (MOSFETs). Re-
searchers have found that the charge trapping could enhance
the localized electric field, resulting in SEGR at reduced ap-
plied bias. In comparison with Si-based devices, SiC devices

have an enhanced TID hardness.!!”l However, they are more
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E.[24-26] To date, there are almost no investi-

sensitive to SE
gations on how SEGR effects are affected by the foregoing
TID damage in SiC MOSFET power devices, especially the
intrinsic causes and microscopic mechanisms have not been
revealed.

In this work, we perform the simulation of the synergistic
effect of TID on SEGR in SiC MOSFET utilizing the Tech-
nology Computer Aided Design (TCAD) platform. The radi-
ation dose-dependent behavior of SEGR at different ambient
temperatures is investigated. Combined with the spatial dis-
tribution of trapped charges and electric field intensity in the
device, the microscopic mechanism of the synergistic effect of
TID and SEGR is revealed.

2. TCAD simulations

The TCAD simulations in this work can be divided into
three steps: Firstly, the TID effect in a SiC MOSFET power
device with different doses of 200 krad (Si), 500 krad (Si), and
800 krad (Si) is simulated. Secondly, the SEGR effect is simu-
lated and the mechanism is discussed. Thirdly, the successive
simulations of TID and SEGR are performed to investigate the
synergistic effect of TID, SEGR, and its mechanism.

2.1. Electrical modeling of device

The SiC MOSFET device investigated in this paper has
a typical cell structure?’31 as shown in Fig. 1. The lateral
width and height of the cell structure are both 15 um. The

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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doping concentrations of the N source and the P* source are
1x10'"® cm™3 and 8x 10" cm™3, respectively. Both the junc-
tion depths are 1.5 pm. The doping concentration of the P base
region is 1 x 107 cm™3 with a junction depth of 3 um. The
doping concentrations of the N drift region and N substrate

are 1 x 10'® cm™3 and 1 x 10'® em ™3, respectively. The thick-
nesses of the gate oxide layer and the buffer layer are 0.06 um
and 0.1 pum, respectively. The other dimensions of the device
are indicated in Fig. 1. The rated voltage of the device is 900 V,
and the gate-source threshold voltage Vg is about 6 V.
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Fig. 1. Cross-sectional view of a vertical power SiC MOSFET cell.

2.2. Modeling of TID effect

Based on the electrical model, TID simulation was
then performed by introducing oxide-trapped charges and

1311 To simulate total dose

interface-trapped charges in TCAD.
effects in insulators, the oxide was converted to a semicon-
ductor with the bandgap of SiO,. Then the concentrations
and characteristics of the bulk oxide and interface traps (e.g.,
energy level, capture cross-section) were initially defined in
the oxide layer and the initial electron—hole density was de-
fined to be approximately 1 x 10! cm™3-1 x 1015 cm™3. Af-
ter that, the SRH composite model,*?! Auger model, 33 CVT
model,*¥ Fermi—Dirac statistics model, band gap narrowing
model, and bound-trap model were considered. Among them,
the bound-trap model is specific for the TID effect, which en-
ables modeling of traps coincident with ohmic boundaries. In
TID simulation, the radiation-induced ionization, subsequent
charge drift, and trapping in the oxide layer were simulated.
The dose rate in the TID simulation was 50 rad(Si)/s and the
total dose was used from 0 to 800 krad (Si). A positive gate-
source voltage Vys = 10 V was applied for a significant TID
effect and the drain-source voltage was Vgs = 0.05 V.

2.3. Modeling of SEGR effect

Based on the above TID model, we replaced the bound-
trap model in TID effect with impact ionization model to
model the SEGR effect of the device. The device bias was cho-
sen to be Vg = —5V, Vygg = 55 V to put the device in off-state.
The LET value of the ion is 75 MeV-cm? /mg. The heavy ions
went perpendicularly into the sensitive JFET region, indicated
by the black arrow in Fig. 2. The evolution of the electric

field in gate oxide layer was simulated and the critical break-
down electric field of the oxide layer material (1 x 107 V/ecm
for Si0,) was used to determine whether the SEGR occurs in
the device.[’!
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Fig. 2. Schematic of ion irradiation in SEGR modeling.

3. Results and discussion
3.1. Simulation analysis of TID effect

We have chosen a dose range of 0—800 krad (Si) to study
the total dose effect of the device. In our study, we simulated
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the total dose effect of a SiC MOSFET in steps of 100 krad (Si)
and gave the variation of its threshold voltage with different
total doses. In the text, as shown in Fig. 3, we selected three
typical doses of 200 krad (Si), 500 krad (Si), and 800 krad (Si)
to demonstrate the total dose effect of the device and to study
its effect on SEGR. We note that the simulation findings for
other doses are similar.
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Fig. 3. Electrical characteristics of the device under different radiation
doses at room temperature: (a) transfer characteristic under different
doses, (b) threshold voltages under different doses.
As seen in Fig. 3(a), the transfer characteristic curve

drifts negatively as the irradiation dose increases, while the

Ton’s track

transconductance remains unchanged. The threshold voltage
decreases gradually from 6 V to 2.4 V with TID increasing,
as shown in Fig. 3(b). These findings in TID simulation are
consistent with the previously reported fact that the TID ef-
fect of vertical double-diffused MOSFETs (VDMOSs) comes
mainly from the oxide-trapped charge contribution, which has
no direct effect on the carrier drift and diffusion.3>!

3.2. Simulation analysis of SEGR effect

To compare the SEGR results with and without TID in-
fluence, solitary SEGR simulation was performed by ignoring
the TID-induced oxide-trapped charge and interface-trapped
charge.

The distribution of electron and hole concentration inside
the device was derived from the SEGR simulation, as shown
in Fig. 4. The electrons ionized by irradiated ions move along
the incident path toward the drain driven by the electric field
in the drift region since the gate is negatively biased and the
drain is positively biased, as shown in Fig. 4(a). The ionized
holes drift toward the gate due to positive drain bias, resulting
in the accumulation of holes at the bottom of the gate oxide, as
shown in Fig. 4(b). The conduction current is formed by the
charge collection effect, causing a local short circuit between
the drain and the interface SiC/SiO;. Therefore, a large por-
tion of the voltage is applied to the gate oxide layer, and the
electric field of the oxide layer increases instantaneously, as
shown in the inset of Fig. 4. If this electric field transient in-
crement is large enough, the oxide layer near the incident track
will be broken down. We note that there was no SEB observed

in our simulation.

Ton’s track

IRESCN TN

OFNWE DI

Conccentration (cm™%) Electric field (MV/cm)

Fig. 4. The distribution of carrier concentration and electric field inside the gate oxide layer (inset) during SEGR: (a) electron concentration

distribution, (b) hole concentration distribution.

3.3. Simulation analysis of TID effect on SEGR

Based on the solitary SEGR model, oxide-trapped charge
and interface-trapped charge were introduced into the model
for further SEGR simulations to investigate the effect of TID
on SEGR. 3¢

The spatial and temporal evolution of the electric field in
the gate oxide layer for different doses was investigated. As

shown in Fig. 5, the electric field in the oxide layer reaches
a maximum at # ~ 10 ps. The maximum of the electric field
increases with the increase of the total dose, from 9.8 MV/cm
at 0 krad (Si) to 10.83 MV/cm at 800 krad (Si), as shown in
the inset of Fig. 5. This finding demonstrates that the SiC de-
vice is more sensitive to SEGR when TID effect is introduced,
which is similar to the previous experimental findings in Si
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VDMOS. [22:23]

To reveal the mechanism of this synergistic effect of TID
on SEGR, we firstly performed the simulation of the trapped
charge distribution and electric field distribution in the oxide
layer at different doses before heavy ion irradiation. Figure 6
shows that the charges are mainly trapped in the central region
of the oxide layer, which is consistent with the previous reports
that the oxide-trapped charge plays a dominant role in the TID
effect of MOS devices.?2371 Moreover, the concentration of
trapped charges increases with the total doses, and the trapped
holes have a much higher concentration than electrons.

Furthermore, we studied the spatial distribution of the
electric field in the oxide layer at different irradiation doses.
The field distribution is shown in Figs. 7(a)-7(d) when the
bias is Vos = 5 V before heavy ion irradiation. It can be found
that the field intensity in the oxide layer becomes significantly
larger with increasing the radiation dose. Figure 7(e) shows
the comparison of the electric field intensity distribution in the
oxide layer after different doses along the central track of the
gate, i.e., the heavy ion’s track. We can find that the electric
field intensity in the oxide layer is not uniformly distributed,
and the field intensity is higher near the gate/SiO; interface.

After that, as shown in Fig. 8, we further simulated the
spatial distribution of the electric field when the device with

(a)

From
Figs. 8(a)-8(d), we can find that the electric field is not uni-
formly distributed in the oxide layer. The electric field inten-

different total doses was irradiated by heavy ions.

sity near the gate/SiO, interface is higher and increases with
the total doses, which is similar to the results in solitary TID

simulation.
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Fig. 5. The time evolution of the maximum electric field in the gate
oxide layer at room temperature for different doses. The inset is the
zoom-in of the peak region marked by the dotted box.
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Fig. 6. Distribution of trapped charges in the gate oxide layer under different radiation doses: (a) 0 krad (Si), (b) 200 krad (Si), (c) 500 krad (Si),
(d) 800 krad (Si). The top and bottom rows show the concentration of trapped holes and electrons, respectively.
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Fig. 7. Spatial distribution of electric field in the gate oxide layer after different radiation doses: (a) 0 krad (Si), (b) 200 krad (Si), (c) 500 krad (Si),
(d) 800 krad (Si), (e) comparison of electric field distribution along the central track of gate as marked by the black dotted line in (a)—(d).
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Fig. 9. Energy band diagram for MNOS structure during irradiation on
the gate and corresponding electron—hole motion during TID (a) and
after heavy ion irradiation (b).

Gate

In comparison with the spatial distribution of the field af-
ter the solitary TID effect shown in Fig. 7, we can see that
after heavy ion irradiation, the electric field in the gate oxide
layer increases significantly. For example, the electric field is
0.95 MV/cm under the radiation dose of 800 krad (Si) and in-
creases up to 10.7 MV/cm after the incidence of ion. It can be
seen from Fig. 8(e) that the spatial inhomogeneity of the elec-
tric field becomes greater with the increase of the radiation
dose.

Then, we discuss the microscopic mechanism of the
above findings in the synergistic effect investigation. As
shown in Fig. 9(a), the gate voltage is positive and electron—
hole pairs are generated in SiO; during total dose irradiation.
The holes with lower mobility are trapped in the oxide layer
during the transport process, forming oxide-trapped charges
in the central region of the oxide layer. The trapped charges
induced by TID could introduce additional electric fields AE,
and AFE, with different directions as shown in Fig. 9(b). These
theoretical studies in the TID simulations are consistent with
previous experimental findings in SiC devices.!!3!3] There-
fore, the field intensity is higher near the gate/SiO, interface
since AF) is in the same direction as the field induced by the

negatively biased gate before heavy ion irradiation, as shown
in Fig. 7(e).

During the incidence of the heavy ions, a large num-
ber of electron-hole pairs are generated near the ion’s track.
The applied drain-source voltage makes the holes drift to-
wards the SiC/ SiO, interface and accumulate there, result-
ing in the electric field (Ehcavy ions) inside the oxide layer
as shown in Fig. 9(b), which is consistent with the previous
experiments.!'7?*] The additional field near the gate/SiO, in-
terface AF) has a direction as the same as Ehpeavy_ions, SO the
superimposition of these two electric fields leads to the local
field enhancement near the gate/SiO; interface, which is con-
sistent with the results in Fig. 8(e). On the contrary, the direc-
tion of the additional field AFE, near the SiC/SiO, interface is
opposite to Eheayy_jons> thus weakening the electric field on the
SiC/ SiO, side. With the increase of the total ionizing dose,
the additional fields (AE| and AE;) become larger, resulting
in the enhancement of the spatial inhomogeneity.

Therefore, the synergistic effect of TID and SEGR makes
the electric field intensity in the oxide layer higher and the
inhomogeneity of field distribution higher, which leads the de-
vice to be more sensitive to the SEGR effect.

3.4. The influence of temperature on synergy effect

Moreover, we study the influence of temperature on the
synergistic effect. Figure 10(a) shows the time evolution of
the maximum electric field in the gate oxide layer at 300 K and
400 K for two typical doses of 500 krad (Si) and 800 krad (Si)
and subsequent heavy ion irradiation. The field in the ox-
ide layer increases at high temperatures, e.g., it changes from
10.7 MV/cm at 300 K to 10.85 MV/cm at 400 K for the dose
of 800 krad (Si) as shown by the blue curves in Fig. 10(a).

This temperature dependence can also be illustrated by
the threshold voltage of the SEGR effect. The applied volt-
age is initially set to 45 V and ramps up with steps of 1 V.
The breakdown criterion of SEGR simulation is 10 MV/cm
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for SiO;. As shown in Fig. 10(b), the SEGR threshold volt-
age decreases with the TID effect and has a reduction at high
temperatures, e.g., it decreases from 50 V at 300 K to 48 V at
400 K under the dose of 800 krad (Si). These findings demon-
strate that the SEGR will be more sensitive to the TID effect
at high temperatures.

11.2

— T=300 K, 500 krad (Si) (a)
g T=400 K, 500 krad (Si)
L -a- T=300 K, 800 krad (Si)
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55F
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o
T
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N
(o)

0 200 400 600 800
Dose (krad (Si))

Fig. 10. The influence of temperature on the synergistic effect: (a) the
time evolution of the maximum electric field in the gate oxide layer at
different temperatures and doses, (b) the total dose-dependent SEGR
threshold voltages at different temperatures.

To reveal the mechanism of the temperature dependence
of the TID effect on SEGR, the solitary TID and SEGR at
different temperatures were simulated, respectively. We per-
formed the SEGR simulation without TID, and the evolution
of electric field in the oxide layer at different temperatures is
shown in Fig. 11(a). The maximum electric fields at 300 K
and 400 K are nearly the same, indicating that the temperature
has almost no influence on the SEGR effect in this temperature
range.

Moreover, the solitary TID effect is simulated at different
temperatures and the derived threshold voltages of SiC MOS-
FET under different doses are shown in Fig. 11(b). It can be
found that the device has a lower threshold voltage at higher
temperatures. The higher degradation of the threshold voltage
can be attributed to the higher carrier mobility and the resul-
tant increase of oxide-trapped charges at higher temperatures,
which is consistent with previous reports. 838

The electric fields in the oxide layer at different tempera-
tures are compared in Fig. 12. It can be found that the spatial
inhomogeneity of the field is higher at 400 K (solid curves)
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Fig. 11. Simulation of the solitary TID and SEGR effects at different
temperatures: (a) comparison of the electric field in the gate oxide layer
at different temperatures, (b) total ionizing dose-dependent threshold
voltage of SiC MOSFETs at room temperature and 400 K.
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Fig. 12. Comparison of the electric field in the gate oxide layer at dif-
ferent temperatures before (a) and after (b) ion irradiation.

than that at 300 K (dashed curves) both before and after ion
irradiation. Moreover, the field intensity near the gate/SiO;
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interface increases at high temperatures, and this increment is
larger under higher total dose. Therefore, we can conclude
that the mechanism of the more sensitive SEGR to TID ef-
fect at high temperature is the increased oxide-trapped charge
and the resultant enhancement of local electric field, which
confirms again the mechanism of synergistic effect of TID on
SEGR revealed at room temperature.

4. Conclusions

In summary, we have investigated the synergistic effect
of TID and SEGR in SiC power MOSFETs via TCAD simu-
lation. It is found that the field intensity gets higher and the
SEGR threshold voltage becomes lower with increasing total
irradiation dose. The increased sensitivity in SEGR induced
by TID can be attributed to the increased trapped charges in-
duced by TID and the resultant enhancement of the local elec-
tric field inside the oxide layer. This microscopic mechanism
is also confirmed by the further increase of SEGR sensitivity
influenced by TID at higher temperature.
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